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Foreword 

T H E ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing A D V A N C E S 
IN CHEMISTRY SERIES except that, in order to save time, the 
papers are not typeset, but are reproduced as they are submit
ted by the authors in camera-ready form. Papers are reviewed 
under the supervision of the editors with the assistance of the 
Advisory Board and are selected to maintain the integrity of the 
symposia. Both reviews and reports of research are acceptable, 
because symposia may embrace both types of presentation. 
However, verbatim reproductions of previously published 
papers are not accepted. 
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Preface 

EVALUATION OF THE SAFETY, or more correctly, the assessment of risk 
of new products or ingredients can be a tedious and expensive process. 
The authors in this volume present an overview of the considerations that 
must be addressed in the process of determining the risk of a new food 
material. This book presents the reader with a contemporary discussion of 
the principles and issues that are involved in the safety evaluation of food, 
ingredients, and new processes for manufacture and distribution of food 
products. 

The authors and editors want to provide the reader with some con
temporary guidelines for food safety evaluation. First, one must determine 
the anticipated use of the new food or ingredient, determine the potential 
human exposure, and study the structure-activity relationship. Then, after 
determining the chemistry of the compound in vitro and in vivo, testing 
can be initiated. Finally, one can do clinical testing before public expo
sure. With each stage of testing, a set of clearly defined questions should 
be asked, and appropriate testing should be designed to answer these 
questions, minimizing animal use, time, and costs. 

This book brings together many of the world's experts in the field of 
safety evaluation. The questions and insights they offer should be most 
useful to anyone concerned about food safety evaluation. 

Disclaimer 
This book was co-edited by David Armstrong in his private capacity. 

No official support or endorsement by the U.S. Food and Drug Adminis
tration is intended or should be inferred. 

JOHN W. FINLEY 
Nabisco Brands, Inc. 
East Hanover, NJ 07936 

SUSAN F. ROBINSON 
American Chemical Society 
Washington, DC 20036 

DAVID J. ARMSTRONG 
U.S. Food and Drug 

Administration 
Washington, DC 20204 

August 16, 1991 
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Chapter 1 

F o o d Safety Assessment 

Introduction 

John W. Finley1 and Susan F. Robinson2 

1Nabisco Brands, Inc., 200 Deforest Avenue, East Hanover, NJ 07936 
2American Chemical Society, 1155 16th Street, NW, Washington, DC 20036 

The absolute safety of a food or an ingredient can never be guaranteed. However, with 
appropriate precautions during development, through manufacture into products, 
during processing and final preparation, and in distribution, the risk from any food can 
be kept to an absolute minimum. It is impossible to test 100% of all foods for every 
possible variable or contaminant. Nutritional abuse and overcompensation by 
consumers are also beyond the control of the food manufacturer. 

As our society has moved from an agrarian society to a urban society, there have 
been equally significant changes in the eating habits and the nature of our diets. In an 
agrarian society, significant portions of the food supply were produced and consumed 
on the family farm. Frequently these products were consumed fresh or nearly fresh 
or were preserved by home processing techniques. These home processing techniques 
for preservation clearly lacked the sophistication of modern processing plants and 
were therefore prone to human error. Such errors frequently resulted in spoilage and, 
occasionally, illness or death from microbial contamination. Urbanization has 
resulted in consumer demand for a wider variety of foods than were ever imagined 100 
years ago, products that must also be nutritious and safe. This variety of wholesome 
food is not only delivered thousands of miles from its origin, but it is delivered at a 
lower percentage of annual income than at any point in history. 

Food technology employs many processing tools to make this food delivery 
system a successful reality. A number of incidental and deliberate ingredients are used 
to facilitate the delivery of wholesome and organoleptically pleasing food. Pesticides 
are applied to certain crops to protect against infestation of the crop and to ensure 
economically viable production as well as wholesomeness. Antioxidants and antimi
crobials are frequently used in susceptible foods to ensure safety during processing, 
distribution, and storage. Antioxidants, flavors, and colors are added to foods to help 
improve the masticatory and organoleptic quality of the final food product. All of 
these materials, as well as novel or unique means of processing foods must be 
thoroughly tested to ensure that any risk to the consumer is minimized. In reality, these 
additives have received much more rigorous testing than most common foods that we 
take for granted. We have now reached a point in our food distribution system where 

0097-6156/92/0484-0002$06.00/0 
© 1992 American Chemical Society 
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1. FINLEY & ROBINSON Food Safety Assessment: Introduction 3 

anywhere in the western world one can have a year-round supply of tropical fruit, fresh 
vegetables, and fresh fish. A tour through the supermarket clearly illustrates our 
opportunity to take home a magnificent variety of prepared foods that can be prepared 
in minutes in a microwave oven to provide a gourmet meal. As technology advances 
and knowledge grows, new and unique food ingredients and processes are being 
developed and their impact on food safety and quality must be evaluated. 

The first group of chapters in this book provide an overview of food safety issues. 
This section contains an interesting historical perspective on food safety evaluation 
from ancient times through modern safety testing by Sanford Miller. In his chapter, 
Dr. Miller not only discusses what has been done to assess safety historically, but also 
provides an insightful view on why the testing was done and how it evolved to our 
current system for assessing safety. Public concerns related to our current food supply 
are discussed by Fred Shank. Dr. Shank points out that our food is safe, but we need 
to do a much more effective job of informing the public about risk. If we can provide 
better assurances to the public through improved in-plant testing programs at critical 
points [for example, the Hazard Analysis Critical Control Point (HACCP) system] and 
improve public communication as to the safety of our food supply, the consumer, the 
processor,and government agencies will all benefit. Dr. Shank points out that the Food 
and Drug Administration (FDA) will work with researchers in a cooperative spirit to 
accomplish this goal. 

If the current food supply is safe, how do we assess the risk of new foods and 
ingredients? Whenever we attempt to evaluate the risk or safety of a new food or 
ingredient (either a direct additive or an incidental additive such as a pesticide), the 
type of potential hazard that can be raised must be determined. For example, with a 
new food ingredient, we must decide what potential chemical or biological hazard is 
associated with the proposed ingredient. If such a hazard exists, at what concentration 
does the substance become toxic? Next, we must determine the nutritional impact of 
the ingredient in the diet. Does the substance add nutrients or does it negatively impact 
the absorption or utilization of a nutrient? Does the proposed ingredient provide any 
benefit to the diet (a difficult aspect to determine)? This perception of risk/benefit is 
often nebulous and difficult to measure, but, in his chapter, Michael Pariza offers an 
objective discussion of the current status of the important issues in this area. 

Evaluating the issues around pesticides and pesticide residues in foods and the 
potential problems surrounding the incorporation of agential-engineered plant pesti
cides are additional topics covered by the next group of authors. Biotechnology has 
provided us with a wide variety of new foods and ingredients ranging from wheats, 
with improved yield and disease resistance, to high-solids tomatoes, to plants which 
can produce drugs. The food safety evaluation community must identify reasonable 
and proper means to evaluate these products to ensure continued safety in the food 
supply. As the technology improves and products become ready for incorporation into 
the food chain, we must be able to ensure safety during processing with both current 
and new products. 

The use of computers in the assessment of risk is covered by the next chapters. In 
this section, various approaches are discussed to predict and quantitate the nature of 
risk of a specific food or ingredient. The quantization of exposure to a material is 
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4 FOOD SAFETY ASSESSMENT 

critical in determining the extent of the risk. Two chapters describe techniques to 
assess the exposure of any food, ingredient, or component in the food supply. Drs. 
Lepparulo-Loftus and Abrams use various databases to estimate how much of any 
food or component in a food is consumed by the population. This estimation is the first 
critical step in assessing the risk associated with a new ingredient. The questions faced 
in this area are (1) for what purpose will the ingredient be used, (2) what will be the 
concentration of the ingredient in a given food, and (3) how much of that food will be 
consumed by the consumer. 

Computer modeling provides an excellent means of estimating the toxicity of a 
chemical compound before any biological testing. Studying quantitative structure-
activity relationships (QS AR) relates structural information for a chemical component 
with known biological activities and provides a rapid assessment of the likelihood of 
a compound being mutagenic or carcinogenic. Armed with this critical information, 
a researcher can design the correct testing protocol to determine if a compound is 
indeed a problem or even consider alternative ingredient production approaches that 
are less likely to present problems. Michael Smithing describes an intuitive program 
to predict a variety of forms of toxicity in a broad range of species from bacteria 
through mammals. Like QSAR, this program provides the researcher with a rapid 
means of screening compounds for potential hazards. The technique looks at segments 
of molecules and compares them to compounds of known toxicity to establish a 
likelihood of toxicity for a particular compound. Computer modeling provides a 
unique opportunity in risk assessment of the safety of food ingredients. It provides 
accurate models to predict potential negative effects and an excellent means to predict 
the potential exposure of the population to a particular component. Having made these 
assessments, the next step is to design a testing program to assess the safety of a new 
ingredient. 

Several authors discuss guidelines for safety evaluation testing. Every food, 
ingredient, or process is unique and requires different approaches to testing. The 
researcher must discuss plans for safety evaluation studies with organizations such as 
the F D A to ensure that the best approaches are being taken to answer critical questions 
about the safety of the ingredient. Asking the sometimes difficult questions about a 
compound and what steps are necessary to evaluate its risk are most important and 
should be done as early as possible in the program. George Pauli points out that the 
burden of demonstrating safety rests with the company that seeks authorization to use 
the material or process. Authorization is then granted on a generic basis for the use 
of the compound in a particular application. Dr. Pauli provides an excellent guide as 
to which questions should be asked and then answered by the researcher to demon
strate the safety of an ingredient. 

Otho Easterday and his coauthors provide a priority ranking system for guidelines 
for the evaluation of flavor ingredients. This ranking system is accepted by national 
and international organizations. Examples of applications of this approach are 
included in the chapter. 

Alan Rulis discusses the concept of the threshold of recognition, or how to evaluate 
ingredients that offer minimum risk. This important concept deals with materials that 
find their way into the food supply in ultrasmall quantities and, based on statistical 
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1. FINLEY & ROBINSON Food Safety Assessment: Introduction 5 

evaluation, do not present hazards at the levels at which they are found. A l l chemicals 
have a threshold of toxicity. When contaminants are substantially below that level, 
testing is usually not required. The level of technology in analytical chemistry has 
reached a point where we must now apply caution in overinterpretation of results. For 
example, when the Delany Clause (forbidding the addition of any compound that is 
known to induce cancer in man or animals) was added to the Food, Drug, and Cosmetic 
Act in 1958, analytical techniques were not as sensitive and many compounds could 
not be detected at or below their threshold of biological activity. Now, we have clearly 
surpassed that level of detection, and laws that have zero tolerance for toxic (or, in the 
case of the Delany amendment, carcinogenic) compounds need to be reconsidered. A 
real challenge for the scientific community is to effectively communicate this need for 
change to lawmakers and the general public. After decades of discovering carcinogens 
in many unexpected places, now researchers must convince the public that these 
compounds may not always be dangerous. 

The addition of food coloring has been a controversial topic for decades. Regard
less of the nature of the ingredient, the food, or the process being evaluated, each case 
is unique and the "Redbook" provides a guideline to evaluation of the material. This 
section of the book helps researchers develop a clear testing program to answer critical 
questions about the safety of a product when consumed. 

When the decision has been made as to which biological tests must be run to assess 
the safety of a material, the specifics of these tests must be planned. At this point, the 
researcher needs to consider the possible outcome of the planned test and, more 
importantly, how to plan the tests to ensure that the right questions have been 
answered. 

The next group of authors address the critical biological tests that are usually 
included in the assessment of a new ingredient. D. G. Hattan discusses how to plan 
acute and chronic tests to maximize the information obtained and minimize the use of 
animals. This chapter also addresses the difficult issues in designing meaningful 
testing to assess macro-ingredients such as fat substitutions or bulking agents. These 
ingredients cannot be tested with the 100 or 1000 safety factors usually applied to trace 
ingredients such as flavors or colors. Dr. Hattan discusses the emerging approaches 
for evaluation of such materials. 

Next, John Kirshman deals with current trends in animal testing. Important 
concerns about the adequacy of present testing and approaches for evaluating complex 
mixtures such as foods are discussed. New trends in food safety testing offer the 
researcher innovative and unique approaches to testing which may provide answers to 
some of the difficult questions we are now facing. Researchers are also concerned with 
the accuracy of animal models and whether we can identify better test models that will 
more accurately model humans. 

The ultimate test model is the human being. Walter Glinsmann presents an 
extensive discussion of the considerations surrounding human testing Many aspects 
must be carefully considered before embarking on a clinical testing program. In 
addition to the safety issues, ethical, legal, and regulatory consequences must be 
considered. Clinical testing can be useful (1) in establishing the appropriateness of 
animal models to assess human toxicological endpoints, (2) in defining human 
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6 FOOD SAFETY ASSESSMENT 

tolerance and appropriate endpoints, (3) in estimating safety more precisely when a 
large safety factor cannot be calculated from a no-effect or no-adverse-effect level 
determined in animals, (4) when inherited or disease-related conditions may adversely 
impacted by the product and relevant animal models are not available to assess these 
impacts, and (5) when complex adverse health effects (e.g. neurobehavioral, food 
allergy, or food sensitivity) are associated with the product. 

Drs. Lachance and Milner discuss nutritional effects on food safety evaluation. Dr. 
Milner emphasizes the impact of diet and nutritional status on prevention of 
carcinogenesis. Dr. Lachance points out that nutritional status is critical to the 
evaluation of new ingredients. He also discusses the importance of over-nutrition or 
food abuse as a safety consideration. As with many other authors in this book, he 
emphasizes the need for improved consumer education. A l l nutrition, health care, and 
food safety professionals must help with consumer education, particularly as related 
to abuse of foods. 

With the major emphasis and attention focused on the chemical safety of new 
ingredients or foods, the microbiological aspect of food safety is often overlooked. 
Several authors provide insight into some current microbiological issues related to 
both current and new food products. Some of the issues to be considered are minimally 
processed foods, newly identified organisms which grow at or near refrigeration 
temperatures, products of fermentation and biotechnology, preservative-free foods, 
and environmentally acceptable packaging. These seemingly contradictory concerns 
must all be considered in the development and safety assessment of new foods, 
particularly those in which bacterial growth is likely. Myron Solberg explores several 
alternative opportunities for microbiological control in foods. Drs. Wood and Pohland 
discuss the problem of mycotoxins and contaminants in foods and feeds. Up to 25% 
of the world's food crops may be contaminated with mycotoxins. A rational approach 
for dealing with this problem is discussed. 

The last group of chapers provides the reader with a mixture of specific applica
tions related to the safety evaluation of foods. C. M . Bergholz discusses efforts to 
evaluate the safety of the macro-ingredient Olestra. She presents an interesting 
approach to testing an ingredient for which normal safety factors are not practical. A 
fat substitute such as Olestra could be used at up to 20% of the diet and would be 
impossible to test using normal safety factors. This section also contains useful 
prototype studies in the evaluation of food colors, nitrates, nitrites, and N-nitroso 
compounds. 

Drs. Addis and Hassel discuss safety issues that make assessment of antioxidants 
difficult and sometimes confusing. First, although antioxidants can be shown to be 
safe even at very high doses, some biological activity has been observed. Second, 
direct health benefits have been reported, such as mediation of atherosclerosis. Third, 
antioxidants inhibit the formation of lipid oxidation products, products that can have 
very serious health implications. 

This book will provide some contemporary guidelines for food safety evaluation: 
One must determine the anticipated use of the new food or ingredient, determine the 
potential human exposure, and study the structure-activity relationship. After deter
mining the chemistry of the compound in vitro and in vivo, testing can then be initiated. 
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1. F I N L E Y & R O B I N S O N Food Safety Assessment: Introduction 7 

Finally, clinical testing is done before any public exposure. With each of these stages 
of testing, a set of clearly defined questions should be asked and appropriate testing 
designed to answer these questions. Working closely with the appropriate govern
mental organizations at every step in the process will help ensure that the appropriate 
questions are asked and answered. 

RECEIVED November 22,1991 
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Chapter 2 

History of Food Safety Assessment 
From Ancient Egypt to Ancient Washington 

Sanford A. Miller 

Graduate School of Biomedical Sciences, The University of Texas Health 
Science Center at San Antonio, 7703 Floyd Curl Drive, San 

Antonio, TX 78284-7819 

It is the burden of each generation to believe that the world, and more particularly, 
insight, began at the time of their birth. It is difficult for young people to recognize 
that their knowledge is a transition point in a long history that began at the beginning 
of time. Fundamentally, the problems faced by modern man differ only in degree from 
those of our ancestors. In 600 B.C., Lao-Tzu, the germinal Taoist wrote, "He who has 
extensive knowledge is not a wise man." Knowing does not give one insight nor does 
it provide directions as to what to do with that knowing. The capability of modern 
science to detect increasingly smaller numbers of molecules, for example, does not of 
itself provide any better understanding of the biological meaning of those small 
numbers of molecules or, in turn, their significance to human health. This, lack of 
insight, in turn, leads to confused or inappropriate public policy. The study of history, 
however, can provide the beginning of understanding by permitting the comparison 
of the importance and significance of events. This is true for food safety as it is for 
world politics. Unfortunately, the problem often is in utilizing these insights rather 
than in their development. 

A Short History of Food Safety 

To begin this process of developing insight in the history of food safety evaluation, let 
us start at the beginning. 

Now the serpent was cunning, more cunning than any creature that God, the 
Eternal, had made; he said to the woman, "And so God has said you are not 
to eat fruit from any tree in the park. " The woman said to the serpent, "We can 
eat fruit from the trees in the park, but asfar as the tree in the center of the park, 
God has said, 'You must not eat from it, you must not touch it lest you die.' 
"No, " said the serpent to the woman, "You shall not die; God knows on the day 
you eat from it, your eyes will be open and you will be like gods, knowing good 
from evil. " So when the woman saw that the tree was good to eat and delightful 
to see, desirable to look upon, she took some of the fruit and ate it; she also gave 

0097-6156/92/0484-0008$06.00/0 
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2. MILLER From Ancient Egypt to Ancient Washington 9 

some to her husband and he ate it. Then the eyes of both were open and they 
realized that they were naked; so they stitched some fig leaves together and 
made themselves girdles. (Genesis 3:1-17). 

As a result of their violation of the regulations, Adam and Eve were cast out of the 
Garden of Eden, carrying with them the burdens of woe and sorrow for all of mankind. 

This brief vignette describes practically all we know about food safety and 
regulation. The first regulatory authority identified a hazardous food and issued 
regulations concerning its use. The first huckster raised doubts in the credibility of the 
regulator and convinced the first public that there was more to be gained by 
consumption of this banned product than by following the regulations. The first 
violation was therefore met with what can only be considered the first regulatory 
action. Little has changed with the exception that over the millennia, for a variety of 
reasons, much of the primary emphasis has shifted from health to economics and back 
again, although at all times these issues were intertwined. 

There are many references to food safety in the Bible. The dietary laws of Moses 
are considered by some to be a direct reflection of tribal judgement based upon human 
experience. It is argued that the Book of Leviticus prohibited the use of pork or the 
meat of any scavenger or deceased animal possibly as a result of observations that 
consumption of these products frequently leads to human disease (7 ). Perhaps the best 
known Biblical reference to food safety was the phrase "death in the pot" which 
became the rallying cry against food adulteration at the end of the 18th Century, 
according to Peter Hutt (2). This is a reference to the Prophet Elisha, who having come 
to the land of Gilgal had his servant put a pot on the fire and boil some herbs and other 
greens for the Guild of Prophets. One of the servants found a wild vine and included 
its fruit in the pot. The pottage was then poured out for the meal. As they were eating, 
they noticed the strange fruit and cried out, "Oh, man of God, there is death in the pot." 
Asa result, they would not eat the pottage until Elisha, apparently an early toxicologist, 
was able to detoxify the food in the pot. 

Because of the importance of the food trade to the Roman Empire, Roman civil law 
included broad edicts against any kind of commercial fraud or contamination of food. 
Nevertheless, because of the lack of sensitive detection methods, a wide variety of 
techniques were in common use to adulterate foods in ancient Rome. Cato described 
a method to determine if wine had been watered. He also discussed processes for 
making wine "mild and sweet." He provided instructions for preparing salted and 
pickled meat, cheese or fish, and a detailed recipe for salting ham (3). 

China had a similar concern in assuring the safety of food. Chinese medicine has 
a long history of preventive medicine in which food and diet played a central role (4). 
The Confucian Analects (Lun Yu) of 500 B.C. contained stringent warnings against 
the consumption of spoiled or contaminated food, "sour rice, discolored fish or flesh, 
insufficiently stored or cooked." In 2 A.D. Chang Chung-Ching published a manual 
for Safety Regulations for Food (Chin Kuei Yao Lueh) (5) that incorporated many of 
the earlier Confucian prohibitions. 
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10 FOOD SAFETY ASSESSMENT 

As with any widespread activity basic to a culture, attempts at fraud and adultera
tion of food were widespread during ancient times. Pliny the Elder writing in the 1st 
Century A.D. , documented numerous examples of food adulteration. He deplored the 
greed of merchants who "spoil everything with frauds and adulterations." He went on 
to say, "So many poisons are employed to force wine to suit our taste - and we are 
surprised that it is not wholesome."(6). Pliny was an advocate of "simple food" - a 
return to the "old" ways - who had concluded that the greatest aid to health was 
moderation in food and all things. It is sometimes difficult to distinguish between 
Pliny's concern for fraudulent or unsafe modification of traditional food and his 
philosophical opposition to any change including those which lead to improved 
products in terms of quality and quantity (2). 

Similar contradictions could be described for every period of human existence. 
Peter Hutt traced the history of food law through all periods of history from the Bible, 
through the fall of the Roman Empire, the Dark Ages, the 17th and 18th Century 
England, and into modern times (2 j . For example, he discusses the fact that the early 
English statutes were directed primarily at assuring that a given quantity of a food 
would be sold at a given price. However, as Mr. Hutt points out, it soon became 
apparent that the price of food cannot be controlled without adequate regulation of the 
quality. As a result, in 1266, Parliament enacted the Assize of Bread which prohibited 
the sale of any staple food product that is "not wholesome for man's body." No modern 
statute, he said, has found a better or more inclusive language to convey the legislative 
directive to prohibit unsafe food. 

The history of food regulation in the United States, has followed a similar course. 
To a significant extent the demand for a national food safety act began in the middle 
of the 19th Century. However, it wasn't until Upton Sinclair graphically portrayed his 
view of where technology had brought the meat industry in his novel, The Jungle, that 
the outcry became widespread and overwhelming. In 1906, after many previous 
failures, Congress enacted the first national legislation in the United States regulating 
the safety, economic integrity and labelling of food. While the 1906 act was sufficient 
for addressing some of the more flagrant abuses and problems of the time, it was soon 
made obsolete by the growth of science and technology. By 1930, a wide variety of 
pesticides and other agricultural chemicals were in common use and the use of 
additives was more prevalent in food processing. An increasingly urbanized and 
industrialized society was becoming dependent on an increasingly sophisticated food 
industry to ensure an abundant and economical food supply (6). 

In 1938, these concerns were addressed by Congress in the enactment of the 
Federal Food Drug and Cosmetic Act which, though amended many times, remains 
the basic statute governing food regulation in the United States. In many ways, the 
primary goal of this Act, in contrast to the 1906 Act, was safety, but with regard for 
the availability of useful chemicals. 

During the 1940's and 1950's, science, and subsequently technology, developed 
rapidly resulting in a proliferation of food chemicals and new processes. Advances 
also occurred in toxicology and more systematic approaches were adopted for 
evaluating the safety of food substances. It soon became evident to F D A and the food 
industry, as well as to Congress, that more formal pre-market reviews of these 
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2. MILLER From Ancient Egypt to Ancient Washington 11 

materials were necessary to ensure safety and maintain public confidence. As a result, 
in 1958, Congress enacted the Food Additives Amendment, and in 1960, the Color 
Additives Amendment which established as law the basic proposition that new food 
chemicals should be tested by their proponents and reviewed and approved by F D A 
prior to marketing (6). 

These amendments contained in their legislative history a definition of safety 
which said that proponents of new chemicals must prove to "a reasonable certainty that 
no harm would result from consumption of the chemical under its intended conditions 
of use." This "reasonable certainty of no harm" safety standard was intended to be very 
protective, but it was not absolute. Congress recognized that, as a matter of science, 
safety could not be proven to be an absolute certainty. It thus chose a standard that 
relied on the informed judgement of experts and could provide considerable safety 
while not blocking innovation. 

Nevertheless, the key feature of these pre-market approval statutes was the now 
famous Delaney Clause, which incorporated a less judgmental standard, in that it 
provided that "no food or color additive may be deemed safe that has been found to 
induce cancer when ingested by man or animals." Since 1958, much of the history of 
F D A food safety regulatory activities have involved efforts to interpret and rationalize 
the mandate of the Delaney Clause (7, 8). 

Science and Law 

In briefly reviewing the history of the regulation of the food supply and the evaluation 
of its safety, it seems clear that advances in science and technology were important 
stimuli for modification of law. The increasing productivity of agriculture and a food 
processing industry based upon successful exploitation of expanding scientific insights 
were major determinants of the growth of urban multiplexes. These developments, in 
turn, increased the dependence of the consumer on a complex, highly structured and 
regulated food supply. With each step in the direction of increased urbanization, 
consumers became even further separated from the sources of their food supply, 
decreasing their ability to depend on their own knowledge and experience to assure 
food safety. This turn put increasing pressure on science and technology to assure that 
safety. Peter Hutt has argued that virtually all changes in the evaluation process for 
food safety are related to changes of science, rather than of law (9). He further argues 
that laws regulating food safety have remained basically the same. What changes is 
the way in which the laws are interpreted and enforced. Nevertheless, there are 
examples of regulation and law forcing science to develop technologies to enable 
enforcement. It is clear that the enactment of the Delaney Clause and the subsequent 
anti-cancer laws and regulations were important determining factors in the explosion 
in research on mechanisms associated with carcinogenesis and the identification of 
carcinogens (10). In any case, the result of this dynamic interplay between science and 
law has been the development of a complex, often archaic set of regulations based 
upon varying legislation and precedent elaborated with the goal of making certain that 
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12 FOOD SAFETY ASSESSMENT 

the consumer receives exactly what is promised and does so in such a way that health 
is not impaired. 

Art To Science — Food Safety Evaluation 

Most of the history of food safety evaluation was in the domain of human experience 
and judgement. Other than the senses, early scientists had few tools to determine if 
substances in foods or foods themselves were hazardous for humans. Nevertheless, 
the ancients were remarkable in the number of correlations between chemicals and 
health that they did make. For example, the earliest record of Egyptian medicine, the 
Ebers Papyrus, dated around 1500 B.C., contains information that actually extends 
back many centuries before (11). Of the more than 800recipes and formulations given, 
many contained recognized poisons or herbs, such as hemlock, opium, heavy metals, 
and so on. 

The development of observational epidemiology and toxicology continued with 
Hippocrates and his students (72). Much of their work reflected concern with the 
purity of air, water, and food, and contained remarkable descriptions of the effect of 
environment on public health, an issue that was addressed by a number of writers in 
ancient Greece and Rome. As a result, the public water supply and sewage systems 
in Rome demonstrated sound appreciation that pure water and pure food was essential 
to good health. 

Hippocrates is credited as the founder of modern medical science because he 
related all health and disease to natural, rather than supernatural causes. About the 
same time, the "Chinese Hippocrates," Pien Chio published a treatise making the same 
associations (13). Moreover, both Hippocrates and Pien Chio recognized that there 
were useful techniques to mitigate the effect of naturally occurring poisons and 
adulterants by controlling absorption of toxic materials. Nevertheless, until a number 
of other factors were put into place, food safety evaluation remained basically the 
retrospective observation of events rather than a predictive, preventive process. More 
importantly, the nature of the observational process restricted evaluation to acute toxic 
phenomenon. It is difficult for people to intuitively relate a phenomenon observed 
several years after an event to that event. Thus, the recognition of chronic toxic affects 
also had to await the development of more sophisticated insights. 

The development of the art of evaluating the safety of foods required converting 
the process from observation to science. It is a long and complex history that 
proceeded along four principle lines: (a) the development of the principle of the dose 
response, (b) the development of the principle of test to target species prediction 
(animal studies), (c) the development of analytical chemistry and its application to 
foods, and (d) the development of microbiology (the demonstration that microorganisms 
are a major contributor to food hazards). Two additional sub-areas have to be added 
to this list. First, the development of any rational generic hazard assessment requires 
a natural progression of food toxicology from a phenomenalogic, observational 
science to the elucidation of mechanism. Second, the development of statistical 
processes based on dose effect permitting the estimation of relative human risk. 
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Dose-Response/Risk Assessment 

In the middle of the 16th Century, the German chemist, Paracelsus (Philippus 
Theophrastus Bombastus Von Hoenheim) wrote, " A l l substances are poisons, there is 
none which is not a poison. The right dose differentiates a poison and a remedy." This 
aphorism articulated, for the first time, the concept of the dose response curve, the 
beginning of modern toxicology and food safety evaluation. It is interesting to note 
that the Paracelsus also predicted quantitative analysis. Although there is much 
fantasy and mystical speculation in Paracelsus' books, a detailed evaluation of his 
work suggests that he recognized that a chemistry could be organized to quantitate the 
presence of various substances in foods and other materials (14). Nevertheless, 
Paracelsus did not directly advance the science of risk assessment or regulatory 
decision-making. He correctly pointed out that there is a line that divides a safe and 
an unsafe dose, but he offered no criteria or insight for determining how or where to 
draw the line. Nevertheless, Paracelsus was pivotal in the development of modern 
science, standing between the metaphysics and magic of classic antiquity and the 
emerging science of the 17th and 18th Century. In addition, to his contributions in 
articulating the principle of dose response and the possibility of quantitative analysis, 
Paracelsus also argued the need for experimentation in establishing responses to 
chemicals. This, in itself, was remarkable in that the scholasticism of his era actively 
discouraged experimentation since it might compel réévaluation of authority, i.e., 
Aristotle, Hippocrates, and Galen. 

It took five further centuries, for the principles established by Paracelsus to take 
their next step. In 1927, Trevan described the dose-response curve based upon the 
characteristic sigmoid response of biological systems (75). As a result, he also intro
duced the concept of the LD-50. In 1935, Bliss established the usefulness of 
expressing dosage in log rather than linear units and, subsequently demonstrated 
utility of the probit, making simpler the calculations of toxic doses (76). Because of 
the ease with which these approaches could be used, it is not surprising that the initial 
attempts to establish tolerances for food additives were based upon quantal dose 
responses and therefore largely reflected the concentration on acute toxicity rather 
than longer term chronic responses. The need to consider long-term responses lead to 
the recognition that the classic dose-response and its derived values, e.g. LD-50, was 
not sufficient for this purpose. This, in turn, stimulated research for a more appropriate 
way to express dose-response for chronic effects. 

It was not until the late 1920's when the increasing use of insecticide sprays led 
to concerns over chronic ingestion of lead and arsenic from residues left on fruits and 
vegetables that the need for longer term, chronic toxicity testing became evident. 
These early studies were often considerably less than a lifetime. Because of a high rate 
of disease and the lack of information concerning the nutritional requirements of test 
animals, basic work in toxicology, particularly in the emerging fields of nutritional 
toxicology, was essential for the design and performance of chronic studies. By 1949, 
the F D A monograph, Procedures for the Appraisal of the Safety of Chemicals in 
Foods, Drugs, and Cosmetics, effectively mandated the performance of chronic 
toxicity tests for substances to be added to food (77). Questions of interpretation 
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14 FOOD SAFETY ASSESSMENT 

became more difficult as measurements became more sensitive. Toxicologists were 
increasingly able to detect biochemical and physiological changes whose biological 
and toxicological significance was unclear. The "no effect level" or NOEL became 
the basic determinant of regulatory decisions. 

Concern mounted over carcinogenicity and reproductive toxicology. In 1949, the 
F D A monograph made no mention of carcinogenicity studies while the 1955 mono
graph, included a separate section on carcinogenicity that contained the following 
statement: "Positive results in these animal tests can be taken as creating a suspicion 
that the chemical under study may be carcinogenic for man but do not prove it to be 
so"(7#). The 1955 monograph also recognized the difficulty in detecting weak 
carcinogens. As a result, it suggested the advisability of testing in two species of 
genetically appropriate animals and the importance of histological evaluation of tumor 
bearing animals. By 1959, following passage of the 1958 Food Additive Amendments, 
the monographs contained a separate section on carcinogen screening, and added 
sections on dietary factors, the proper number of animals, the evaluation of malignancy, 
and many other scientific issues to be considered in such testing (79). 

By 1970, it had become clear that the traditional approach of establishing "no 
effect levels" based upon chronic toxicity tests was becoming so complicated and 
difficult to interpret, that the method was, for many substances, almost useless. For 
carcinogens particularly, the problem of interpretation became particularly acute. In 
an effort to resolve the question and to make the regulatory response to the toxicologi
cal evaluation more rational, the development of a mathematical analytical method 
seemed reasonable. The result* was the statistical risk assessment method which was 
first applied by FDA in the development of its Sensitivity of Method regulations in 
1973 (20). 

Thus, we have proceeded from the observational epidemiology of Hippocrates 
through the exposition of the dose-response relationship by Paracelsus through the 
period of tolerances developed on the basis of acute toxic responses. The process 
continued to evolve with the development of chronic toxicity testing and the recogni
tion that extrapolation methods based upon the threshold concepts would not work 
well with carcinogens having very low or no thresholds of response thus requiring the 
use of statistical extrapolation methods to determine human hazard. 

Test To Target Species — Animal Models 

From this discussion of chronic toxicity testing, it is clear that the establishment of 
modern food safety evaluation required, in addition to dose-response theory, the 
development of appropriate animal models, i.e. the principle of test to target species 
prediction. Animal experimentation was commonly practiced by ancient Greek and 
Roman scientists. One could argue that many of the erroneous theories of human 
anatomy and physiology were the result of attempting to inappropriately carry 
observations in animals directly to humans. Animal experimentation remained 
essentially ad hoc, actively discouraged in the Middle Ages, becoming acceptable in 
the 18th and 19th Centuries. As a result of the growing acceptability of animal studies, 
scientists became aware of the differences in anatomy and physiology between 
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2. MILLER From Ancient Egypt to Ancient Washington 15 

animals and humans. One consequence of this awareness was a growing distrust of 
animal testing as a model for human biology. Alexander Pope's aphorism, "the proper 
study of mankind is man," is a reflection of this view. As a result, virtually all risk 
evaluation relied on human observation or actual experimentation on human subjects. 
Although some testing was conducted in animals, it was regarded as unreliable and 
insufficient for any final human safety determinations. In the United States, Dr. 
Harvey Wiley's early experiments on food additives were conducted on human 
volunteers - the famed poison squad. Between 1902 and 1904, feeding experiments 
were conducted on 12 young men using several preservatives then found in the 
American food supply. It soon became clear to Dr. Wiley that studies in animals, not 
humans, would have to provide the scientific basis for food safety evaluations. Before 
the House Committee on Interstate and Foreign Commerce in 1906, Dr. Wiley noted 
that determining the physiological effects of chemicals in human subjects was not as 
easy or as straight forward as with animals. Dr. Wiley, questioned by Congressman 
James D. Mann about the strength of his conclusions concerning the safety of borax, 
said: "My conclusion is that the cells must have been injured, but I have no 
demonstration of it because I could not kill the young men and examine their 
kidneys"(27). In 1955, Arnold J. Lehman and Geoffrey Woodard quoted A. L . Tatume 
on the necessity for animal studies: "People are rather unpredictable and don't always 
die when they are supposed to and don't always recover when they should. A l l in all, 
we must depend heavily on laboratory experimentation for sound and controllable 
basic principles"(75). 

Of course systematic epidemiological investigations, including fortuitous obser
vations from environmental exposures, provided, in some cases, a sound basis for the 
assessment of risks. The difficulty in accumulating the data made such procedures of 
limited value. Moreover, they were clearly deficient as a feasible procedure for the 
pre-market detection of food-borne chronic risks. Thus, the need for animal experi
mentation was, and is, abundantly clear. Nevertheless, many of the same problems 
plaguing early researchers are faced by researchers today, i.e., the philosophic and 
pragmatic difficulties of translating studies in animals to man (22). Whatever else is 
true, man is simply not a big rat, and as a result, erroneous conclusions can be drawn 
if the differences among species is not recognized and explicitly considered in the 
interpretation of test data and the development of food safety decisions. 

Analytical Chemistry 

The ability to detect and quantify the presence of toxic and adulterating substances in 
food is an essential component of modern food safety evaluations. Although Pliny, 
Galen and their contemporaries could identify gross adulteration of foods, they were 
unable to detect substances at moderate or low levels, nor were they able to quantitate 
their findings. The work of Paracelsus at the end of the 15th and the beginning of the 
16th Century marked the beginning of quantitative analysis (14). It was not until the 
18th Century, however, that chemistry began to emerge in its modern form (23). The 
German chemist, Andreas Marggraf, developed the wet method of analytical chem
istry permitting more complex, precise, and sensitive analysis. With the work of 
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16 FOOD SAFETY ASSESSMENT 

Lavoisier in the latter half of the 18th Century followed by the explosion of organic 
chemistry in France and Germany during the 19th Century, chemistry reached the 
stage of development in which chemical theory, if well practiced, could be applied to 
the special problems of assuring the safety of the food supply. In one sense, the 
chemistry of food safety may be said to begin with the famous English chemist Robert 
Boyle, in the second half of the 17th Century. Boyle developed new tests for food 
adulteration, many based on the newly discovered principles of specific gravity. As 
a result, the field of chemistry developed beyond the point of opinion based upon 
uncertain tests such as burning, sight, taste, and smell, and instead relied upon 
objective and reproducible criteria. When publicized, these new chemical tests lead, 
in turn, to increased public concern with the safety of the food supply. Pamphlets and 
newspaper articles warned about the destructive ingredients to health found in food 
and drink. It is not necessary to reiterate the large number of often ingenious 
techniques used by adulterers to modify food (24). Pepper, for example, had always 
been adulterated by mustard husks, pea flour, and juniper berries, and so on. Tea and 
spices were counterfeited on such a grand scale that special laws were passed to try and 
deal with this particular problem. While most of the materials used for adulteration 
were innocuous, except to the pocketbook, some were quite dangerous. Canned green 
beans, for example, were often colored with copper sulfate, as was china tea. It was 
not until the German-born, English chemist, Frederick Accum, published a " A 
Treatise on Adulteration of Food and Culinary Poisons" that the public became fully 
aware of what was already known in many legal and governmental circles (26). Accum 
described in detail and at length the numerous kinds of adulteration practiced on food 
and the various methods available to detect them. More important, he argued that 
many of these adulterations were highly deleterious to the public health. Although 
Accum himself was forced to flee England as a result of the controversy over the 
publication of his book, the public had been alerted and efforts to utilize Accum's 
techniques to ensure the quality of the food supply were initiated. 

The continued development of methods of analysis for the contamination of the 
food supply was, in part, related to the increasing sophistication of agricultural and 
food technology, and in part, to the growing conviction on the part of the public and 
in the U.S. Congress that the food supply somehow was becoming less safe. In the 
1940's, with the development of electronic photometry, colorimetric analysis permitted 
levels of detection and quantification in parts per thousand. By 1970, the availability 
of separation techniques, such as electrophoresis and chromatography and devices 
such as spectrophotometers reduced these levels to parts per million. In the 1980's 
with mass spectroscopy, electron spin resonance and so on, detection and quantification 
in parts per billion became routine. Today levels two to three orders of magnitude 
lower are available for many substances. In terms of detection alone, virtually any 
small number of molecules can be detected and identified with modern technology. 
The growth in sophistication of analytical chemistry has reached the point that the 
problem is no longer in detection, but rather in determining the biological significance 
of such small numbers of molecules. 
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Microbiology 

The final historical link in the development of food safety evaluations is microbiologi
cal hazards. It is unfortunate that, today, discussions of food safety appear to focus 
mainly on chemical safety rather than the much more important and immediate 
problems of microbiological hazard. It has long been recognized by culinary 
historians that microorganisms were utilized extensively by early man, in particular 
for the production of beer and bread. What is not so well recognized is that, from 
classical times, physicians were aware that disease could be spread by contagion and 
by air-borne infection, which they generally identified with bad smells. Without 
understanding the cause of disease, physicians and scientists well recognized the 
association of contaminated food and outbreaks of many diseases. The Confucian 
Analects speak of prohibited foods such as "sour rice, spoiled fish and flesh, bad 
smelling food" and so on (13). Nevertheless, the standard of hygiene in private homes, 
markets, and other places where food was prepared was extremely low. The growth 
of urban centers and the need for central markets to supply the exploding population 
of these developing towns and cities resulted in increasing hazard from food-borne 
disease. When food safety was a function of individual households, only that 
household was at risk. With the development of urban markets, whole cities were 
endangered. As Tannahill described, "it the warehouses of the great food merchants, 
the waste materials of slaughter houses, the refuse flung aside by stall holders in the 
markets and householders, were all breeding grounds for pestilence and a haven for 
the omnivorous black rat, carriers of plague carrying fleas, which, by the 13th Century, 
infested most of the new towns of Europe"(25). 

Some towns such as Gottingen in Central Germany enforced street cleaning 
regulations from as early as 1330. Unfortunately, the refuse collected under these 
circumstances, was often swept into the rivers near the towns (25). It seems likely that 
the fish in these rivers were seriously contaminated and must have been potent carriers 
of diseases such as dysentery, paratyphoid, and cholera. Salmonellosis and staphylo
cocci infection also must have been wide spread. Botulinum was also epidemic, 
particularly in Southern France and the Pyrenees. 

It seems clear that the association between illness and specific, contaminated foods 
is probably much older than the identification of chemical food adulteration. Never
theless, the modern history of bacterial food-borne disease is much younger and 
probably can be dated to 1857 when Louis Pasteur published his germinal paper on 
lactic acid fermentation (27). By 1861, Pasteur had refuted the concept of spontaneous 
generation. In the process of examining these contemporary issues, Pasteur founded 
the science of microbiology. Among other things, he showed how to sterilize a liquid 
and how to keep it sterile and demonstrated the importance of developing pure cultures 
for research. By 1876, Robert Koch, using Pasteur's principles, published the first 
proof that a specific microorganism could cause a specific disease in an animal model. 
In 1881, he published a technique for isolating pure cultures that lead to the isolation 
and characterization of the causal organisms of all the major bacterial diseases known 
at the time. By 1884, he had published what has become known as Koch's Postulates. 
However, these concepts, developed by Pasteur and Koch, were not applied generally 
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18 FOOD SAFETY ASSESSMENT 

to the problems of food-borne disease until several decades later. The discovery by 
Nicholas Appert that heat processing and vacuum packaging could preserve food for 
extended periods of time lead to the development of the modern food processing 
industry. From Appert' s publication at the end of the 18th Century until the end of the 
19th Century, "Appertizing" was an art based upon experience and talent rather than 
a science. As a result, many containers became contaminated and exploded or were 
contaminated with toxin producing pathogenic organisms. In 1897, Samuel C. 
Prescott and William Lyman Underwood, published a paper in MIT's Technology 
Quarterly, which, for the first time, demonstrated that food-borne disease was a result 
of microbial contamination and that heat processing resulted in the destruction of these 
organisms (28). This lead to the establishment of the time-temperature relationships 
necessary to ensure predictable and consistent commercial sterility of heat-processed 
food. Without the work of Underwood and Prescott in applying the principles 
developed first by Pasteur and later by Koch, the modern food processing industry 
would never have developed when it did. 

As indicated, the recognition that food spoilage could cause disease, lead to 
elucidation of the scientific principles of sanitation and food sterilization. It was these 
concepts that lead to the development in many countries of sanitary commissions 
whose function was to establish and ensure the application of hygienic standards for 
food establishments. In the United States, such regulations were developed by the 
Department of Agriculture at the end of the 19th Century. After 1906, such regulations 
were incorporated under the Pure Food and Drug Act and Meat Inspection Act. To a 
significant extent, the development and implementation of these regulations were 
limited by the ability of microbiology to rapidly identify the causes of food-borne 
disease. Most diarrhetic diseases in the United States were reported as of "unknown 
etiology" because of the inability of microbiologists to rapidly identify many patho
genic organisms. One consequence of this deficiency was a wide-spread false sense 
of security in the food industry exacerbated by an inappropriate belief that the wide
spread use of refrigeration was an impregnable line of defense. At that time, little 
knowledge of psychrophilic organisms was available. The result was over confidence 
and a tendency to believe that microbiologic food-borne disease was essentially 
controlled, at least in the industrialized world. 

The revolution in molecular biology in the 1950's and 1960's caused a major 
disruption of this sense of security, and more importantly, resulted in a major re
thinking of our attitudes towards microbiological hazards. Two especially significant 
papers were published which lead to a major change in the way in which microorgan
isms could be identified. This, in turn, lead to a re-evaluation of the role of 
microorganisms in food-borne disease. The first of these appeared in 1974 and 
reported the use of a restriction enzyme to create a functional genetic element bearing 
genes from two species of bacteria (29). This was followed in 1975 by a paper which 
reported the fusion of mouse myeloma cells to produce the first functional hybridoma 
(30). This was the start of hybridoma technology, the development of monoclonal 
antibodies and genetic probes. These two papers, without question, lead to a 
revolution in food microbiology. For the first time, it was possible to construct 
antibodies to specific strains of microorganisms and rapidly detect their presence in 
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2. MILLER From Ancient Egypt to Ancient Washington 19 

food. One result of these investigations was the recognition that the incidence of food-
borne disease in developed, industrialized countries, was much larger than anyone had 
previously considered. In the U.S. for example, recent estimates indicate that as many 
as 20 to 80 million cases of foodborne diarrhetic disease occur each year (31). In the 
developing world, it probably represents the most important source of morbidity and 
mortality, exceeding that of small pox, HIV and other better publicized pathogens. It 
may be true that food-borne disease is the major factor impeding progress in the 
developing world (32). 

Modern Times 

By the beginning of the 1980's, virtually all of the components of modern food-safety 
evaluation were in place. Nevertheless, rather than producing increased confidence 
on the part of the regulator in making decisions, and increased confidence on the part 
of the consumer in the safety of their food supply, the result, unfortunately, has been, 
on the part of the public, increasing concern, that their food supply is unsafe, and on 
the part of food safety evaluators that the solution of each set of problems simply 
results in the appearance of other problems more difficult to resolve. In 1934, T. S. 
Elliott, wrote in his play, The Rock, "Where is the wisdom we have lost in knowledge, 
where is the knowledge we have lost in information"(33). With each step in increasing 
the depth of our understanding of the chemistry and biology of food safety, we have 
increased the information load to the point that we have difficulties in interpreting our 
observations and making understandable the results of our interpretations. For 
example, Table 1 attempts to provide a sense of the dimensions of contemporary food 
safety evaluations. Ranging from acute to chronic exposure and from quantal to 
quality of life parameters, it deals only with chemical safety and probably represents 
an investment of a decade in time and many millions of dollars in cost. 

Even with this extensive evaluation, we are still left with several problems that are 
difficult to resolve. Food safety technology has been devoted primarily to determining 
the hazards associated with substances added to food such as food additives, contami
nants, pesticide residues and so on. As a result, current protocols deal largely, but, not 
exclusively, with quantal phenomenon. Only recently have we begun to consider the 
impact of nonquantal phenomenon such as behavior, emotionality, physical perfor
mance, and so on. Much more significantly, we are not confident in our ability to 
evaluate the safety of foods as differentiated from food additives. Food additives are 
generally used at a small fraction of the diet. As a result, protocols permit exposure 
at levels 10 to 100 times the predicted exposure. Such exaggerated doses cannot be 
used for foods. This issue has become of greater significance with the development of 
modern gene manipulation techniques and the possible development of new species 
of food plants and animals. One possible approach to the evaluation of food as 
differentiated from food additives is shown in Table 2. What distinguishes this set of 
requirements from those shown in Table 1 is: (a) the increasing dependence on 
chemistry, (b) the need for human investigations prior to general marketing of the 
material. It also puts greater emphasis on knowledge of metabolism and prediction 
rather than the phénoménologie foundation of traditional toxicology. 
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FOOD SAFETY ASSESSMENT 

Table 1. Types of Toxicological Tests 

1. Acute tests (single exposure or dose) 
A. Determination of median lethal dose (LD 5 0 ) 
B. Acute physiological changes (blood pressure, pupil dilation, 

etc.) 
2. Subacute tests (continuous exposure or daily doses) 

A. Three-month duration 
B. Two or more species (one nonrodent) 
C. Three dose level (minimum) 
D. Administration by intended or likely route 
E. Health evaluation including body weights, complete physical 

examination, blood chemistry, hematology, urinalysis, and 
performance tests 

F. Complete autopsy and histopathology on all animals 
3. Chronic tests (continuous exposure or daily doses) 

A . Two-year duration (minimum) 
B. Two species selected for sensitivity from previous tests 
C. Two dose levels (minimum) 
D. Administered by likely route of exposure 
E. Health evaluation including body weights, complete physical 

examination, blood chemistry, hematology, urinalysis, and 
performance tests 

F. Complete autopsy and histopathology on all animals 
4. Special tests 

A. Carcinogenicity 
B. Mutagenicity 
C. Teratogenicity 
D. Reproduction (all aspects other than teratogenicity) 
E. Potentiation 
F. Skin and eye effects 
G. Behavioral effects 
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MILLER From Ancient Egypt to Ancient Washington 

Table 2. Strategies for Safety Testing of Food 

Chemical Analysis 
(a) Known compounds 
(b) Pattern recognition 

In Vitro Modeling 
(a) Nonmammalian systems (e.g., mutagen testing) 
(b) Sequential mammalian tissue models including 

modification of metabolism of standard substances 
Computer simulations 

(a) Activity-structure relationships 
(b) Kinetic modeling 

Traditional Safety Testing 
(a) Impact on standard test substances 
(b) Impact on stressed system 

Human Studies 
(a) Comparative molecular, pharacokinetics and 

pharmacodynamic models 
(b) Impact on standard test substances 
(c) Impact on stressed systems 
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22 FOOD SAFETY ASSESSMENT 

Conclusions 

The earliest evaluators of food safety depended almost entirely on human observation 
and professional experience and judgement to reach their conclusions. Today, 
although the questions we ask and the processes we use may appear to be more 
sophisticated, they are fundamentally the same as those society has asked and used 
from the start. The major difference however may be in the area of judgement. With 
increasing uncertainty and the resultant decreased credibility in the scientific com
munity, the role of nonscientific issues has become of greater significance in the 
development of food safety regulatory policy. This is not to say that food today is 
unsafe or that scientists cannot or should not use judgement in formulating their 
recommendations to policy makers. Rather it is to say that with increasing recognition 
that absolute judgements or absolute safety are unattainable, more questions are being 
asked about the credibility of scientists making these judgements. The result is that 
politics, economics, and social values are playing an increasingly dominant role in the 
development of food safety issues. As shown in Table 3, the formal requirements for 
F D A rule making as described in the Administrative Procedures Act are only a small 
fraction of the statuatory issues FDA must consider in its rule making. Moreover, the 
F D A must also consider an enormous number of nonstatuatory concerns as well as the 
impact of the views of an extroardinary number of constituencies ranging from, 
congress to foreign governments to the American people. Finally, when all is done, 
the possible intervention of the courts must be considered. It is not surprising that 
science appears to play a secondary role in some regulatory decisions. This is a social 
and political matter of concern, for, in the end, it is only science that can bring an 
objective standard to the judgement process. 

Even in this respect we have come full cycle. In the earliest days of food safety 
evaluations, theology, organized religion, the political administration of the rising 
cities were more important in determining what was safe and what was permitted in 
the market place than the opinions of scientists. What has been added to the equation 
is the intrusion of the adversarial process, a strategy that is devoted more to victory 
than truth. The effect of this strategy on food safety is illustrated by analogy to 
contemporary political campaigns where the mud slinging pun and phrase is of greater 
value than issues, facts or insight. The addiction of politicians, public interest groups, 
the media and industry groups to the use of these techniques for the attainment of their 
narrow goals can only result in beseiged and weakened regulatory agencies. Under 
these conditions, the public can only expect the closing of the regulatory gate to 
innovation and the rigid application of literally interpreted law and regulation, a 
situation in which all will suffer. 

It is clear, that from a historical point of view, we have come to an important 
crossroads in the development of food safety evaluations. We know more than we ever 
have about the biological process of life. It is time that we begin applying that 
knowledge to the issues of mechanisms of food safety. We must now begin to remove 
the distinctions among chemistry, toxicology, nutrition and microbiology - the four 
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major components of the scientific evaluations of the safety of foods. We must begin 
to think of an integrated, mechanistic food safety evaluative process, that will permit 
generic and ultimately predictive outcomes for food safety evaluations. The problem, 
if we do not develop more objective procedures and increase the credibility of the 
scientific community, is that the role of nonscientific issues and the use of adversarial 
tactics will become even more important than they are today. The final result can only 
be decisions based upon the goals of lawyers, politicians, and economists rather than 
an objective evaluation of the data and needs for the public welfare. In the end, it is 
the public that will suffer. 
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Chapter 3 

What Is Safe Food? 

Fred R. Shank and Karen L. Carson 

Center for Food Safety and Applied Nutrition, U.S. Food and Drug 
Administration, 200 C Street, SW, Washington, DC 20204 

The American food supply is safe. The proper perspective on food safety, 
however, must encompass both the latest scientific knowledge and public 
perceptions. We know that the greatest long-range health risks stem from 
the food choices we make, yet the focus of the media and Congress remains 
on minute traces of pesticides or other contaminants that present negligible 
risk. Resolving this dichotomy requires several approaches: possible 
amendment of the Delaney Clause, enhanced knowledge about the com
position of foods and the effect of dietary choices on health, and increased 
reliance on Hazard Analysis Critical Control Point systems as a tool in 
enhancing the safety of food. Most importantly, we must develop effective 
means of communicating to consumers the benefits and associated risks 
inherent in the food supply. 

In contemplating the common goal of human health shared by medical professionals 
and food scientists, Dr. Samuel O. Thier, President of the National Academy of 
Sciences' (NAS) Institute of Medicine observes that "safe and nutritious food is going 
to become progressively more important in the protection of health and the improve
ment of aging, and we have to be able to coordinate our activities" (/). Although he 
was speaking about coordinating efforts between medical professionals and food 
scientists and technologists, efforts to achieve safe food have no bounds in the 
scientific world, industry, or the community at large. As Dr. Thier so eloquently points 
out, in the years ahead, food is going to play a vastly more important role in protecting 
health and extending that health into old age. 

Evidence is accumulating that dietary choices carry potential for modulating the 
detrimental effect of either native or adventitious food constituents. To take full 
advantage of this potential, scientists must be in a position to allow inquiring minds 
free reign to investigate. Rapidly evolving technology in chemistry, biochemistry, 
toxicology, and other sciences has provided the tools to translate scientific innovation 
into nutritionally improved and safer foods. The exercise of those tools will continue 

This chapter not subject to U.S. copyright 
Published 1992 American Chemical Society 
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3. SHANK & CARSON What Is Safe Food? 27 

to be thwarted, however, until there is a meeting of the minds, that is, an understanding, 
between political, social, and scientific sectors as to what safe food is. 

The reality is that there is no answer to the question, "What is safe food?" But it 
is also a reality that food is safer today than in the past and that scientific efforts will 
continue to make it safer in the future. 

"Safe food" is different things to different people. Consumers, presumably, have 
very strictly defined expectations of "safe food"; they expect it to be risk-free—period. 
They associate increased risk with increased use of added substances such as 
pesticides and food additives. On the other hand, the definition endorsed by scientists, 
public health officials, and international organizations is more closely linked to the 
reality of food composition. These groups expect safe food to provide maximum 
nutrition and quality while posing a minimal threat to public health. They don't expect 
food to be risk-free, but they do expect any risks that are present to be minimal. 

These two sets of expectations are sufficiently far apart to create problems for all 
segments of the food industry, broadly defined as consumers, manufacturers, regula
tors, and other public health officials. To reach a common ground, that is, a point 
where the majority of the scientific and nonscientific population share a common and 
realistic view of what safe food is, will require a number of changes in the way we 
currently conduct business, ranging from legislative changes to improved communi
cation. Consumers have not, in the past, been well educated about food. 

The concept of "safe food" changes with rapidly evolving chemical, toxicological, 
and biomedical sciences. As a result, what was considered "safe" yesterday may not 
be satisfactory today. The lead content of the food supply provides a case in point. 

Goals Change 

Knowledge about the adverse effects of lead has been considerably refined over the 
past two decades, primarily because of technological advances in toxicology and 
expanded knowledge about the toxicology of chemical compounds in the food supply. 
Concern, particularly about the health and development of young children, has been 
generated by new evidence indicating that dietary lead levels thought safe several 
years ago are now being shown to be toxic for infants and children. In a 1988 report 
to Congress, the Agency for Toxic Substances and Disease Registry, a unit of the 
federal Centers for Disease Control, concluded that there is "little or no margin of 
safety" between levels of lead we now find in the blood of large segments of the 
population and levels associated with toxic risk (2). 

Improved science has provided the basis for reevaluating old and establishing new 
threshold levels. In 1979 the Food and Drug Administration (FDA) was using a 
recommended tolerable total lead intake from all sources of not more than 100 μg/day 
for infants up to 6 months old and a level of not more than 150 μg/day for children from 
6 months to 2 years of age (3). On the basis of toxicity data obtained in the interim, 
F D A is now using a considerably lower range of 6 to 18 μg/day as a provisional tol
erable range for lead intake from food for a 10 kg child (4). 

Initiatives to reduce the level of lead in foods, such as the move to eliminate lead-
soldered seams in food cans begun in the 1970s, as well as efforts to eliminate 
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leachable lead from ceramicware glazes, have resulted in a steady decline in dietary 
lead intake. Food and water still contribute undesirable quantities of lead to the diet, 
however. Data from FDA ' s Total Diet Study indicate a reduction in mean dietary lead 
intake for adult males from 95 μg/day in 1978 to 9 μg/day in the period 1986-88 
(Gunderson, E., FDA, personal communication, 1990). 

Reducing the contribution of dietary lead from sources such as lead-soldered cans, 
ceramicware, wine from bottles with lead capsules, and dietary supplements such as 
calcium is a step in the right direction, but other actions will also be needed. Use of 
leaded gasoline declined markedly in response to concern about its effect on the 
environment, but other environmental issues continue to pose challenges. It is 
necessary to reduce the total lead burden introduced through other manufactured 
products such as paints, glazes, and pipings, as well as natural sources such as lead 
minerals leached into groundwater. 

Thus, lead is a chemical that demonstrates that "safe" is not a static concept, but 
a dynamic reflection of research and innovation in the scientific world. In the future, 
we can expect the so-called "chemical safety" of food to continue to evolve. 

Consumer Perceptions 

Consumer perceptions about hazards in the food supply are not always synchronized 
with true food safety issues. Pesticide residues were ranked as the number one serious 
hazard by consumers in a 1990 survey conducted by the Food Marketing Institute (5). 
Pesticides were followed by antibiotics and hormones in poultry and livestock, 
irradiated foods, nitrites in food, additives and preservatives, and artificial coloring. 
This ranking, which has remained the same since 1987, helps explain the tremendous 
political and social attention paid to some of these perceived hazards. This ranking 
does not reflect the concerns of scientists and other public health officials, the majority 
of whom place microbiological hazards and natural toxicants at the top of the list. 
Nevertheless, pesticides and additives are issues that scientists must consider as part 
of the overall picture of food safety. 

Complicating the pesticide issue is Congressional eagerness to respond to con
sumer concerns by stressing, and thus giving credence to, those concerns by increasing 
Congressional scrutiny of agency actions and demands for agency resources. In 1989, 
F D A analyzed 18,113 samples in its pesticide residue surveillance program, 10,719 
or 59% of which were imported (6); 99% of the domestic samples and 97% of the 
import samples were not violative. The majority of the violations that did occur were 
residues of approved pesticides in commodities for which the pesticides were not 
registered. Although the number of samples analyzed in 1989 increased over 1988, 
the violation rates for both years were similar (7). 

What do all these data mean? In essence they mean that pesticide residue levels 
in the food supply are generally well below Environmental Protection Agency (EPA) 
tolerances. Likewise, they indicate that, generally, pesticides are being properly used. 
Moreover, the relatively constant violation rate in a larger number of samples indicates 
these conclusions are not happenstance. 
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Nevertheless, there is continuing consumer concern about and Congressional 
reaction to pesticide residues in the food supply. Essential to breaking this seemingly 
never-ending circle, and the increased burdens it imposes on public health agencies, 
is the accumulation of scientific information, i.e., data, on which to base decisions and 
actions. Data are necessary to perform more accurate risk assessments and to provide 
consumers with a clear understanding of where actual risks lie. 

Better risk assessments will be essential to food safety programs in the future. 
Whether the substance of concern is a pesticide residue or another contaminant such 
as lead, when data are insufficient, risk assessments are often based on worst-case 
assumptions. In the case of pesticide residues, for example, it may be assumed that a 
particular pesticide is used on all commodities for which it is approved and that the 
residue is present at its tolerance level on each of those commodities. This is a gross 
overestimation of pesticide use and provides an exaggerated estimate of risk. "How
ever, the EPA routinely uses these conservative assumptions to account for gaps in 
information about actual exposure and uncertainties about health effects" according 
to the Ν AS 1987 publication Regulating Pesticides in Food: The Delaney Paradox (8). 
Similar overestimations will probably be reported in an upcoming NAS report from 
the Committee on Pesticides in Diets of Infants and Children, because specific dietary 
intake data are not always available. The report is expected to be issued soon. 

Worst-case scenarios will continue to play a major role in assessing risks in the 
food supply until data are available to provide a more accurate view of the incidence 
and quantities of these substances in the food supply. 

A change in food safety legislation is essential to our further understanding of 
"what safe food is." 

Legislative Changes 

Current legislation governing food precludes the addition of any substance that is 
found to induce cancer in man or animal. This is a zero-tolerance and is known as the 
Delaney Clause. When the Delaney Clause was added to the Food, Drug, and Cosmetic 
Act in 1958, zero may have been a reasonable goal for analytical chemistry and 
toxicology. Today it is not. With virtually every breakthrough in methodology and 
analytical technology, zero is pushed lower. Because the zero-risk standard is 
unattainable, it is probably reasonable to assume that the standard is not being applied 
as vigorously as it might be. 

Moreover, the zero-risk requirements of the Delaney Clause have unfairly led 
consumers to believe that a risk-free food supply is a real possibility. The disservice 
to consumers that discussions about a pesticide-free food supply cause, by nurturing 
those beliefs, cannot be overemphasized. The ethical and more realistic approach is 
to talk about pesticide residues being present in the food supply within prescribed 
limits, that is, below tolerances set by EPA. As surveillance and monitoring programs 
are expanded to encompass a larger cross section of the raw and processed food supply, 
a clearer perspective is gained on the relative risks associated with pesticide residues 
and a clearer understanding that there is no such thing as "zero risk." 
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In considering the question "What is safe food?" risk concepts should not be 
applied only to pesticides and heavy metals like lead. They apply equally to food 
additives, to migrating packaging constituents, to potentially hazardous compounds 
induced by food processing and packaging, and to naturally present toxic food 
components. A l l of these have the potential for introducing an element of risk into food 
or altering the risk already inherent in the food. Often the source of the risk can be 
controlled or eliminated during the food production chain if the vulnerable points are 
identified and control mechanisms are established. 

Mechanisms for Asssuring The Safety of Food—HACCP 

Hazard Analysis Critical Control Point (HACCP) is a powerful tool in economically 
producing safe food of high quality. If a safe product of high quality is the goal, then 
the basic system must be designed toward that end. This is what H A C C P is about. 

H A C C P is essentially a critical and comprehensive analysis of individual food 
production systems, from the field to the store shelf. "The H A C C P system consists 
of (a) determining hazards and assessing their severity and risks; (b) identifying 
critical control points; (c) developing criteria for control and applying preventive/ 
control measures; (d) monitoring critical control points; and (e) taking immediate 
action to correct the situation whenever the criteria are not met" (9). 

While most contemporary discussions of H A C C P dwell on microbial contamina
tion, including the recently published voluntary seafood program of F D A and the 
National Marine Fishery Service (10), the H A C C P concept is appropriate for other 
types of potential contamination: chemicals, insect infestation, and filth. 

From FDA's viewpoint, the HACCP system has great potential as an alternative 
to traditional establishment inspection because it does not rely on endpoint inspection, 
but on application of preventive measures throughout the production/distribution 
system. Moreover, it ensures, and may improve, the quality of a product while 
strengthening the manufacturer's ability to continuously produce safe products. In the 
seafood program currently being developed, it will be the government's role to review 
system parameters and operating procedures, to provide selective auditing of the 
system's records, including verification by laboratory analysis, and to provide for 
appropriate enforcement. Thus, a partnership of sorts is created between industry and 
government with industry shouldering responsibility for the production of safe food 
and government ensuring that safety. 

Naturally Occurring Toxicants 

Any discussion of what constitutes "safe food" cannot ignore natural toxicants, 
whether inherent or induced. It is important to recognize that the macrocomponents 
of the diet, particularly the fat and protein content, as well as the numerous 
anticarcinogens and carcinogenic inhibitors present in our food, appear to interact with 
other dietary components to modulate carcinogenic risk. An estimated 35% of all 
cancer deaths have been attributed to diet, exclusive of food additives and alcohol (71 ). 
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Although the diet is the source of natural carcinogens, mutagens, and other toxic 
substances capable of exerting an adverse affect on human health (72), this statement 
should not be made or received in a vacuum. It must be emphasized that dietary 
choices, as well as natural predilection, play an important role in determining whether, 
or to what degree, toxic substances will have an adverse affect on health. Acknowl
edgment that the food supply does contain naturally present toxicants provides the 
opportunity to expand knowledge about those substances and define their interactions 
with other constituents of the diet, as well as chemical changes in foods as the result 
of processing and packaging techniques. The body of information about natural 
toxicants and dietary choices that may modulate the development of chronic diseases, 
while growing, is in need of expansion. 

Innovation and technological advances in toxicology, the biomedical sciences, 
pharmacology, and the chemical sciences provide the tools to enhance understanding 
of the relationships between natural compounds and detrimental or positive effects on 
health, as well as how these compounds are formed. This knowledge is fundamental 
if F D A is to ask the "right" questions in the search for answers about inherent food 
safety and dietary interactions. 

Positive Use of Natural Components—Designer Foods 

Another aspect of food safety that is attracting more attention pertains to those 
components of food which have the potential to modulate carcinogenesis, as well as 
other disease conditions. Major research programs, designed with this goal in mind, 
are under way to examine the relationships between components of foods and disease 
conditions. The National Cancer Institute's program on "designer foods" is a good 
example. This is a $50 million program to test the anticarcinogenic properties of 
phytochemicals. Substances being tested include concentrations of the active compo
nents of garlic, flax seed, citrus fruit, and licorice root. 

A transition is occurring in the perception of "nutrition." A few years ago, nutrition 
was essentially the interrelationship of nutrient intake with growth, health mainte
nance, and prevention of deficiency diseases. Today, the concept of nutrition has 
evolved to recognize the relationships of food components, often not nutritive, as 
causative agents of chronic diseases, such as cardiovascular disease and cancer, and 
we are on the edge of discovering more about how and what food components prevent 
chronic diseases and are even potential treatments of those conditions (7). This is a 
radical change in perspective. 

As the body of research on naturally occurring food components reveals the 
potential for their use in combatting the onset of certain disease conditions, the 
potential for abusing the use of those substances through over-supplementation 
increases. Some naturally occurring food components with anticarcinogenic activity 
at one concentration themselves become toxic at greater concentrations, and often the 
safe zone between toxic and beneficial is very small; both selenium (13) and vitamin 
A (14) are notable examples. Both have shown anticarcinogenic activity at low intake 
levels, but are toxic at higher intakes (13, 75). More and more frequently dietary 
guidelines advise higher consumption of specific foods, such as broccoli and other 
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cruciferous vegetables, for the benefits of their naturally present constituents in 
modulating the onset of disease conditions. 

Risk Communication 

Changing from a zero-risk legislative standard and providing information about 
pesticide residues, natural toxicants, and designer foods present some real challenges 
in consumer communication. 

Risk communication makes the link between scientific decisions and the con
sumer. The interrelated issues of risk, public policy, and risk communication are of 
paramount importance to educating the public about their food supply. 

Successful risk communication hinges on an educated public. Consumers must 
understand the many facets of the food safety issue in order for actions—both by 
consumers and by government—to be reasonable. This in no way should be construed 
as saying that F D A is shirking its responsibilities to consumers or any other group. The 
development and use of techniques to reduce to the lowest levels possible, or 
eliminate, those potential hazards in the food supply that can be eliminated or reduced 
is a realistic goal. F D A will continue to strenuously enforce the law and ensure the 
safety of the food supply, as it has in the past, in pursuit of that goal. The exercise of 
that responsibility would be eased, however, by a more enlightened consumer 
population. 

Consumers must be approached from their perspective. Most important is trans
lating scientific data and information about food safety into terms people can 
understand, so they can assimilate this information into the personal information bank 
they use to make selections and decisions geared to their individual health needs or 
desires. If scientists cannot translate the science behind the decisions they make and 
the actions taken or not taken, then those sciences—food chemistry, food engineering, 
food technology, or whatever science—are being practiced largely for the scientists' 
own benefit. 

According to Dr. Thier, this is not a situation peculiar to food science. He fears 
that "... food scientists and technologists are doing the same thing in the nutrition area 
that we have done in the health area. We have become so excited about our biology 
that we have forgotten that biology poorly translated into changes in behavior is 
biology that is wasted to a great extent" (7). 

Thus, no matter how many elegantly engineered new food products or chemically 
generated new ingredients are created with the consumer's health in mind, if they don ' t 
understand why scientists are not targeting their efforts to rapidly reduce levels of 
consumer-perceived risks, such as pesticides and food additives, from the food supply, 
all other efforts are for nought. 

Conclusion 

The question remains, "What is safe food?" Today's answer isn't necessarily 
tomorrow's answer, nor should it be if we are to strive for scientific and technological 
progress. The definition of "safe food" must reflect the technological advances in the 
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multitude of sciences that underlie the production of safe food. Ways of ensuring the 
safety of the food supply and of delivering information to put relative risks into 
perspective must be a continual search. Legislative changes that bolster the concept 
of "safe food" rather than zero-risk food must be championed. As research on natural 
toxicants and natural substances that modulate the detrimental effects of those 
toxicants increases over the next few years, the concept of "safe food" will change. 

There is clearly an important role for chemists and chemical engineers to play in 
ensuring the continued safety of the food supply. Active participation in the public 
arena, offering an experienced voice on the many issues concerning food safety, is a 
highly important role. By background and training, chemists and chemical engineers 
are uniquely qualified to analyze and interpret, in an unbiased manner, the issues 
concerning food safety. Those with the unique communication talents needed to 
convey risk information to consumers are essential to a realistic perception of the food 
supply. Development of biodegradable packaging materials, recycling techniques, 
and new food chemistry safety tests for use on-line in manufacturing plants are 
important elements of the "safe food" picture in the future. 

To sum up, the issues surrounding the concept of safe food are complex, and they 
are becoming even more so as environmental concerns increase. The food supply is 
safer now than ever before. Chemists and chemical engineers play a vital role; 
however, food safety requires the cooperation of all disciplines and all segments of the 
food science community—industry, government, academia, and other professional 
groups—in scientific endeavors and in effective communication. Only in this way can 
the technological advances be made that will allow us to identify and solve the issues 
of today and the future. 
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Chapter 4 

Risk—Benefit Perception 

Michael W. Pariza 

Food Research Institute, Department of Food Microbiology and Toxicology, 
University of Wisconsin, Madison, WI 53706 

The results of laboratory studies on how experts and non-experts view risks are 
summarized. The concepts of "risk assessment" and "risk perception" are 
defined and discussed. Various aspects of food safety are considered from the 
standpoint of risk assessment versus risk perception. 

Detecting and responding to potentially deleterious environmental conditions is an 
essential attribute of living systems. In lower organisms such response takes the form 
of instinctual reactions which may be appropriate in certain situations but not others. 
For example, when deprived of food rodents will instinctively run, presumably in 
search of new food sources. While such activity may be well suited to natural settings, 
it is hardly appropriate in situations where the animal is confined to a cage but given 
access to a running wheel. Under such conditions, in the absence of food, rats will not 
conserve energy by remaining inactive but rather will run themselves to death, literally 
ω . 

By contrast, humans have the capacity to tailor their response to a perceived risk, 
and even to alter the environment rather than simply respond to it. The key, of course, 
is understanding the nature of the potential risk so that the response is appropriate. 

Risk Perception versus Risk Assessment 

Experts and laymen tend to view risks differently (2). Experts give great weight to 
technical considerations and statistical probabilities, a process called "risk assess
ment". Laymen, by contrast, rely on intuitive judgments, referred to as "risk perception". 
Laboratory research has shown that non-expert judgement is shaped by a lack of 
understanding of probabilistic processes, the inability to recognize biased media 
coverage, misleading personal experiences, and the anxieties of living in a complex 
world (2). The result is faulty judgement which can work in both directions, sometimes 
overestimating, sometimes underestimating, the true magnitude of the risk in ques
tion. It's worth noting here that experts, when dealing with matters outside the areas 
of their expertise, are just as prone to biased judgement as the general public. 

0097-6156/92/0484-0036$06.00/0 
© 1992 American Chemical Society 
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4. PARIZA Risk-Benefit Perception 37 

Much has been written about why non-experts respond the way they do (2). For 
example, one of the worst cases is the perception by many of the risks of nuclear power, 
described as unknown, dread, uncontrollable, inequitable, catastrophic, and likely to 
adversely affect future generations. Indeed, it's hard to imagine more fearsome 
descriptors. On the other hand, automobile accidents are viewed more favorably. It 
may seem to a casual observer that many of the same descriptors used for nuclear 
power risks are applicable to automobile accident risks, but experts in the psychology 
of risk perception say that familiarity and choice (or lack thereof) are important 
factors. Hence the familiar risk one chooses to take (driving or riding in an automobile) 
seems less threatening than the unfamiliar risk one seemingly has no control over (a 
nuclear reactor malfunction). 

Another important consideration is the issue of risk being used as a surrogate for 
other concerns, particularly its use in trying to achieve certain social or political 
objectives. In such circumstances, the entire discussion of risk becomes irrelevant and 
should be recognized as such. 

Food Safety: The Expert View 

The expert view of food safety is reflected in the ranking developed by the United 
States Food and Drug Administration (FDA) (Table 1) (3). According to the FDA, the 
most important food safety considerations are microbial contamination and nutritional 
imbalance. Environmental contaminants, naturally-occurring toxicants, pesticide 
residues, and food additives are far less significant. These conclusions— these risk 
assessments— are based on the usual things that go into expert judgments, that is, 
technical considerations relating to the scientific nature of the risk in question (for 
example, what is known about pathogenic food-borne microorganisms and their 
toxins; under what conditions do specific pathogens grow and produce toxins), and 
statistical probabilities (for example, the probability that a food will be contaminated 
with a dangerous microorganism or microbial toxin; the probability that someone 
eating the food will become i l l ; the probability that serious illness or death will result). 
For numbers 1 and 2 in Table 1, the risk assessment exercise is straightforward. There 
is little doubt that people are made i l l through encounters with microbial pathogens (4) 

Table 1. U.S. Food and Drug Administration 
Ranking of Food Safety Issues 

1. Contamination by Microbial Pathogens 
2. Nutritional Imbalance 
3. Environmental Contaminants 
4. Naturally-occurring Toxicants 
5. Pesticide Residues 
6. Food Additives 

SOURCE: Reference 3. 
NOTE: Of these issues, numbers 1 and 2 are by far the 

most important 
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or by adopting unhealthy dietary habits (5,6). However, assessments of the risks for 
items 3-6 are based mostly on extrapolations from high-dose animal experiments to 
human experience, where harm cannot be objectively demonstrated. Hence the risks 
are theoretical in nature. 

Food Safety: The Public Perception 

Consumer surveys show that the public views this area differently. For example, 
according to a poll conducted by the Seattle Times (7), 57% of the respondents were 
"very concerned" about pesticides in food, and another 27% "somewhat concerned". 
For food additives, 48% were "very concerned" and 39% "somewhat concerned". 
Sixty percent were "very concerned" about seafood pollutants, 26% "somewhat 
concerned". 

Concerns about microbial contamination in general were not probed, but in 
response to a specific question about salmonella in poultry, 59% indicated that they 
were "very concerned", 23% "somewhat concerned". Nutritional considerations were 
not mentioned. 

Exaggerated concern about the health risks of food additives and pesticides is, of 
course, not limited to the U.S. populace. Sato (8) reports that the majority of Japanese 
consumers think these substances are major causes of cancer, more important than 
cigarette smoking. 

Persons with scientific expertise in food safety may find these consumer poll 
results distressing. Why does the public respond like this? The answer, of course, lies 
in what risk perception specialists have been telling us (2). When one is not familiar 
with the technical intricacies of an issue—in other words, when one is not "expert"— 
then intuitive judgments become dominant. Intuitive judgments, in turn, are shaped 
by a variety of factors many of which have little or nothing to do with logic or deductive 
reasoning. 

Having said this, I ' l l now discuss the FDA's ranking of food safety issues (Table 
1) in terms of where I think the public is coming from, and how things got this way. 
I freely admit that the views are speculations, personal opinions that are as yet untested 
scientifically. 

Risks versus Benefits 

Microbial contamination is the top issue on the FDA ' s list, and as discussed previously 
this based on the measurable incidence of food borne illness in the U.S. In general, 
this is not a new issue for the public. Most people have heard about food poisoning 
dangers, some have even had personal experience with it. In general they recognize 
the importance of using common sense when preparing food, and probably reward the 
appearance of cleanliness when selecting a restaurant. Hence food borne illness is a 
familiar issue with at least an element of choice associated with it. Certain aspects, like 
salmonella in poultry, may appear to be new, unfamiliar, and caused by negligence, 
but in general, when asked about food safety concerns, dangerous microorganisms are 
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unlikely to spring to mind. Like getting into an automobile, microbial contamination 
does not seem so dangerous. 

What about nutritional imbalance? This is number two on the FDA's list, because 
there are real problems associated with adhering to poor dietary advice. Obesity, at 
least in part diet-related, is also an important area of health concern (5). My guess is 
that the public does not recognize this as a food safety problem at all, and in a sense 
this conclusion is correct. In the U.S., nutritional imbalance is a matter of choice. 
People choose to eat inadequate diets, and sometimes even think there are benefits to 
be gained from such diets. Since it' s a matter of choice based in part on the perception 
of benefit, nutritional imbalance is probably even less likely to cause concern than the 
automobile ride. 

On to number 3 (Table 1), which for the purposes of this discussion will be linked 
with numbers 5 and 6. From the public's perspective, we're now getting on thin ice. 
Contamination, pesticides, food additives— these are strange unknown quantities that 
involve very little choice, and they certainly get plenty of bad press to boot. To make 
matters worse, the benefit side of the equation is murky. Is contamination really an 
unavoidable byproduct of civilization, they ask. Do we really need pesticides and food 
additives? There are plenty of voices which for a variety of reason are more than 
willing to provide simple, reassuring answers. Yes, we can completely avoid 
contamination, they say. No, we don't need pesticides or food additives— these are 
just part of a chemical-agricultural industry conspiracy. Indeed, the Natural Re
sources Defense Council has gone so far as to criticize the University of California 
system for suggesting that food prices will go up if pesticides are banned (9). 

Misplaced emphasis is liable to directly affect number 4 (Table 1), naturally-
occurring toxicants. Right now the public doesn't seem too concerned about this topic, 
perhaps because it's seen as being tangled up with natural, said by activists and 
advertisers alike to be good. But even if they are not so good, naturally-occurring 
toxicants are unavoidable products of nature, not malevolent byproducts of human 
activity. 

The problem is that this may change as a result of pressures to reduce or eliminate 
pesticides, coupled with resistance to biotechnology. Traditional plant breeding 
techniques can be used to enhance insect resistance by increasing the levels of 
naturally-occurring toxicants (10). For example, a variety of insect resistant celery 
was introduced into commerce which exhibited sharply elevated levels of psoralins 
(psoralins are both mutagenic in bacteria and carcinogenic in laboratory animals) (77). 

Biotechnology can be used to introduce host specific insecticides, such as the toxin 
from Bacillus thuringiensis, which" affects only certain species of insects (70). But 
again, many members of the public may conclude that traditional breeding is safer than 
biotechnology simply because of familiarity. 

Conclusions 

There is obviously a vast gulf between expert and non-expert opinion on the subject 
of food safety. We can study it, we can try to understand it. Doing something that will 
change it is the real challenge. 
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Chapter 5 

Toxicological E v a l u a t i o n of Genet ical ly 
E n g i n e e r e d P l a n t Pesticides 

Potential Data Requirements of the U.S. Environmental 
Protection Agency 

J. Thomas McClintock, Roy D. Sjoblad, and Reto Engler 

Office of Pesticide Programs, Health Effects Division, U.S. Environmental 
Protection Agency, Washington, DC 20460 

Many of the genetically engineered plant pesticides developed to date are 
rapidly approaching the stage in development where the next phase will include 
large-scale field testing, evaluation under FIFRA, and clearance for direct/ 
indirect human consumption under FFDCA. Mammalian toxicological data 
requirements for safety evaluation should be based on the nature of the specific 
products arising from the newly introduced genetic material and the expected 
routes of significant human exposure. For example, minimum data require
ments might be required on a food plant genetically engineered to synthesize 
only a single pesticidal protein known to be non-toxic to humans. A more 
complex scheme of studies might be required for transgenic plants in which 
major metabolic pathways have been affected to produce non-proteinaceous 
pesticide products. 

Since the early 1980's, the introduction and expression of chimeric genes in plant cells 
has been possible, especially through the use of Agrobacterium-mediated transfor
mation. Such technology has been used to genetically engineer plants to express 
pesticidal substances. The most important or recognized examples involve transgenic 
plants engineered to confer insect resistance (Bacillus thuringiensis delta-endotoxin) 
and tolerance to viral infections (tomato and tobacco mosaic virus). Such transgenic 
plants have been evaluated under greenhouse conditions and in small-scale field tests 
which have shown promising results. 

In a cooperative review process established in 1986 with the U.S. Department of 
Agriculture's Animal and Plant Health Inspection Service (USDA/APHIS), EPA's 
Office of Pesticide Programs (OPP) has reviewed 46 small-scale transgenic plant field 
test notifications involving 9 different crops and 14 distinct pesticidal genes mostly 
from bacteria and plant viruses. Common to all of these small-scale field tests have 
been (i) the total acreage (generally less than 2 acres), (ii) the provisions of contain
ment, whereby the test site is adequately confined and monitored to prevent or 
minimize dissemination of transgenic pollen or plant parts, and (iii) crop destruction 

This chapter not subject to U.S. copyright 
Published 1992 American Chemical Society 
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so that following research purposes the food or feed crop does not enter commerce. It 
should be emphasized that to date no adverse effects have been noted. 

Research efforts on transgenic plants have focused on food or feed crops which 
have been engineered to incorporate or produce pesticidal substances not occurring 
naturally in the plant. OPP has been coordinating the issues concerning transgenic 
plants as they might be regulated under the Federal Insecticide, Fungicide, and 
Rodenticide Act (FIFRA) which requires the registration of all pesticides prior to their 
sale, distribution and use. In addition, OPP administers certain portions of the Federal 
Food, Drug, and Cosmetic Act (FFDCA) that pertain to pesticidal residues in food and 
feed including establishment of tolerances or an exemption from the requirement for 
a tolerance for pesticide substances or residues in foods. Many of the genetically 
engineered plant pesticides developed to date are rapidly approaching the stage in 
development where the next phase will include large-scale field testing. The Agency ' s 
policy on regulatory oversight of transgenic plant pesticides is currently under 
development, and, the progression to commercial use of transgenic plant pesticides 
will likely involve regulatory responsibilities for OPP consistent with FIFRA over
sight of pesticides. 

For the purposes of scientific discussion and to ensure clarity, several key terms 
should be defined. Under FIFRA, a pesticide is legally defined as "...any substance 
or mixture of substances intended for preventing, destroying, repelling, or mitigating 
any pest, or intended for use as a plant regulator, defoliant, or desiccant..." OPP has 
adopted a working definition of "transgenic plant pesticides" to include those plants 
genetically altered via the introduction of genetic material for the purpose of imparting 
or increasing the production of a pesticide. The "pesticide active ingredient" is the 
pesticidal substance(s) produced from, or modified as a result of the direct introduc
tion of genetic material. The "pesticidal product" includes the active ingredient and 
any substance(s) directly produced from, or modified as a result of the introduction of 
genetic material. The appropriate focus for human toxicity evaluation is on the 
"pesticidal product" including the "active ingredient." Other information, as de
scribed below, is needed to effectively evaluate potential risks associated with human 
exposure. 

For product assessment, OPP has divided the pesticidal active ingredient into two 
categories: proteinaceous pesticides and nonproteinaceous pesticides. This approach 
is based on the fact that plant proteins, whether characterized or not, are significant 
components of human diets and are susceptible to acid and enzymatic digestion to 
amino acids prior to assimilation. Presuming that the new proteinaceous products are 
adequately characterized, minimum human health concerns would exist unless (i) the 
proteins have been implicated in mammalian toxicity; (ii) exposure to the protein, 
although never implicated in mammalian toxicity through the different routes of 
exposure, has not been documented, or (iii) "novel" proteins are created via modifi
cation of the primary structure of the natural protein pesticide. Nonproteinaceous 
plant pesticides (none of which have yet been submitted for review) may be evaluated 
separately or in a manner analogous to that for conventional chemical or biochemical 
pesticides. 
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The purpose of this chapter is to set forth potential data and information 
appropriate to the evaluation of human health risks associated with the wide-spread 
use and distribution of transgenic plants modified to produce new pesticidal products. 
The fundamental information necessary to evaluate such products would comprise a 
thorough description of the source and nature of the inserted genes or gene segments, 
and a description of the novel proteins encoded for by the genetic material. Presuming 
that the encoded proteins have been characterized adequately, this information would 
allow for a reasonable prediction of toxicology issues and for the type of data essential 
to the evaluation of potential risks. If the function of the inserted genetic material is 
to alter the level of an endogenous pesticidal component, then a characterization and 
description of these substances would be essential for risk evaluation. 

Product Characterization 

Product characterization embraces four basic areas: (i) identification of the donor 
organism(s) and the gene sequence(s) to be inserted into the recipient plant; (ii) 
identification and description of the vector or delivery system used to move the gene 
into the recipient plant; (iii) identification of the recipient organism, including 
information on the insertion of the gene sequence; and (iv) data and information on the 
level of expression of the inserted gene sequence. This information is critical for 
assessing potential risks to humans and domestic animals when exposed to pesticide-
containing plants. Potential data/information that OPP feels is necessary for a risk 
evaluation are listed below. It should be noted that since the establishment of the 
cooperative review process with USD A/APHIS in 1986, the utility of this informa
tion/data has evolved from the first notification and has been included in many, if not 
all of the submissions reviewed by OPP. 

Source of Pesticidal Genetic Material 
1. Identity of the donor organism(s) using the most sensitive and specific methods 

available. 
2. Identity of the pesticidal genetic material including a description of any modifica

tion to the regulatory or control region of the gene(s). 

Pesticide Products 
1. Identity and characterization of the protein/peptides encoded by the inserted 

genetic material. 
2. Identity and characterization of the non-proteinaceous active pesticidal ingredi

ents resulting directly from the introduction of the genetic material. 

Vector System 
1. A description of the vectors, the identity of the organisms used for the cloning of 

vectors, and a description of the methodologies used for the assembly of all 
vectors. The description should include size (kilobase), appropriate restriction 
endonuclease sites, location and function of all relevant gene segments, all 
modifications [e.g. restriction site alteration(s), deletions of transposition func
tion, disarming of Ti plasmid] and the final delivery system. 
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2. A description of the gene segment(s) transferred to the plant. 

Recipient Plant 
1. Identity and taxonomy of recipient plant, to cultivar and line, if cultivated, or 

variety, if not cultivated. 
2. A description of significant characteristics or traits, including i) any previous 

genetic (transgenic) alterations; ii) life cycle; iii) mode of reproduction and 
dissemination; and iv) geographical distribution. 

3. A description of the methods used to delivery the gene sequence(s) to the plant and 
confirmation of the insertion of this genetic material into the recipient plant. 

Gene Expression in the Plant 
1. A description of whether the inserted genes are expressed constitutively or if the 

genes are inducible; localization and expression in plant parts; and an estimation 
of the number of gene copies. 

2. Gene expression during the plant's life cycle. 

Product Analysis and Residue Chemistry. 
1. The proposed mode of action of the pesticidal product. 
2. Concentration of pesticidal product in the plant and plant parts and analytical 

method(s) used for quantification. 
3. If known, the potential for translocation of the pesticide products in the plant. 

Physical and Chemical Properties. In the event that the genetic manipulation is for 
the purpose of producing de novo non-proteinaceous products, data or information on 
physical or chemical properties of the pesticidal material may be relevant for risk 
assessment. 

Toxicology 

The information obtained from the product characterization data can be used to 
establish the level of mammalian toxicology data necessary to determine the potential 
risks associated with human and domestic animal exposure to transgenic plant 
pesticide products. Key factors determining the extent of data requirements would 
include the nature of the pesticidal product (i.e. proteinaceous or nonproteinaceous) 
and whether or not the use pattern will result in dietary and/or nondietary exposure. 
To illustrate this point, three major categories of transgenic plants have been delin
eated. The first category (Category I) includes plants genetically engineered to 
contain genes or gene segments that produce a new proteinaceous substance(s) as the 
active ingredient. For example, plants which have been engineered to contain the 
delta-endotoxin gene from B. thuringiensis would be considered in this category since 
the proteinaceous toxin is the active ingredient. The second category (Category Π) 
includes those plants engineered such that the function of the inserted genetic material 
alters the level of an endogenous pesticidal ingredient. In this instance, the pesticidal 
ingredient may or may not be proteinaceous. Examples would include plants 
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engineered to contain a secondary metabolite from another plant, an intrinsic com
pound with increased synthesis, or a totally synthetic gene of non-biological origin 
producing a pesticidal compound. The final category (Category III) includes those 
plants engineered such that the plant produces de novo a nonproteinaceous pesticide. 

The oral route is expected to be the predominant route of exposure to food or feed 
crops engineered to express pesticidal properties. For all food or feed plants producing 
proteinaceous pesticidal ingredients (i.e. Categories I and/or II) mammalian toxicity 
could be assessed by acute oral studies (Table 1). The requirement for dermal 
irritation/toxicity might be met by reporting of any observed dermal toxicity or 
irritation effects, or after adverse reactions from skin contact during the manufacturing 
process or during applicator exposure. Reporting of dermal toxicity and/or irritation 
effects also may be sufficient for non-food use, but may depend on the extent of 
exposure from handling. 

For plants that are genetically engineered to produce nonproteinaceous pesticidal 
components (i.e. Categories II and/or III) and are intended to be used as a food or feed 
source, the oral route again would be expected as the primary route of exposure (Table 
1). The potential toxicity of the pesticidal products could be assessed by oral toxicity 
studies (acute, subchronic, chronic or other feeding studies). If plants in Categories 
II and ΙΠ are engineered to produce volatile pesticide components, pulmonary 
exposure might be significant, irrespective of whether there is a food use. Dermal 
exposure to nonproteinaceous products in Category II and III plants for food/feed or 
nonfood/nonfeed use may be limited to the reporting of dermal toxicity and/or 
irritation effects. 

The limited routes of significant exposure to transgenic plant pesticide products 
should simplify the appropriate toxicology testing. Based on the information outlined 
above, the mammalian toxicity studies for proteinaceous pesticide products, in 
general, would be less than that anticipated for nonproteinaceous pesticides. Again, 
this approach is based on the fact that plant proteins are susceptible to acid and 
enzymatic digestion to amino acids prior to assimilation. However, the basic 
framework for analyzing potential toxicological issues and/or risks relies to a great 
extent on the product characterization data and information. Table 2 provides a 
summary of the data and information that would be relevant to the evaluation of 
transgenic plants expressing pesticidal properties. 

Additional Issues and Concerns 

In 1988, the International Food Biotechnology Council (IFBC) was organized to 
develop criteria and procedures to evaluate the safety of foods produced through 
genetic modification. The scope of the IFBC included transgenic plants as a major 
category of food products derived from genetic engineering. The final IFBC report 
identified specific concerns which included the use of antibiotic resistance markers in 
transgenic plants and the potential for gene transfer (7). IFBC emphasized that the 
safety of the expression product of a new gene or gene segments should be the focus 
of concern when evaluating transgenic plants. 
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Table 1. Potential Mammalian Toxicology Requirements 

Plant Category Use Data Requirements 

Category I and Π (Proteinaceous Products On\v) 
Food Acute Oral Studies; Reporting of Ob

served Dermal Toxicology or Irritation 
Effects 

Non-Food Reporting of Observed Dermal Toxicol
ogy or Irritation Effects 

Category Π and m (Nonproteinaceous ftoducts) 
Food Oral Studies (Acute, Subchronic, 

Chronic Feeding or Other Studies); 
Reporting of Observed Dermal Toxicol
ogy/Irritation Effects; Pulmonary 
Studies2 

Non-Food Reporting of Observed Dermal Toxicity 
or Irritation Effects; Pulmonary Studies3 

a Only if the pesticidal product components in the plant are volatile. 

Table 2. Summary of Data and Information Necessary for the Evaluation of 
Transgenic Plants Expressing Pesticidal Properties 

Proteinaceous Nonproteinaceous 
Discipline Food Nonfood? Food Nonfood? 

Product Characterization X X X X 
Human Exposure 
Oral X 0 X 0 
Pulmonary 0 0 Xb X * 
Dermal 0 0 0 0 

X - Data and information is necessary 
Ο - Data and information not needed 
aMembers of this category may include certain engineered food/feed plants whose 
pesticidal products and intentionally added inerts have been demonstrated not to occur 
in edible portions of the plant or the plant is not used for food or feed. 
bOtuy if the pesticidal product components in the plant are volatile. 
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As defined above, the pesticide product expressed by the transgenic plant includes 
not only the active ingredient but any substance(s) directly produced from the 
introduction of genetic material. In all submissions reviewed by OPP to date, such 
inserted sequences have included the gene encoding the pesticidal active ingredient 
and an antibiotic resistance marker gene. Consequently, the use of antibiotic markers 
and their products has raised some concerns regarding human health. 

The major concern has focused on the probability of antibiotic resistance gene 
transfer from the transgenic plant to animals and/or microorganisms and the potential 
of creating resistance in humans to medically important antibiotics upon chronic 
exposure to low levels of antibiotics. The probability of such a transfer would be a 
function of the mobility of the portion of the genome in which the inserted gene resides. 
If gene transfer occurred, whereby plant DNA was incorporated into bacterial cells, 
the novel DNA sequence would not be recognized by the recipient host unless specific 
transcriptional signals were in place. To date, the Agrobacterium-mediated plant 
constructs have demonstrated permanent and stable incorporation of the marker gene 
into the genome of plants and would not be transferred by any known biological 
mechanism (2). In any event, current research has focused on the use of alternative 
marker genes which include: bioluminescence (lux), color reaction (lac ZY), the use 
of gene probes to specific gene sequences, and herbicide resistance. 

Summary 

This chapter sets forth potential data and information appropriate to the evaluation of human 
health risks associated with the wide-spread use and distribution of transgenic plants 
modified to produce new pesticidal products. The fundamental information necessary to 
evaluate such products should comprise a detailed description of the inserted genetic 
material, the nature of the specific products arising from the newly introduced genetic 
material, and whether or not the use pattern results in dietary or nondietary exposure. This 
information should allow for a reasonable prediction of toxicology issues and the type of 
data and information relevant for a human health risk assessment. 

Since the establishment of the cooperative review process with USD A/APHIS, most of 
the product characterization data and information has been included in the submissions 
reviewed by OPP. At this time specific requirements for mammalian toxicity studies have 
not been established; however, the information outlined above should provide the useful 
scientific framework for establishing appropriate data requirements. In addition, OPP's 
regulatory policy with respect to transgenic pesticidal plants is currently being developed. 
The process of formalizing product identity/characterization and toxicology data require
ments will involve public participation and comments; peer review from outside scientists; 
and responses to public and peer review comments. 
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Chapter 6 

E v a l u a t i n g Pesticide Res idues a n d F o o d Safety 

Henry B. Chin 

National Food Processors Association, 6363 Clark Avenue, 
Dublin, CA 94568 

The United States without a doubt has the world's most abundant and safe food supply. 
The plenty which graces American dinner tables is the envy most of the world. This 
largess is made possible by fertile soil and modern agricultural practices which have 
included the use of pesticides. Unfortunately, this largess is not without its price. Real 
or perceived questions of food safety as a result of the possible presence of pesticide 
residues foods have been posed with increasing vociferousness in recent years. In the 
ranking of the general public's concerns, adverse health effects as the result of 
pesticide residues in the diet ranks near the top. Yet, most scientific experts (1) rank 
food safety and pesticide residues, low on the list of concerns. More pressing and 
significant are health problems relate to food consumption patterns, i.e., amount and 
types of foods consumed, and food borne pathogenic microorganisms (2). 

It is not the purpose of this chapter to provide a detailed analysis of the mechanics 
of risk assessment as they related to food safety and pesticide residues. Others are 
more expert at the evaluation of potency and the rationales involved in various 
mathematical models. Rather the purpose of this paper is to discuss food safety and 
pesticide residues in general terms by examining the components of the risk assess
ment process and attempting to relate this analysis to some more general observations 
related to food safety. 

In the course of this analysis we will examine the individual technical elements, 
i.e., the analytical data on residues, food consumption information and the toxicologi
cal data which have played a role in the food safety debate. 

The evaluation of pesticide residues in food safety is based upon the estimation of 
potency of the residue and the estimation of the exposure. The exposure estimate is 
in turn derived from estimates of the level of the residue in various foods and the likely 
consumption of food containing those residues. 

Exposure estimates for people in occupational settings are fairly straight forward. 
Workers can be fitted with various kinds of monitors to determine their actual 
exposure or exposures can be fairly accurately estimated using environmental moni
tors. The relative success which researchers have had in predicting occupational 

0097-6156/92/0484-0048$06.00/0 
© 1992 American Chemical Society 
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6. CHIN Evaluating Pesticide Residues and Food Safety 49 

diseases can be at least partially attributable to the ability to measure and/or predict 
exposure fairly accurately. 

In contrast dietary exposures are extremely difficult to estimate with accuracy. It 
is obviously impractical to monitor the daily diet of a sufficiently large population 
group to get details on portion sizes and foods eaten on an ongoing basis. It is even 
less feasible to analyze portions of the meal to obtain actual residue data on that diet. 

Level of Pesticide Residues in the Diet 

It is frequently said that analytical chemists can find decreasingly smaller amounts of 
chemicals, suggesting that safety concerns have arisen because of increased knowl
edge of the composition of foods. But realistically, analytical chemistry has had a very 
tough time keeping up with the food safety debate. Table I shows the calculated levels 
of significance of some chemicals along with estimated analytical detection limits. 
Clearly, analytical science is hard pressed to keep up with the potency extrapolations 
from animal studies. It seems that in many situations the level of significance is below 
our ability to detect that chemical. Thus, in many situations analytical chemistry 
cannot, by itself, provide unqualified assurance about the lack of risk. Just because 
something isn't detected, is not sufficient, for the needs of the risk assessor, to draw 
the conclusion that a risk does not exist. The reasonableness of this situation will be 
discussed later, but this causes many assumptions and compromises in the use of data 
which tend to exaggerate the risk. 

Table I. Comparison of No Significant Risk Levels and Method Detection 
Limits (MDL) (mcg./L in Drinking Water) 

Chemical No Significant Risk Level MDL 

Benzidine (and its salts) 0.0015 0.08 
N-Nitrosodi-n-butylamine 0.05 10 
N-Nitrosodiethylamine 0.01 10 
N-Nitrosodimethylamine 0.015 10 
2,3.7,8-Tetrachloro-dibenzo-

para-dioxin (TCDD) 0.0000025 0.00044 

Source: Y i Y . Wang. "Evaluation of Analytical Methods in Water for the 
Chemicals Listed Under the California Safe Drinking Water and Toxic Enforce
ment Act of 1986 (Proposition 65)," California State Department of Health 
Services. 

The data from most surveys of pesticide residues in foods show that residue levels are 
not distributed in a statistically uniform manner about a mean value. Typically 70 to 
100 % of the samples which are analyzed contain no detectable residues. Thus, the 
appearance of the curve which describes the concentration and frequency of occur
rence of residue levels in foods is greatly affected by the analytical method. For the 
purposes of risk assessment, rather than assume that the residue level in samples with 
no detectable residues is zero, a value equivalent to one-half of the limit of quantifi-
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cation (LOQ) is often assigned to samples containing no detectable residues. Figures 
1 and 2 compare a hypothetical situation where 90% of the samples analyzed contained 
no detectable residues of a certain pesticide. In Figure 1 the L O Q is 0.1 ppm, which 
is not unusual for data collected for surveillance purposes. Since most tolerances are 
greater than 0.1 ppm, it would not be unusual for analysts to use 0.1 ppm as a cut-off 
value for the reporting of data. In Figure 2 the LOQ is 0.01 ppm, which more closely 
represents the current state of the analytical art. The comparison assumes that the 
portion of the samples containing no detectable residues is the same. The "true" 
amount of residue in these samples is zero, a value which cannot be measured 
analytically. As will be discussed later, these zero values can in many instances be 
independently assigned on the basis of pesticide application reports. 

An alternate way of depicting the influence of the limit of quantification (LOQ) on 
the calculated mean residue level is shown in Figure 3 where the calculated mean 
residue level is plotted versus LOQ for the hypothetical situation where 90% of the 
samples had no detectable levels of a residue. In this example the mean residue level 
of the 10% of the samples with detectable residues is 1 ppm. In this example, the 
calculated mean residue level decreases by approximately 40% as the LOQ decreases 
by 90%. 

These examples illustrate that the LOQ must be the lowest feasible in order to 
produce risk estimates which are not artificially elevated. 

Surveillance data, with its typically high detection or quantification limits, is an 
excellent means of determining compliance with agricultural regulations but that the 
data, if used for doing risk assessment, could be a source of grossly overestimated 
concerns about the safety of pesticide residues in the diet. Analytical data for risk 
assessment purposes should properly be derived only from surveys which were 
designed for that specific purpose, with analytical methods selected to provide the 
appropriate level of sensitivity. This would obviously be an expensive undertaking, 
since for the most part screening methods would not be applicable. 

If the amount of residues in foods cannot be entirely accurately estimated from 
analytical data alone, then what other options are available? The use of tolerance or 
theoretical maximum residue levels would only compound the errors which were 
discussed above. A possible option is to examine pesticide usage patterns and use 
these patterns to correct the data for the deficiencies in the analytical method. In this 
manner a proportion of the samples, in proportion to the percent of the crop which had 
not been treated with the pesticide of interest, with no detectable residues would be 
assigned a zero value. The importance of this adjustment cannot be over emphasized. 
Examination of pesticide application records will show that it is rare that 100% of a 
crop is treated with a given pesticide. Several dozen pesticides are often registered for 
use on a given commodity. Several will provide control for the same pests. It is 
becoming uncommon for growers to apply chemicals indiscriminately. For an 
example, individual insecticides and fungicides which are used on tomatoes grown for 
canning are typically used on less than 1% to about 25% of the entire crop. Since a 
chemical is used only to a limited extent, it makes sense that a portion of the samples 
with no detectable residue should be assigned a residue level of zero, as opposed to a 
level determined by the sensitivity of the analytical procedure. 
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P e r c e n t o-f Samples 
100 ι 

R e s i d u e L e v e l , ppm 

Figure 1. Hypothetical distribution of residue levels wherein the LOQ is 0.1 
ppm. The average of the positive samples is 0.13 ppm, and the calculated 

mean level is 0.058 ppm. 

P e r c e n t of Samples 

Re s i d u e L e v e l , ppm 

Figure 2. Same distribution as shown in Figure 1, except that the L O Q is 
now 0.01 ppm. The calculated mean residue level is now 0.018 ppm. 
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Mean R e s i d u e L e v e l , ppm 
Q.012 i— 

• . • •2 0.004 0.008 0.012 

L i m i t of Q u a n t i f i c a t i o n , ppm 

Figure 3. A plot showing the influence of LOQ on the calculated mean 
residue level. No residue was detected in 90% of the samples. Average of 
the positive samples was 1 ppm. The mean residue level decreases by 40% 

as the LOQ decreases by 90%. 
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When the limitations of the LOQ of the analytical method can compromise the 
statistical soundness of the database, the use of the percent of crop treated data 
represents an independent attempt to ensure the statistical integrity of the data. The 
significance of the statistical integrity can be illustrated by the following hypothetical 
example. 

The following hypothetical situation involving a residue which is not detected in 
a statistically based survey in 90% of the samples serves to illustrate some of the points 
made above. The L O Q of the method is assumed to be 0.1 ppm and the average residue 
in the positive samples is assumed to be 0.13 ppm. We will assume that the 
carcinogenic potency, using EPA's nomenclature of Q*, is 0.1 (mg/kg/d)"^, and that 
the average daily consumption is 1.5 gm/kg/d. The average residue calculated after 
assigning a value of 0.05 ppm to all samples with no detectable residues would be 
0.058 ppm. This would calculate to a risk of 8.7 χ 10"6 (8.7 in one million). If the 
average residue level is recalculated using an adjustment for the percent of crop 
treated, the average level becomes 0.018 ppm. The resulting risk then becomes 2.7 χ 
10"6. If we further assume that with improved analytical methodology or with a 
redesigned analytical program the LOQ could be improved to 0.01 ppm and that the 
proportion of samples with no detected residues remains the same, the calculated mean 
residue level becomes 0.013 ppm and the calculated risk drops to 2 χ 10~6. 

In a second example, i f all samples tested had no detected residues, the average 
residue using 1/2 the LOQ would be 0.05 ppm with a calculated risk of 7.5 χ 10"^. 
Adjusting that for 90% of the crop not treated, results in a residue of 0.005 ppm and 
a ten fold reduction in the calculated risk to 0.75 χ 10"6. 

A further refinement on the use of percent crop treated information is to examine 
the application schedule. Pesticides which were used only pre-plant, mainly herbi
cides and dormant sprays, are less likely to be present on a raw agricultural commodity 
as compared to chemicals which were applied post-emergent. However, this refine
ment has not been used and there are obvious difficulties associated with how to 
incorporate these temporal factors into the food safety evaluation process. 

Food Consumption Information 

The second part of the exposure estimate is the estimation of the amount of food 
consumption. The amount of air inhaled can be estimated with reasonable accuracy. 
On a daily basis the amount of inhaled air could be proportioned among the work place, 
the home, and the general environment. In contrast the amount of food consumed by 
an individual varies day by day as do the kinds of foods being consumed. 

Estimates of dietary exposures are based in part on food consumption surveys. 
Typically, in these surveys participants are asked to describe what they have eaten 
during a three or five day period. It should be borne in mind that most food 
consumption surveys were not designed to assess the intake of individual contami
nants which may be dispersed in non-uniform, minuscule amounts in the diet, but 
rather to assess the nutritional status of a population. In fact these surveys are reliable 
indicators of nutritional intake, since while individual diets vary widely on a daily 
basis in terms of menu items, they vary very little in terms of total caloric or nutrient 
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intake. Conversely, in assessing the intake of a food additive or pesticide residue there 
is a somewhat greater dependence upon the reliability of the food consumption pattern, 
i.e., the intake of an additive is dependent upon the appearance of a food containing 
that additive or substance in the diet. For health risks associated with chronic 
exposures, like cancer, the exposure model used for risk assessment assumes that an 
individual consumes some portion of every food form every day for 70 years. Clearly 
individual diets, with the exception of a few dietary staples, do not contain the same 
menu items on a daily basis. It is also obvious that given the low incidence of 
detectable pesticide residues in most food surveys that the residues cannot be 
distributed in a homogeneous manner throughout the diet. These food consumption 
surveys can fairly accurately predict the intake of a nutrient like vitamin C, since a 
given food group containing vitamin C will likely be consumed on a daily basis, 
irregardless, of whether it is apples or oranges, and the probability of that apple or 
orange containing vitamin C is high. Exposure to pesticide residues, however, is 
dependent upon the appearance of the specific item in the diet. Pesticides which are 
used on oranges are not necessarily used on apples and are not necessarily present on 
all oranges. 

An example of the problems which can be encountered in estimating food 
consumption, particularly in the use of 95th percentile consumption estimates, is 
provided by an examination of caloric intake. On the basis of seven day food diaries, 
Morgan et al.(5) showed that individual daily caloric consumption for children ranged 
from 400 to 5100 kcal while the seven days average ranged from 1100 to 4500 kcal 
per day. The median caloric intake did not vary appreciably between individual daily 
consumption and averages based upon seven days food consumption (2000 vs. 2100). 
These estimated amounts of caloric intake are consistent with recommendations from 
the National Academy of Sciences. If food energy values are substituted for pesticide 
residues, caloric intake can also be estimated from the Tolerance Assessment System 
(now called the Dietary Risk Evaluation System) used by EPA. The mean caloric 
intake determined in this manner is consistent with that determined by Morgan et al. 
The 95th percentile consumption is approximated by the mean plus two standard 
deviations. Unfortunately the standard deviation of average daily consumption is 
quite large. For some food items the standard deviation is nearly comparable to the 
mean value (4). Thus the 95th percentile consumption estimate will be two to nearly 
three times the mean value. The data seems to indicate that caloric intake for those 
children would be in excess of 4000 calories per day. This would appear to be an 
abusive situation wherein the risk from obesity would far out weigh any food safety 
concerns. Some authorities have advocated the use of the 95th percentile consumption 
as a means to not underestimate the risk. While the rationale has a certain degree of 
logic statistically, it is arguable whether such a pattern of food intake is sufficiently 
plausible (for life time exposures) to merit much consideration in the evaluation of 
food safety. 

Potency Estimation 

The basis of most potency estimates are animal studies where the animals are exposed 
to fairly high levels of the chemical as compared to levels which could be found in the 
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diet and the subsequent extrapolation of these results to predict effects in humans. 
Very elegant statistical models have been developed to aid in this extrapolation. We 
can measure residue levels. We can do surveys to determine consumption, but the 
potency estimates are neither directly measured nor can they be directly validated from 
simple observations. It has been demonstrated that such animal studies can present 
reasonable estimates of potency and consequently risk resulting from certain occupa
tional exposures where exposure levels can be high, but the evidence that such 
methods provide realistic estimates for the risk resulting from exposures to low levels 
of residues as might be in encountered in the diet is virtually non-existent. 

The best example of the non-validity of the animal model extrapolations as applied 
to dietary exposures lies not with pesticide chemicals but with aflatoxin. Aflatoxins 
share one common trait with pesticide chemicals in that dietary exposures are 
generally at very low levels, typically in the parts per billion range. However, for 
aflatoxin we have the benefit of epidemiological studies to compare with the animal 
studies. 

Potency estimates (5) for aflatoxin from animals studies range from about 30-
26000 (mg/kg-d)"l. The results from epidemiological studies of aflatoxin have been 
mixed with some studies failing to show a causal relationship between dietary intake 
of aflatoxin and cancer. Estimates from positive epidemiological data are generally 
less than 100 (mg/kg-d)"1. Thus the animal studies can over estimate potency by a 
factor of two hundred. 

There are at least two ways in which we can examine the aflatoxin results. Unlike 
most of the pesticide residues of concern, aflatoxin is both genotoxic and mutagenic. 
Thus it fits the classic models of carcinogenesis and extrapolation models, like the 
linearized multistage, much better than non-genotoxic and non-mutagenic substances 
like Ethylene Thiourea (metabolite of Ethylene Bisdithiocarbamate fungicides) and 
1,1 Dimethyl Hydrazine (metabolite of the plant growth regulator Daminozide), 
where secondary mechanisms of carcinogenesis have been invoked. Yet even with a 
near perfect chemical model for carcinogenesis, the risk analysis exceeds the observed 
human incidence by several orders of magnitude. Regardless of the retrospective 
analysis which could be made regarding the source of the variance, the fact remains 
that even in this best case situation, the risk is over-estimated. If these models are not 
accurate for aflatoxin, how accurate can they be for substances for which the models 
were not designed? 

There is a generally accepted rule in science that as the absolute level decreases, 
the uncertainty associated with a measurement increases. The Uncertainty Principle 
in Quantum Physics and Horowitz's Rule (5) in analytical chemistry demonstrate this 
in different ways. Horowitz has basically shown that the variability in analytical 
results increase exponentially with the decrease in the level of the chemical being 
tested. 

If we make the assumption that the same kind of uncertainty exists in potency data, 
then some interesting parallels can be drawn. Thus, if the potencies estimated by the 
animal studies can be over estimated by a factor of 200 at 100 (mg/kg-d)"1 (the cal
culated potency from epidemiological studies for aflatoxin), the error bars around 
estimates for chemicals like the ETU with an estimated potency of 0.6 (mg/kg/d)"1, 
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or Captan with an estimated potency of 2.3 χ 10"^ (mg/kg/d)"1, from animal studies, 
range probably from several thousand to several million fold with the error most 
probably being one of overestimation of potency. 

Yet, we continue to talk about these numbers as if they are not only accurate but 
correspond to something in the real world. It appears that feeding studies at 
exaggerated levels with test animals are not a proper model for human dietary 
exposures. Thus, while the animal studies may be validated for occupational 
exposures they do not appear to be validated for dietary exposures. 

One of the criticisms of epidemiological studies is that they typically lack the 
power to detect low level incidence of disease due to the small size of the study 
populations. The aflatoxin studies, however encompass regional population groups 
and appear to overcome this criticism and serve as a useful test of the accuracy of the 
animal studies in terms of low level exposures. 

One of the common misconceptions about pesticides and their perceived threat to 
food safety is that it is a fairly recent phenomenon. But most of the chemicals which 
are the targets of popular chemophobia were first registered twenty to forty years ago. 
Thus, any threats to public health through the presence of residues in the diet should 
have been detectable by now. Yet the death rate from cancer in the United States over 
a forty five period, except for lung cancer, the have either been constant or are 
declining. For many chemicals, the liver, due to its role in the detoxification of 
chemicals, is a primary site for cancer, but the death rate from liver cancer has 
continued to decrease in the years since 1955. In fact, in those situations where cancer 
death rates have increased, e.g., breast, prostate, and pancreas, they have showed the 
greatest amount of increase in the years 1930-1950 and thus have greatly preceded the 
wide spread use of modern pesticides. 

Some question the use of cancer death rate statistics, since it can be argued that 
reduced rate of mortality can be attributable in many situations to improvements in 
medical treatment. Therefore the incidence of cancer has often been cited to indicate 
increased health risks associated with pesticide residues in the diet. But historical 
trends in the incidence of cancer are difficult to interpret for several reasons. Just as 
advances in treatment can affect mortality statistics, advances in detection and 
increased access to routine medical examinations can affect the statistics of incidence. 
For example, the incidence of non-Hodgkin's lymphomas has increased about 30% 
between 1950 and 1984, but this appears to be due to better diagnosis among the older 
population groups, since the incidence rate has decreased among the younger groups 
(7). 

Even in circumstances where the cancer incidence has apparently increased, a 
detailed analysis of the data reveals the possibility of many contributing factors. For 
example, Hawaii shows an incidence of thyroid cancer (8) which is at least double the 
national average. This might be suggestive of a causal relationship between the 
disease and an environmental factor unique to Hawaii, but when the rate of cancer 
incidence is viewed by ethnic background and sex, significant differences are 
observed. It is notable that the incidence rate decreased or remained constant for all 
women except for Filipino but increased for all men except for whites. It has been 
speculated that dietary factors involving concentrations of iodine in the diet and the 
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consumption of certain foods, by specific ethnic groups, high in goitrogenic com
pounds may be important components of the high incidence of this disease in Hawaii. 
It has often been said that the public is at an increased risk from cancer due to the 
presence of pesticide residues in foods and often some reference is made to an 
observed increase in the incidence of some cancers. As the above example illustrates, 
the gross statistics can hide subtleties which belie simplistic interpretations. Diet may 
play a role in the increase incidence of some cancers but these dietary factors are more 
likely to be related to the increased consumption of fat and the reduced consumption 
of fiber than to be related to trace amounts of residues in foods. Some medical 
treatments, such as radiation treatment, have also inadvertently lead to the increased 
incidence of certain cancers. Other risk factors which have been identified include 
smoking and alcohol consumption. 

Scheuplein (9) has used a quantitative approach to illustrate the relative contribu
tion of various dietary factors to the total cancer risk from the diet. His analysis 
suggests that only about 0.01% of the cancer risk is due to pesticide residues and 
contaminants in foods. Nearly 99% of the risk comes from traditional components of 
the diet, fat and naturally occurring toxicants. 
Scheuplein's analysis does not validate nor contradict the current approach used in 
evaluating food safety, but it does place the risks in perspective by examining the 
including all aspects of the diet. 
It remains to be seen whether the development of better biochemically based models, 
or models incorporating pharmacokinetics will provide a more appropriate basis upon 
which to determine human risks of cancer. 

Conclusion 

The intention of this paper is not to excuse the use of pesticides and the presence of 
residues in foods but rather to provide some perspectives in the debate about food 
safety based upon an examination of parts of the risk assessment process. If a chemical 
represents a true threat to food safety, then in should be removed. But it is a disservice 
to consumers, and undermines the confidence of the public not only in the safety of the 
food supply but also in science, to raise unwarranted concerns about the food that they 
eat when those concerns are based upon unvalidated assumptions and flawed analysis 
of data. 

While the public has been convinced that pesticide residues and food safety 
represent a real hazard, the majority of experts do not share this concern. EPA's 
Science Advisory Panel and the American Medical Association have stated that while 
there may be hazards to farmers and agricultural workers associated with direct 
exposure to pesticides, there is no evidence that indirect exposures such as that which 
occurs in the diet pose a threat the public health. The Government Accounting Office 
(GAO) has estimated that there are 6.5 to 33 million cases of illness a year due to 
bacterial contamination of foods. The G A O estimates that there are 9,000 deaths per 
year due to those factors. When examined against the demonstrable incidence of 
disease due to bacterial contamination of food, it is well to remember the admonition 
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that is attached to the interpretation of the calculated risks. They are "plausible" upper 
bounds on the risk, the true risk could be between those numbers and zero and are more 
likely zero. 
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Chapter 7 

L i v e r C e l l S h o r t - T e r m Tests for F o o d - B o r n e 
Carc inogens 

Gary M. Williams 

American Health Foundation, 1 Dana Road, Valhalla, NY 10595 

Carcinogens occur in food from a variety of sources, including natural-occurring 
contaminants, such as mycotoxins, additives, such as saccharin, and chemicals formed 
from food components, such as pyrolysates (1-4). As with carcinogens of other ori
gins, these elicit cancer in experimental models through a variety of mechanisms (5). 

Carcinogens exert effects in two distinct sequences of carcinogenesis, the conversion 
of normal cells to neoplastic cells and the development of neoplastic cells into tumors. 
Carcinogens that form reactive species, such as electrophiles, that bind to DNA 
produce neoplastic conversion through alteration of gene function, especially in 
oncogenes and tumor suppressor genes. Such carcinogens have been designated as 
genotoxic or DNA-reactive. Other types of carcinogens that produce epigenetic 
cellular effects that may give rise to reactive moieties, such active oxygen species, 
possibly also cause neoplastic conversion., In addition, some epigenetic carcinogens 
do not seem to be capable of altering DNA, even indirectly, but rather increase cancer 
through enhancement of neoplastic development. Enhancement of cell proliferation 
seems to be an important effect of carcinogens that act in this sequence. Carcinogens 
have been classified by Williams and Weisburger according to their mechanism of 
action, DNA-reactive or epigenetic (Table 1). 

A food-borne carcinogen that is DNA-reactive and, hence, is genotoxic in short-
term tests, is aflatoxin, and an example of an epigenetic agent is saccharin. Food 
contains numerous agents of both types (7,3). Because of the different mechanisms 
of action of carcinogens, different types of test systems for identifying potentially 
carcinogenic food-borne agents are needed. 

Short-term Tests for DNA-reactive Carcinogens 

For the initial in vitro screening of potential carcinogen, the battery of tests incorporated 
in the decision point approach to carcinogen testing (Table 2) (6) has proven useful (7). 
This approach begins with evaluation of the structure of the chemical. The structures 
leading to electrophilicity and, hence, DNA-reactivity of chemicals have been 
thoroughly elucidated (5,8) and accordingly, structure provides important informa-

0097-6156/92/0484-0060$06.00/0 
© 1992 American Chemical Society 
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WILLIAMS Liver Cell Short-Term Tests for Food-Borne Carcinogens 

Table 1. Classification of Carcinogenic Chemicals 

Category and Class Example 

A. DNA-reactive (genotoxic) carcinogens 
1. Activation-independent propylene oxide 
2. Activation-dependent aflatoxin Bi 

3. Inorganica nickel 
B. Epigenetic carcinogens 

1. Promoter butylated hydroxyanisole 
2. Cytoxic nitrilotriacetic acid 
3. Hormone-modifying amitrole 
4. Immunosuppressor purine analog 
5. Peroxisome proliferator phthalate esters 

C. Unclassified 
1. Miscellaneous dioxane 

SOURCE: Reference 5. 
aSome are categorized as DNA reactive because of evidence for damage of 
DNA; others may operate through epignetic mechanisms such as alterations in 
fidelity of D N A polymerases. 
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62 FOOD SAFETY ASSESSMENT 

Table 2. Decision-Point Approach to Carcinogen Testing 

Stage A. Evaluation of structure 
Stage B. Short-term tests in vitro 

1. Mammalian cell DNA repair 
2. Bacterial mutagenesis 
3. Mammalian mutagenesis 
4. Chromosome tests 
5. Cell transformation 

Other short-term tests 
Decision Point 1 : Evaluation of all tests conducted in stages A and Β 
Stage C. Tests for epigenetic effects 

1. In vitro 
2. In vivo 

Stage D. Limited bioassays 
1. Altered foci induction in rodent liver 
2. Skin neoplasm induction in mice 
3. Pulmonary neoplasm induction in mice 
4. Breast cancer induction in female Sprague-Dawley rats 

Decision Point 3: Evaluation of results from stages A, B, and C and the 
appropriate tests in stage D 

Stage E: Long-term bioassay 
Decision Point 4: Final evaluation of all results and application to health risk 

analysis. This evaluation must include data from stages A , 
B, and C to provide a basis for mechanistic considerations. 
Dose-response information may be crucial. 

SOURCE: Reference 6. 
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7. WILLIAMS Liver Cell Short-Term Tests for Food-Borne Carcinogens 63 

tion on potential genotoxicity and carcinogenicity (9,10). Carcinogens of the DNA-
reactive type can usually be identified in short-term tests for genotoxicity, providing 
that appropriate bioactivation is represented (11), and hence, an essential component 
of the battery of short-term test systems in the decision point approach is tests with 
intrinsic bioactivation. 

A system with broad biotransformation capability is the hepatocyte/DNA repair 
test (12,13). This test has been shown to be reliable for the detection of food-borne 
genotoxins (3,13,14). A wide variety of plant-derived (Table 3) and microbe-derived 
agents (Table 4) are positive in this system using rat hepatocytes (13). Safrole was 
negative in rat hepatocytes, but did elicit D N A repair in hepatocytes from mice and 
hamsters (75). For most microbial products, D N A repair was also elicited in mouse 
hepatocytes, although the response with aflatoxin Bl was weaker than in rat hepato
cytes (16,17). 

Chemicals that are formed during the processing or cooking of food have also 
elicited D N A repair in rat hepatocytes (Table 5). 

In contrast to natural-occurring substances, food contaminants and additives 
generally have been non-genotoxic in hepatocytes (Table 6). The negative results with 
the food preservatives butylated hydroxyanisole and butylated hydroxytoluene, 
suggest an epigenetic mode of action for their carcinogenic effects (18,79). A variety 
of food dyes have been shown to be inactive in the D N A repair test (20). 

Another system in which intrinsic metabolic capability is retained is proliferating 
rat liver epithelial cells. In this system, mutagenesis (27), chromosome effects (22) 
and transformation (23) can be assayed. With mutations in the hypoxanthine-guanine 
phosphoribosyl transferase gene as the end point, several food-borne agents have been 
tested (Table 7). The results correspond to those in the hepatocyte/DNA repair test 
with the genotoxin aflatoxin Bl being positive and antioxidants and organochlorine 
compounds being negative. 

In vivo approaches are also available for identification of DNA-reactive agents 
(5). These include tests for genotoxicity, one of which is the in vivo/in vitro 
hepatocyte/DNA repair test Q4,26), and limited in vivo bioassay s (6) for preneoplastic 
or early neoplastic lesions, including induction of altered foci in rodent liver, skin 
tumor or induction in mice, lung adenoma induction in mice and breast tumor 
induction in rats. 

Short-term Tests for Epigenetic Carcinogens 

Short-term tests forepigenetic agents are not as well established as tests for genotoxicity. 
Moreover, since epigenetic carcinogens can operate through a variety of mechanisms, 
different types of tests will be required for these agents. 

An approach to the detection of promoters emerged from the work of Yotti et al 
(27) and Murray and Fitzgerald (28) which demonstrated that the plant-derived skin 
neoplasm promoter, tetradecanoylphorbol acetate inhibited metabolic cooperation 
between cultured cells, A variety of agents has been positive in systems based on this 
phenomenom (29). This approach has been extended to a liver cell system (30,31) in 
which several food-borne agents have inhibited metabolic cooperation (Table 8). 
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FOOD SAFETY ASSESSMENT 

Table 3. Results with Plant Products in the Hepatocyte/DNA Repair Test 

Chemical Result Carcinogenicity* 

D, L-amygdalin 
arecaidine 
arecoline 
carrageenan (degraded) - S 
clivorine * + 
cycasin + S 
flavone 
kaempferol - I 
lasiocarpine + S 
monocrotaline + S 
petasitenine + L 
pyrrole 
quercetin - L 
safrole - S 
senkirkine + L 
tannic acid - L 
viridefloric acid 
zearalenone - L 

SOURCE: Reference 13. 
a from IARCI=inadequate; L - limited; S = sufficient 
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Table 4. Results with Microbial Products in the Hepatocyte/DNA Repair Test 

Chemical Result Carcinogenicity* 

actinomycin D + L 
aflatoxin Β ι + S 
aflatoxin B2 + S 
aflatoxin G l + S 
aflatoxin G2 -
aphidicolin -
averufin + 
azaserine + S 
chrysophanol -
cytochalasin Β -
doxorubicin (adriamycin) - S 
duclauxin -
echinulin -
emodin -
flavoglaucin -
floccosin -
griseofulvin - S 
luteoskyrin + L 
luteosporin + 
mitomycin C + S 
ochratoxin A - I 
patulin - I 
penicillic acid - L 
rugulosin - I 
secalonic acid D -
skyrin -
sterigmatocystin + S 
5,6-dimethoxy -
sterigmatocystin + 
versicolorin A + 
versicolorin Β + 
violaceol-1 -
zanthomegrin + 

SOURCE: Reference 13. 
a From IARC; I = inadequate; L = limited; S = sufficient 
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Table 5. Results with Products Formed During Cooking of Food in 
the Hepatocyte/DNA Repair Test 

Chemical Result Carcinogenicity* 

2-amino-3methylimidazo 
[4,5-/]quinoIne (IQ) + S 

2-arnino-3,4-dimethyHrni-
dazo[4,5-/]quinolne (MelQ) + I 

2-arruno-3,8-dirnethylirni-
dazo[4^-/]quinox2Une (MelQx) + I 

2-arnino-3,4,8-trimethyl-
imidazo[4,5-/]quinoxaline + 

2- arnino-3,7,8-trimethyl-
imidazo[4,5-/|quinoxaline + 

3- amino-1,4-dimethyl-5H-
pyrido[4,3-fc]indole(Trp-P-l) + S 

3-amino-1 -methyl-5H-
ρνπ(1ο[4,3^]σφ-Ρ-2) - S 

2- arnino-6-methyldipyrido-
[U-a:3-2'-ii]imidazole(Glu-P-l) + S 

2-aminodipyrido[ 1,2-a:3',2'-d] 
limidazole (Glu-P-2) S 

2-amino-9H-pyrido[2,3-^]-indole + 
2-amino-3-methyl-9H-pyrido-

[2,3-^]indole + S 
benzo(a)pyrene + S 

SOURCE: Reference 13. 
a From I ARC I = inadequate; L = limited; S = sufficient 
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Table 6. Results with Food-Borne Chemicals in the 
Hepatocyte/DNA Repair Test 

Chemical Result Carcinogenicity* 

Food Additives 
butylated hydroxyanisole - S 
butylated hydroxytoluene - L 
Food Constituents 
sodium fluoride - I 
Food Contaminants 
carbadox + 
chlordane - L 
D D T - S 

endrin - I 
heptachlor - L 
mirex - S 
olaquindox + 
polybrominated biphenyls - S 

SOURCE: Reference 13. 
a From IARC; I = inadequate; L = limited; S = sufficient 

 J
ul

y 
15

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 F
eb

ru
ar

y 
14

, 1
99

2 
| d

oi
: 1

0.
10

21
/b

k-
19

92
-0

48
4.

ch
00

7

In Food Safety Assessment; Finley, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



FOOD SAFETY ASSESSMENT 

Table 7. Results with Food-Borne Chemicals in the Adult Rat Liver 
Epithelial Cell-HGPRT Mutagenesis Assay 

Chemical Result Reference 

Food constituents 
sodium fluoride 

Food additives 
butylated hydroxyanisole 

butylated hydroxytoluene 

Food contaminants 
aflatoxin Β ι 

aflatoxin G2 

chlordane 

DDT 

endrin 

heptachlor 

kepone 

Polybrominated biphenyls 

Cell Biol. Toxicol 
1988,4,173. 

Fd. Chem. Toxic. 
1986,24,1163. 
Fd. Chem Toxic. 
1990,28,793. 

Mutat. Res. 
1984,130,53. 
Mutat. Res. 
1984,130,53. 
Adv. Med. Oncol Res. 
&Educ.I 1979,273. 
Adv. Med. Oncol. Res. 
&Educ.I 1979,273. 
Adv. Med. Oncol. Res. 
&Educ.I 1979,273. 
Adv. Med. Oncol. Res. 
&Educ.I 1979,273. 
Adv. Med. Oncol. Res. 
&Educ.I 1979,273. 
Environ. Res 1984,34,310. 
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Table 8. Results with Food-Borne Chemicals in the Hepatocyte-Liver Epithelial 
Cell Assay for Inhibition of Intercellular Molecular Transfer 

Compound Result Reference 

Food additives 
butylated hydroxyanisole + Fd. Chem. Toxic. 

1986,24,1163. 
butylated hydroxytoluene + Fd. Chem. Toxic. 

1990,28,793. 
Food contaminants 

benzo(a)pyrene - Carcinogenesis 
1982,3,1175. 

chlordane + Carcinogenesis 
1982,3,1175. 

DDT + Cancer Lett. 
1981,77,339. 

heptachlor + Carcinogenesis 
1982,3,1175. 

polybrominated biphenyls + Environ. Res. 
1984,34,310. 
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In addition to the in vitro systems, epigenetic agents can also be identified in rapid 
in vivo tests. Firstly, chemicals can be assessed for any of the biological effects e.g. 
peroxisome proliferation, known to underly the carcinogenicity of epigenetic agents. 
For identification of potential promoting agents, increased cell proliferation and 
induction of cytochrome P450 are highly predictive. Also, several rapid and efficient 
bioassays for promoters are detailed in the decision point approach (6). These include 
enhancement of genotoxin-induced altered foci in rodent liver, skin tumors in mice, 
lung adenomas in mice and breast tumors in rats. In a liver cancer system, the food 
additive butylated hydroxytoluene, was shown to be a promoter at high doses only (32) 
and a similar observation was made in a stomach cancer system for butylated 
hydroxyanisole (33). 

Conclusions 

Reliable methods are available for the detection of both DNA-reactive and epigenetic 
agents in food. The application of the approaches outlined above to evaluation of food 
packaging materials also has been described (34). 

Many genotoxic natural products can be present in food, but relatively few 
synthetic chemicals that enter into food are genotoxic. DNA-reactive natural food 
products have been associated with human cancer (e.g. aflatoxins) whereas no 
synthetic chemical in food has led to cancer in humans (35). In fact, a substantial 
portion (i.e.30-40%) of cancer in the United States is believed to stem from nutritional 
imbalances and genotoxic natural foodborne carcinogens or carcinogen precursors 
(1,36). 

The in vitro approaches described here provide information on the mechanisms of 
carcinogenicity of chemicals. Such information is assuming importance in assessment 
of human hazard from environmental chemicals (37-39). As just discussed, DNA-
reactive carcinogens are distinct human cancer hazards, whereas epigenetic agents 
represent only quantitative hazards. 
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Chapter 8 

Bac ter ia l Tes t Systems for Mutagenes i s T e s t i n g 

Johnnie R. Hayes 

RJR Nabisco, Bowman Gray Technical Center, Reynolds Boulevard, 
Winston-Salem, NC 27102 

Humans must have been interested in the safety of food for thousands of years. For the vast 
majority of this time, the major toxicological endpoint associated with this concern was 
acute toxicity. The methodology consisted of observations of symptomatic effects of 
consuming a new food. No thought was given to the long-term effects of consuming a 
specific food. 

A major factor that sparked an interest in regulations to insure food safety was the 
adulteration of foods and inadequate food sanitation. Additional concerns resulting in the 
passage of regulations associated with food safety were the increased use of various 
substances added for technological purposes and an increased public demand for an 
essentially risk-free food supply. 

In the United States, the regulation of food safety was left to the individual states until 
the beginning of the twentieth century. The national government took the lead from the 
individual states with the congressional passage of the Food and Drug Act of 1906. Notable 
expansions and amendments to this Act occurred in 1953, 1958 and 1962. Continuing 
changes resulted in the Federal Food, Drug and Cosmetic Act, as we know it today. 

Paralleling the development of the current food and drug regulations was an explosion 
of new information in the areas of chemistry and the biological sciences, which continues 
today. Associated with this mass of new information was the evolution of a new scientific 
discipline - toxicology. 

Toxicologists use the tools developed by other disciplines, as well as uniquely 
developed tools, to determine the potential adverse effects of chemicals and chemical 
mixtures on biological systems. Tools now exist that allow the toxicologist to investigate 
the interaction of chemicals from the molecular level to the whole animal, and even to 
ecosystems. In some cases, the ability to collect data using these tools outstrips the ability 
to confidently use these data to insure a risk-free environment and food supply for humans. 
This comes, in part, from the extreme complexities associated with the interaction of 
chemicals with biological systems and, in part, from the utilization of animal models to 
represent humans. Animal models may differ from humans in obvious, and also very subtle, 
ways. This complicates extrapolation of data from animal studies to the human population. 
However, even with current limitations, the toxicologist now has powerful tools to bring to 
bear on questions of food safety. 

0097-6156/92AM84-0073$06.00/0 
© 1992 American Chemical Society 
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Role of Genetic Toxicology in Food Safety Assessment 

One of the tools of modem toxicology is genetic toxicology. It is the goal of genetic 
toxicology studies to ascertain the potential for a chemical to interact with the genetic 
material of cells to produce hereditable changes in somatic and reproductive cells. Most 
recommendations for food safety assessment now contain genetic toxicology as an integral 
component. It is generally recommended that in vitro genetic toxicology studies be 
performed during the early stages of a food safety assessment. An example can be seen in 
the classical safety decision tree approach to food safety assessment, as recommended by 
the Scientific Committee of the Food Safety Council in 1980 and illustrated in Figure 1 (i). 

After chemical characterization and acute toxicity testing of the test material, the 
decision tree splits into genetic toxicology testing and biotransformation and pharmacoki
netic studies. These studies may complement each other because metabolism of the test 
material may yield metabolites of genotoxic potential and the genetic toxicology studies 
may indicate the potential for the production of genotoxic metabolites. 

Current recommendations for food safety assessment, as recommended by the FDA in 
the current (1982) "Red Book", are illustrated in the next three figures (2). 

The FDA divides their testing recommendations into three concern levels based upon 
a number of criteria, including exposure assessment and structure-activity relationships. 
The lowest concern level is Category I. The testing program for Category I is illustrated in 
Figure 2. If a battery of short-term genotoxicity assays indicates positive results, such as 
mutagenicity and/or DNA damage, a carcinogenicity bioassay is suggested. If the results 
are negative, this bioassay can be eliminated unless other data indicate otherwise. Concern 
Level Π testing is illustrated in Figure 3. Positives in the genotoxicity battery require that 
carcinogenicity testing be conducted in one-to-two species. The testing requirements for 
the highest concern level, concern Level ΙΠ, are illustrated in Figure 4. At this concern level 
carcinogenicity testing in two species is required, regardless of the outcome of the 
genotoxicity assays. 

Genetic Toxicology Testing Strategies 

As illustrated in Table 1, David Brusick has divided genetic toxicology assays into three 
main categories (5). Screening tests are used to determine the potential for a chemical or 
chemical mixture to interact with DNA to produce alterations in the genetic material. These 
tests have little, if any, ability to be directly extrapolated to human risks. Allegations of 
potential human health hazards are unjustified if these tests are based solely upon in vitro 
assays or utilize non-mammalian models. Hazard Assessment Tests generally provide more 
evidence of potential genotoxic effects but are not adequate for quantitative human risk 
assessment. Risk Analysis Tests are tests that produce quantitative estimates of transmis
sible mutation. These in vivo tests generally measure direct genetic damage to germ cells 
or inheritable effects in the offspring of treated animals. 

Table 1. Categories of Genetic Toxicology Assays 
• Screening Assays 
• Hazard Assessment Test 
· Risk Analysis Tests 
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Define Test Material 
Purity, Form, etc. 

Exposure Assessment 
Intake Level for High Level Consumers 

Acute Toxicity REJECT: 
if unacceptable 

Genetic Toxicology 
Mutagenesis, Transformation 

^ REJECT: M 

if unacceptable 
Biotransformation 

and Pharmacokinetics 

ACCEPT: 

If no adverse effects 

ACCEPT: 
If no adverse effects 

Subchronic Toxicity 
and Reproduction 

Chronic Toxicity 

ACCEPT: 
If metabolites are 

known to be safe, etc. 

REJECT: 
If unacceptable 

REJECT: 
If unacceptable 

Figure 1. Safety decision tree recommended by the Scientific Committee of the 
Food Safety Council (2). (Reproduced with permission from ref. 16. Copyright 
1989 Macmillan.) 

Concern Level I Compound 

Short Term 
Genotoxicity Assays 

Short-Term Multiple 

Dose Rodent Study 

Carcinogenicity 
Bioassay 

Figure 2. Decision tree for a U.S. F D A concern level I compound. 
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Concern Level II Compound 

Short Term 
Genotoxicity Assays 10 

Subchronic 

Toxicity 
Multigeneration 

Reproductive 

Carcinogenicity Assay(s) 

Figure 3. Simplified decision tree for a U.S. F D A concern level II compound. 

Concern Level III Compound 

Short Term 
Genotoxicity Assays 

Θ 
I I 

High Priority Low Priority 

Chronic 
Toxicity 

Multigeneration 

Reproductive 

Carcinogenicity Assay(s) 

Figure 4. Simplified decision tree for a U.S. FDA concern level III compound. 
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Genetic toxicology testing strategies generally consist of two arms, one involves in vitro 
testing and the other in vivo testing. Recommendations for in vitro genetic toxicology 
generally consist of a battery of assays. Table 2 lists assays that may be commonly used in 
in vitro genetic toxicology testing. 

As can be seen, these in vitro assays range from bacterial mutagenicity to mammalian 
unscheduled DNA synthesis. They cover a variety of genetic toxicology endpoints, 
including mutagenicity, clastogenesis and repair of damaged DNA. They also utilize two 
major categories of test subjects, bacteria and isolated mammalian cells. 

Table 3 lists the common in vivo genetic toxicology assays. These tests generally 
parallel the in vitro tests with respect to genetic endpoints measured. They utilize 
mammalian species with the exception of the Drosophila sex-linked recessive lethal assay 
and the host mediated bacterial mutagenicity assay, which does use a mammalian species 
as the "host." 

Bacterial Mutagenicity Assays 

Bacterial mutagenicity assays are generally considered to be screening tests to determine the 
potential of a chemical or chemical mixture to interact directly with DNA to produce a 
mutation at a specific gene locus. As screening tests, data from bacterial mutagenicity assays 
are not directly useful for quantitative human risk assessment. However, they are useful for 
determining the potential for a chemical to interact with DNA to produce highly specific 
mutations. 

The reason behind the development of bacterial mutagenicity assays and the high level 
of interest in these assays was the belief that they may predict carcinogenicity (4). If capable 
of predicting carcinogenicity, these assays would provide predictive data in weeks as 
opposed to years and provide an enormous savings of resources. A large effort has been 
devoted to determining the ability of these assays to reliably predict the carcinogenicity of 
a chemical. 

There is still controversy associated with the ability of bacterial mutagenesis assays to 
predict carcinogenicity as measured by chronic animal bioassays. The percentage of 
accuracy for these short-term assays has been determined to be as high as 90%+ by some 
investigators and as low as 50% by others. There appears to be a consensus developing 
among most toxicologists that the lower percentages in this range are probably more 
accurate (5,6). 

The large variations in accuracy predictions arise from a number of factors that affect 
the predictability of short-term bacterial assays. Some of these are listed in Table 4. Non-
genotoxic or epigenetic carcinogens are carcinogens that appear to not react directly with 
DNA. They are without activity in bacterial mutagenesis assays, do not produce evidence 
of DNA damage and have not been shown to interactcovalentlywithDNA,yettheyproduce 
tumors in animal models. Various hypotheses related to their mechanism of action are under 
investigation. One of the more popular hypotheses is that these materials induce cellular 
proliferation. The increased DNA synthesis associated with proliferation may either 
increase the chances of normal mutations or the expression of preexisting DNA damage (7). 

Another factor that influences assessment of predictability of short-term bacterial 
assays is that predictability is based upon comparison to chronic bioassays in animal models 
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Table 2. Short-Term In Vitro Genotoxicity Assays 

Assay Endpoint Bacterial Cells Gene Mutation 
Ames/Salmonella 
E. Coli 

Yeast Mutation Gene Mutation 
Mammalian Cells 

Chromosome Aberration Clastogenesis 
Sister Chromatid Exchange Chromosome Rearrangements 
Unscheduled DNA Synthesis DNA Damage 
DNA/Xenobiotic Adducts DNA Alteration 
Cell Transformation Transformation 

Table 3. In Vivo Genotoxicity Assays 
Assay Endpoint 
Mouse Coat Color (Spot Test) Somatic Cell Gene Mutation 
Drosphila Recessive Lethal Test Sex-Linked Recessive Lethal 
Rodent Micronucleus Assay Chromosomal Aberrations 
Bone Marrow Sister Chromatid Exchange Sister Chromatid Exchange 
DNA/Xenobiotic Adducts Altered DNA 
In Vivo/In Vitro Unscheduled DNA Synthesis DNA Damage 
Host-Mediated Bacterial Mutagenesis Gene Mutation 
Dominant Lethal Assay (Germ Cell) Dominant Lethal Mutations 
HeritableTranslocation (Germ Cell) Translocation 
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(5). A material that is determined to be mutagenic in a bacteria assay but does not produce 
tumors in an animal bioassay is termed a "false positive." This is based upon the assumption 
that the animal bioassay was accurate. However, if the animal bioassay was inaccurate, a 
decision that the bacteria mutagenesis assay was a false positive would be incorrect 
Because of the time and cost requirements of animal bioassays, it would be a significant 
amount of time before this conclusion could be corrected 

The unique biochemistry and physiology associated with the whole animal compared 
to the bacterial cell and the simplistic systems used to mimic mammalian metabolic 
activation systems in short-term bacterial mutagenicity test also affect the attempt to 
determine the predictability of the bacterial test. Most bacterial test systems use mammalian 
liver preparations to mimic oxidative metabolic activation of test materials to more reactive 
metabolites. These preparations neither have significant capability to mimic a number of 
other metabolic activation pathways nor most of the detoxification mechanisms. A test 
material that may be detoxified and thereby not yield tumors in animal models may or may 
not express its mutagenic potential in bacterial assays. Alternatively, a carcinogen that 
requires a metabolic activation pathway not present in the bacterial assay system will appear 
to be non-mutagenic. 

Certain aspects of the bacterial mutagenicity assay systems that increase their sensitivity 
affect the ability to determine their predictability. For instance, the strains of Salmonella 
used in the Ames assay have been developed to have very poor DNA repair systems. These 
bacteria are highly sensitive to DNA damage because they cannot repair the damage. The 
animal models used in carcinogenicity tests have highly developed DNA repair mecha
nisms and may repair DNA damage before it is expressed. Therefore a test material that is 
positive in the bacterial assay may be negative in animal studies. 

Although a number of other factors affect the ability to determine the predictability of 
bacterial mutagenesis assays (see Table 4), a major factor is a lack of knowledge of the 
mechanisms of carcinogenicity. Even though knowledge of these mechanisms has greatly 
expanded over the last 20-years, a greater understanding is needed before all the factors that 
influence our ability to use bacterial mutagenesis assays to predict carcinogenicity are 
understood. Overall, short-term bacterial mutagenicity assays have not lived up to the 
original expectations for them with respect to predicting carcinogenicity (8). 

What is sometimes forgotten in the controversy over the ability of short-term bacterial 
assays to predict the carcinogenicity potential of a chemical is that genotoxicity is an 
endpoint unto itself. It may be too much to ask of a simple in vitro assay to predict the 
complex in vivo interactions associated with carcinogenicity. However, the bacterial 
mutagenicity assays will determine the potential of a chemical to interact with DNA to 
produce a mutagenic event under the conditions of the assay. Since certain of these assays 
can be evaluated on a semi-quantitative basis, they provide a method to compare the 
potential of two chemicals to interact with the bacterial genome to produce mutations. It is 
therefore possible to comparatively screen a number of materials to determine which has the 
lowest mutagenicity potential. 

Bacterial mutagenicity assays provide a rapid and inexpensive method to screen 
chemicals for further research and to eliminate those that do not meet specific toxicological 
criteria. Therefore, even though these assays may not have a high percentage of predictabil-
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ity for carcinogenicity by themselves, they can serve an important function in screening 
chemicals for their potential ability to interact with DNA. 

Genetic Toxicology Batteries 

A number of genetic toxicologists believe that the addition of data from other short-term in 
vitro genotoxicity assays, especially mammalian cell assays, increases the ability to predict 
carcinogenicity. Although there is still controversy associated with this hypothesis, 
regulatory agencies recommend that a battery of short-term in vitro assays be used for 
genetic toxicology testing. Table 5 illustrates the battery suggested by the Food Safety 
Council in 1980 (7). As can be seen, these batteries represent a bacterial mutagenicity assay 
coupled with mammalian cell assays. The Food Safety Council recommendations include 
a mammalian cell mutagenesis assay to parallel the bacterial assay, an assay(s) to detect 
clastogenesis and a mammalian cell transformation assay. They also recommended w vivo 
genetic toxicology assays if positive responses were found in the in vitro assay. One of the 
recommended in vivo assays was a host-mediated bacterial cell mutagenesis assay. This 
type of assay generally involves injection of sensitive bacteria into the interperitoneal cavity 
of the "host" animal. The bacteria are harvested after the animal is exposed to a potential 
mutagen. After harvesting, the mutation rate, if any, is determined. These assays were 
developed to attempt to incorporate factors such as pharmacokinetics, mammalian physi
ology and mammalian biochemistry into a bacteria assay system. The number of problems 
associated with the host-mediated assays have resulted in this type of assay falling out of 
favor with many genetic toxicologists. 

Short-term genotoxicity tests recommended by the FDA in the 1982 "Red Book" are 
listed in Table 6 (2). These, like the Food Safety Council's recommendations, include a 
bacterial and mammalian mutagenesis assay, an assay for DNA damage and a mammalian 
cell transformation assay. An in vivo assay, if necessary, is also included. 

In both these recommendations, as well as others, the inclusion of mammalian cell 
assays is believed to increase the likelihood of detecting potential animal carcinogens whose 
mechanism of action would not be detected by the bacterial mutagenesis assays. 

Utility of Bacterial Mutagenicity Assays 

Even though there are a number of issues associated with the use of bacterial mutagenicity 
assays, they remain a component of food safety evaluations. A number of reasons account 
for their use and their advantages over certain other assays. The advantages are listed, in part, 
in Table 7. A major advantage in using the bacterial mutagenicity assays is their low costs 
and the short-term nature of the assay. Since data can be produced in a few days at a nominal 
cost, they are ideal for screening groups of test materials. This makes them useful in product 
development and determining the mutagenicity of various fractions of complex mixtures, 
such as food products. 

Another advantage is their high sensitivity. The bacteria generally used in these assays 
have been developed to be extremely sensitive to mutagens. For instance, the Salmonella 
strains used in the Ames assay have cell walls that allow the passage of mutagens into the 
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Table 4. Factors Affecting the Predictability of Short-Term Bacterial Assays 
Non-Genotoxic (Epigenetic Carcinogens) 
Reliability of Chronic Animal Bioassays 
Unique Metabolic Capabilities of Animals 
Repair of Damaged DNA 
Prokaryotic vs. Eukaryotic Cell Types 
Sensitivity to False Positives/Negatives 
Mutagenicity vs. Clastogenesis and other Mechanisms 
Initiation vs. Promotion 
Lack of Knowledge of Mechanisms of Carcinogenicity 

Table 5. Assays Recommended by the Food Safety Council 
In Vitro 

Bacterial Cell Point Mutations 
Mammalian Cell Point Mutations 
Mammalian Cell Chromosomal Changes 
Mammalian Cell Transformation 

In Vivo 
Mammalian Cell Chromosomal Changes 
Host-Mediated Bacterial Cell Mutagenesis 

Table 6. Short-Term Genotoxicity Testing Suggestions by the FDA 
Test Endpoint 
In Vitro 
Ames Assay 
T K Locus Mouse Lymphoma Assay 
Unscheduled D N A Synthesis 
Transformation 
In Vivo 
Drosphila Mutation Test 

Bacterial Mutagenesis 
Mammalian Cell Mutagenesis 
DNA Damage 

Mammalian Cell Transformation 

Sex-Linked Recessive Lethal 

Table 7. Advantages of Bacterial Mutagenicity Assays 
• Rapid 
• Low Cost 
• Sensitivity to Mutagens 
• Large Database 
• Availability 
• Simple 
• Semi-Qualitative 
• Acceptable/Recommended 
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bacteria. As previously mentioned, the bacteria are deficient in DNA repair mechanisms, 
allowing increased expression of DNA damage. Bacteria are somewhat less sensitive to 
their environment than mammalian cells that originate from multi-cellular tissues whose 
environments are closely controlled. They are, therefore, less likely to yield either false 
positives or false negatives due to environmental conditions (9). 

An additional advantage of bacterial mutagenicity assays, especially the Ames assay, 
is the availability of a large database of compounds and mixtures that have been tested (70, 
11,5,6). This allows utilization of structure activity analysis and also aids in validating the 
assays for different chemical classes (72). 

Bacterial mutagenicity assays are generally considered to be operationally simple to 
perform. They can be performed in a large number of laboratories, including contract 
toxicology laboratories. Therefore, the bacterial mutagenicity assays, especially the Ames 
assay, are generally available to investigators. A number of the more sophisticated 
genotoxicity assays may be available only in a small number of laboratories. Similar data 
from a large number of laboratories performing a particular assay, aids in the validation of 
the assay. For instance, interlaboratory variation is better understood and by using a 
common series of negative and positive controls, data from various laboratories can be more 
accurately compared. 

An advantage of bacterial mutagenicity assays, especially the Ames assay, is that the 
dose response data appear to be semi-quantitative, at least within similar chemical classes. 
This allows the mutagenic potential of a number of chemicals to be compared and opens the 
possibility for greater understanding of structure activity relationships (72). The semi
quantitative nature of a number of other genotoxicity assays has not been adequately 
determined and some genotoxicity assays are not semi-quantitative. 

The major advantage of the bacterial mutagenicity assays, especially the Ames assay, 
is that they are acceptable to the majority of genetic toxicologists as a screen for potential 
mutagenicity. They are also recommended and accepted by a number of national and 
international regulatory agencies as a component of a food safety assessment. 

Methodology For Bacterial Mutagenicity Assays 

As an example of the general methodology for bacterial mutagenicity assays, the following 
description is limited to the Ames assay. There are several variations of the Ames assay with 
the two most-used methods being the preincubation and plate incorporation assays (13,14). 
The preincubation method preincubates the test material with and without the S-9 metabolic 
activation system and the bacteria tester strain at 37°C for approximately 20 minutes. Agar 
is added to the preincubation mixture and the resulting mixture distributed over agar plates 
containing limiting amounts of histidine. The plate incorporation method directly incorpo
rates the test material with and without the S-9 system and bacteria tester strain directly into 
the plate without preincubation. With both methods, the plates are incubated for 48 hours 
at 37°C. Bacteria that have been reverted to the wild type phenotype, which does notrequire 
histidine in the medium, can grow into colonies. Bacteria that are not mutated and required 
histidine do not develop colonies. Mutagenicity is determined by counting, usually by 
automated methods, the number of colonies on the plate and the data expressed as revenants/ 
plate. 
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Solvent controls are used when a solvent vehicle has been used to carry the test material 
into solution in the medium Positive controls and sometimes negative controls are also 
tested Onepositivecontrolshouldbeacompoum 
the particular tester strain being used. An additional positive control which does not require 
metabolic activation in the particular tester strain is used with the assays without metabolic 
activation. These controls validate the assay by demonstrating the sensitivity of the tester 
strain to known mutagens under the conditions of the assay. 

Various modifications can be used with the assay to address specific questions and to 
account for various assay conditions, such as when human urine is used as the test material. 

Major Factors Affecting Bacterial Mutagenicity Assays 

A number of factors can affect the use of bacterial mutagenicity assays in a food safety 
assessment, a few of which are listed in Table 8. One of these factors is the choice of bacterial 
strain. Table 9 list some of the Salmonella strains routinely used for the Ames assay. As 
can be seen, some strains are sensitive to frameshift mutations and others are sensitive to 
base-pair substitutions. Also, the specific target gene for each strain differs. Ames assays 
generally include two or more Salmonella strains and five strains are used in many cases. 

Metabolic activation has been discussed above, but a few additional points can be 
mentioned. The classic metabolic activation system has been the supernatant from Arochlor 
1254 induced rat liver homogenates centrifuged at 9,000xg, i.e. S-9. Preparations from 
species other than rats can be used to address specific issues. Because the quantitative and 
qualitative nature of the metabolically activated products may vary with S-9 preparations 
from animals pre-treated with a number of enzyme inducers and also vary with species * the 
results of mutagenicity studies can vary. This can be used to advantage to investigate the 
role of metabolic activation on potential mutagenicity. 

The bacterial cytotoxicity of the test material is an important factor that can affect 
bacterial mutagenicity assays. If the test material is highly cytotoxic, the cytotoxicity may 
mask the potential mutagenicity. The threshold of mutagenicity may not be reached before 
too many bacteria are killed to produce a valid test. If the test material is not water soluble, 
it is necessary to use a solvent as a vehicle to carry the test material into the culture media. 
Use of a vehicle increases the number of factors that can influence the assay. For instance, 
the solvent will have its own inherent cytotoxicity and alter the physical and chemical nature 
of the assay media. Therefore, solvents used as vehicles in bacterial mutagenicity assays 
must be chosen with care. 

Another major factor that can affect the results of bacterial mutagenicity assays is the 
physicalandchemicalnatureof the test material. Table 10 list some of the factors associated 
with the test material that can affect bacterial assays. Water insoluble test materials 
complicate mutagenicity testing because of the aqueous nature of the assay media. This may 
necessitate the use of vehicles as discussed above. Even with a vehicle to cany the water 
insoluble test materials into the media, the test material may precipitate at the higher doses. 
This will limit the maximal dose that can be used in the studies. The pH and/or osmolality 
of the media may be altered by either the test material or a solvent vehicle, although bacterial 
are less sensitive than mammalian cells (9). Such alterations can lead to cytotoxicity and 
produce false positives or negatives in the assay. When the assays are carried out with the 
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inclusion of metabolic activation there are actually two biological systems that can be 
affected by either the test material or solvent vehicle; the bacteria and the metabolic 
activation system If the test material or vehicle alters the activity of the metabolic activation 
system, this alteration could be expressed in the results of the mutagenicity assay. For 
instance, inhibition of metabolic activation could result in a false negative. From the above, 
it can be seen that the results of bacterial mutagenicity assays can be highly dependent upon 
a number of factors. It is imperative that these factors be carefully considered in the design 
of the studies to insure accurate, reproducible and meaningful results. 

Disadvantages of Bacterial Mutagenicity Assays 

Use of bacterial mutagenicity assays in food safety assessments has certain disadvantages 
associated with the assays. Several of these disadvantages are listed in Table 11 and have 
been previously discussed. If the assays are performed to determine carcinogenic potential, 
their reliability can be questioned (8). As noted before, they are more useful for predicting 
potential mutagenicity and DNA interactions than for carcinogenicity. Bacteria are 
prokaryote whereas mammalian cells are eukaryotic. Other differences, including the 
requirement to add mammalian enzyme systems that metabolically activate many muta
gens, make extrapolation of results from bacterial mutagenicity assays to mammalian 
systems difficult. 

Use of Bacterial Mutagenicity Assays in Food Safety Assessments 

As noted, several expert groups and individuals have recommended bacterial mutagenicity 
assays, especially the Ames assay, as a component of a genetic toxicology battery in food 
safety assessments. A number of factors have been noted above that can influence the results 
of bacterial mutagenicity assays. These factors, among others, must be carefully considered 
in the design of the mutagenicity studies. 

At times it is necessary to consider what to test in mutagenicity assays during a food 
safety assessment. If the test material is relatively chemically pure, such as a food additive 
used for technical purposes, the choice of what to test is straight-forward. If the test material 
is a complex mixture, the choice of what to test can be more difficult. For instance, one 
choice is to test the complete mixture in the form in which it is to be used in food. 
Alternatively, the major components of the mixture could be isolated and tested individu
ally. Another choice would be to isolate and test various fractions of the mixture such as the 
organic solvent soluble phase, the aqueous phase, the acid soluble phase, as well as other 
phases. These could either be highly concentrated and the concentrates tested or the test 
could be done at concentrations reflecting their concentration in the original test material. 

The exact approach as to how to test the material of interest is dependent upon the 
question to be addressed. If the results of the mutagenicity test are to be used to address the 
question of potential mutagenicity in the diet, it is preferable to test the material in the form 
in which it is to be used. This will allow any interactions that could occur in the mixture to 
be expressed. For instance, if the mixture were to contain several mutagens at concentrations 
below the threshold of detectability and their individual mutagenicities were additive, the 
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Table 8. Major Factors Affecting Bacterial Assays 
• Bacterial Strain 
• Metabolic Activation 
• Cytotoxicity 
• Solvents 
• Physical/Chemical Nature of Test Material 

Table 9. Bacterial Strains used in the AMES Assay 
Salmonella Strain Target Gene Mutation Type 
* TA-98 fflsD Frameshift 
* * TA-100 HIS G Base-pair substitution 
* * TA-1535 HIS G Base-pair substitution 

TA-1537 HISC Frameshift 
* TA-1538 

Others 
Other species 

HISD Frameshift 

* Derived from parental strain D3052 
* * Derived from parental strain G-46 

Table 10. Physical/Chemical Factors of Test Material 
that Affect Bacterial Assays 

• Water Solubility (Partition Coefficient) 
• pH 
• Osmotic Pressure 
• Metabolic Activation 

Table 11. Disadvantages of Bacterial Mutagenicity Assays 
• Predictability of Chronic Effects Questionable 
• Prokaryote 
• Not Sensitive to Non-Genotoxic Carcinogens 
• Method Dependent 
• Requirement for Addition of Metabolic Activation 
• False Positives/Negatives 
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resulting mutagenicity may be above the threshold of detectability. Conversely, the 
presence of antimutagens in the mixture or other inhibitory materials may result in no 
detectable mutagenicity. 

Other questions to be addressed by mutagenicity testing may require alternative 
approaches. For instance, if a particular food preparation technique appears to result in the 
formation of mutagens, then it may be necessary to subfractionate the food to determine the 
chemical sourceof the mutagenicity. Ifitisexpectedmataparticularmanufacturingprocess 
may produce a mutagenic contaminate, it may be necessary to test subfractions of the 
mixture or individual components to determine the source of mutagenicity. Once 
discovered, it may be possible to modify the process to eliminate the mutagenic component 

A number of suggestions have been made as to how to interpret the data from 
mutagenicity test. These methods generally involve criteria based upon the occurrence of 
a dose response and the magnitude of change compared to the background control. One 
criteria used by many toxicologist is that a positive response is indicated by a dose response 
with at least one dose being twice the background. 

Several statistical methods may be used to analyze Ames assay data (75). One method 
is the use of initial slopes determined from the dose response curves. Care must be used with 
this method that the slopes are determined from the linear portion of the curve because the 
revertants/plate have a tendency to plateau or even decline at high doses due to cytotoxicity 
and other factors. Various methods have been developed to aid in this type of analysis (76). 

In a food safety assessment the results of bacteria mutagenicity assays must be used in 
context with data from the other genotoxicity assays and in vivo animal studies. Attempts 
are underway to develop rational methods of incorporating genotoxicity testing data into 
quantitative risk assessments. Additional work is required to develop risk analysis methods 
to integrate this type of data into quantitative risk analysis methods. 
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Chapter 9 

C u r r e n t T r e n d s i n A n i m a l Safety T e s t i n g 

John C. Kirschman 

FSC Associates, P.O. Box 718, Lewisville, NC 27023 

Since enactmant of the 1958 Food Additive Amendment, toxicological 
sciences have advanced faster that the statutes, particularly in relation to 
carcinogenicity testing. For the past three decades, other than for micro
biological issues, food safety activities have generally focused on food 
additives rather than foods themselves. The knowledge collected during 
this period with improved methodologies, in analytical chemistry as well 
as biological sciences, along with the advent of biotechnology is now 
bringing focus to questions about the adequacy of present means of testing 
and evaluating the safety of complex mixtures known as foods. These 
developments, remaining issues and current trends will be discussed. 

I plan to review the current trends that I perceive crossing the full spectrum of test 
segments used in the safety evaluation of foods and food components. Let me start 
with a bit of perspective regarding the numbers of chemicals we're dealing with. Of 
the 5,000,000 plus known chemicals in our universe, somewhere between 5,000 and 
10,000 are being used worldwide as food additives (7). 

In the U.S. under the FD&C Act and its 1958 Food Additive Amendment, 
premarket testing of food additives has been clearly codified. 

While such premarket testing is not required for foods themselves, it is estimated 
that they are made up of several hundred thousand natural components. Compositional 
documentation is, however, actually extremely meager. 

From the international perspective then, what is food? One could say that food is 
anything sold as such. 

Food is defined by the U.S. FDC Act as articles used for "food or drink for man 
or animals, chewing gum, and articles used for components of any such article" which 
pretty well fits the above definition. Premarket testing and governmental approval is 
not required for foods. However, the law places responsibility on the person who 
introduces any food into commerce for assuring that it complies with all applicable 
safety standards and does not cause harm to the consumer. 

0097-6156/92/0484-0088$06.00/0 
© 1992 American Chemical Society 
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9. KIRSCHMAN Current Trends in Animal Safety Testing 89 

Please keep these things in mind as I proceed now to discuss toxicological testing 
methodologies as designed for and applied to single chemicals. I ' l l then move on to 
issues we face in evaluating the safety of complex mixtures of unknown chemicals we 
consume as food. 

If we had available tests for toxicity that were as reliable, reproducible and relevant 
to man, as for example pH paper is for determination of hydrogen-ion concentration, 
we would already be far along into toxicological testing of all chemicals. However, 
since testing will be possible in the foreseeable future on only a small portion of the 
universe of chemicals, testing must be based on carefully set priorities. 

In essence the 1958 Food Additive Amendment, calling for toxicological testing 
of chemical additives to foods, but not for prior-sanctioned or food materials generally 
recognized as safe (GRAS) by recognized experts in the field, was a very pragmatic 
prioritization step for food chemicals. 

The list of core toxicity tests called for on any new food additive includes those 
presented in Table 1. Shown as well are typical price and time estimates for 
performing such tests. Be assured that if everything proceeds perfectly well, without 
any hitches which require additional or repeat research and testing, one cannot hope 
to complete such a testing program on a single food chemical in less than 5 years. Even 
seven years is considered by most to be overly optimistic. I shall now briefly 
characterize these tests individually and mention trends and changes occurring 
recently within each of these areas. 

Table 1. Toxicology Tests 

Test (months) (dollars) 

Acute <1 2,500 
Short Term 1 30,000 
90daySubchronic 3 75,000 
Teratology 6 85,000 
Reproduction 12 280,000 
General Metabolism 12 350,000 
Chronic/Carcinogen. (Rats) 24 775,000 
Carcinogen. (Mice) 24 650,000 

Total $2,247,500 

Acute toxicity tests define the range of single oral doses that induce toxic and lethal 
responses. Ages ago, the need to compare the therapeutic potency of different lots of 
plant or animal extracts for use as medicinals led to development of bioassay 
procedures which estimated the E D 5 0 (effective dose/50% response or median ef
fective dose) of similar materials. If the effect measured was death, the E D 5 0 became 
the L D 5 0 . Later, this L D 5 0 became a measurement for use in comparing the toxicities 
of different materials. It has been used as a basis for design of rational treatments of 
human poisonings and is helpful in designing longer multidose toxicity tests. Properly 
used, the L D 5 0 provides information of the types of toxic effects, the onset of acute 
toxicity, and a quantitative estimate of the lethal dose. 
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The traditional L D 5 0 , testing for 50% lethality, is now being replaced with proce
dures using significantly fewer (e.g. 5 animals/group or as few as 6 animals total) than 
the 10 animals per group used classically. A number of the newer regulatory 
guidelines permit or even encourage the use of studies yielding only an estimation of 
the lethal dose. 

Based on the results of such lethality tests, the rating scale presented in Table 2 has 
been used for categorizing chemicals by toxic potency. 

Table 2. Toxicity Rating 

Probable Lethal Dose 
Toxicity Class for a 70 kg man (mg/kg) 

6. Supertoxic <5 
5. Extremely toxic 5-50 
4. Very toxic 50-500 
3. Moderately toxic 500-5,000 
2. Slightly toxic 5,000-15,000 
1. Practically nontoxic > 15,000 

The next level of toxicity testing includes short term tests with repeated challenges 
given over 14-30 days. Such tests begin to provide the first meaningful indication of 
the tolerance animals have to reasonably expected exposure in use levels of the test 
material. With such information one achieves a rather dependable indication as to 
whether or not the compound is safe enough to warrant further pursuit with additional 
evaluation and use. 

Subchronic studies are subsequently used to define the impact of repeated dietary 
doses over the greatest portion of the animals' growth and maturation period. They 
generally involve one rodent (e.g. Rat) and one non-rodent (e.g. Dog), 10-20 animals 
per group at each of three test dose levels, plus controls, fed for 90 days. The 90 day 
subchronic test provides the most substantial information and will undoubtedly be the 
workhorse test of the next decade. The indices, as listed in Table 3, are similar for both 
subchronic and chronic studies. 

At this stage of a testing program, just before or during the subchronic studies, it 
can be extremely meaningful to start the absorption, distribution, metabolism and 

Table 3. Subchronic/Chronic Indices 

Food Intake 
Growth 
Mortality 
Hematology 
Clinical Chemistry 
Urinalysis 
Organ Weights 
Body Weights 
Gross and Histopathology 
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excretion (A,D,M & E) studies. They are very helpful in establishing actual target 
organ dosimetry by determining the stability and chemical character of the material 
absorbed from the G.I. Tract. Such information can be quite important in determining 
the direction of further research on the compound. 

During or following the subchronic tests one should embark on testing for possible 
teratological and reproductive effects. 

Teratology is the study of the potential effects of the test compound during in utero 
development. Generally performed as separate tests in the rat, mouse, hamster and 
rabbit, teratological potential may also be determined as an adjunct to multigeneration 
reproduction studies. A key issue in teratology testing and evaluation has been 
differentiating direct teratogenic effects on the fetus from those effects resulting 
secondarily from intoxication of the mother. The indices unique to a teratology study 
are shown in Table 4. 

Table 4. Teratological Indices 

Body Weights Over Test Period 
Resorptions 
Toxic Response Data 
Time of Death 
Pregnancy and Litter Data 
Organ and Soft Tissue Abnormalities 
Skeletal Abnormalities 

Reproduction studies are generally done with rats and mice over two generations. 
Table 5 presents the key observations made in such tests. 

Table 5. Reproductive Indices 

Fertility Indices 
Length of Gestation 
Litter Size 
Toxic Effects/Survival 
Body Weight Data 
Necropsy Findings 
Histopathology 

Chronic studies are used to determine the adverse effects of regular exposure to 
substances over periods of at least 12 months. Their purpose is to characterize the test 
material's chronic toxicity and to define the dose at which no adverse effects are 
observed. Rats and dogs are the primary species of choice for this test. 

This brings us now to carcinogenicity tests the toughest part of the safety 
evaluation and regulatory science conundrum because of several test characteristics 
including those shown in Table 6. 

Twenty-four month carcinogenicity studies are called for in both rats and mice. 
This length of treatment covers the greatest portion (90+ %) of the animal's lifespan. 
The objectives of both carcinogenicity and chronic testing can be achieved in a single 
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Table 6. Carcinogenicity Bioassays 

a) High Dollar Cost 
b) High Time Cost 
c) Propensity for Equivocal Results 
d) Questionable Relevance to Man 
e) Statutory (Delaney) Zero Risk 

study by accommodating the needs of both in the study design. Such a combined study 
will however require more animals than would either one singly. 

A relatively recent review of carcinogenicity testing issues appears in the report 
of the "NTP A d Hoc Panel on Carcinogenicity Testing and Evaluation" (2). This is 
recommended reading for one interested in thorough discussions on issues relating to 
carcinogenicity bioassays. 

Subsequent to recommendations in this report, the NTP program has been 
undergoing changes to bring increased depth of science and understanding of 
mechanisms into the performance and interpretation its carcinogenicity bioassays. 
Nevertheless, the rodent chronic bioassay is at best a very crude tool for estimating 
cancer risk for man. 

In 1981 Dr. Robert Squire (3), former director of the NCI Bioassay Program, had 
called for the weight of evidence to include the considerations given in Table 7. 

Table 7. Carcinogenicity Weight of Evidence Indices 

• Chemical similarity to other known toxicants 
• Binding to dna, ma, protein 
• Genotoxicity 
• Metabolic and pharmacokinetic data 
• Physiological, pharmacological and biochemical properties 
• Number of species effected 
• Number of tissue sites effected 
• Latency periods 
• Dose response relationships 
• Nature and severity of lesions induced 

As NTP gathered more of its own data on non-carcinogens and reviewed the 
control data, its position has also shifted from the early 1980's to include greater use 
of weight of evidence in their evaluations. Indeed in arecent 1990article (4) Dr. Haseman 
of the NIEHS states "In particular, a decision rule that routinely labels a carcinogen 
whenever a single tumor increase is significant at the 5% level for any exposed group 
can result in a false positive rate considerably greater than the nominal 5%." He went 
on the say, "also, statistical decision rules should not be employed as a substitute for 
sound scientific judgement in the overall evaluation of these experiments." 

The most provocative and perhaps significant new test to appear in the past two 
decades was the salmonella test for mutagenicity introduced by Dr. Bruce Ames in the 
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early 1970's. For a while some people thought a "litmus test" had been found to replace 
the lengthy and costly carcinogenicity bioassays. 

In the mid- 1970's the F D A commissioned a FASEB Special Committee on Flavor 
Evaluation Criteria (SCOFEC) whose report recommended that all flavors should be 
tested with the Ames test. Those flavors testing positive were then to be tested further 
via the full gauntlet of toxicity tests then required for food additives, including 
carcinogenicicity testing. Estimates of this dollar cost to the food and flavor industry 
ran as high as three hundred million dollars. This recommended course of action was 
fortunately not pursued by FDA. Basically the reliability and relevance of the Ames 
test to human safety had not yet been adequately established. 

Since that time, as more short term mutagenicity tests were developed, their 
reliability and relevance continued to be evaluated. In 1987 Tennant et al reported (5) 
that evaluation of results for 73 chemicals tested in four short-term tests (STT) for 
genetic toxicity and in two rodent bioassays for carcinogenicity demonstrated only 
about 60% qualitative agreement (i.e. concordance) between STT and bioassay 
results. The authors concluded that "no single in-vitro STT adequately anticipates the 
diverse mechanisms of carcinogenisis; and, more important, the advantage of a battery 
of in-vitro STTs is not supported by results of the present study." It was emphasized, 
however, that it would be prudent not to dismiss their importance for detecting 
genotoxic chemicals because of health concerns aside from cancer. 

Brockman (6) pointed out that it is curious that the equally low concordance (67%) 
between rat and mouse carcinogenicity bioassay results for these 73 chemicals has not 
received equal attention. It is also true that a carcinogenicity assay in one rodent 
species does not adequately anticipate the diverse mechanisms of carcinogenisis in the 
other rodent species. 

Since my topic is trends, I must point out that previous studies had shown 
concordance values as high as 90% for STTs and rodent bioassays, and as high as 85% 
for the two rodent bioassays. Indeed Tennant et al (5) point out, that the 73 NTP 
chemicals and their 60% incidence of carcinogenicity are probably not representative 
of the universe of chemicals but rather reflect the present chemical selection process 
for the NTP carcinogenicity assay. 

Consider now the potential adverse impact of having had to test the 40% false 
Ames test positive flavors in chronic rodent bioassays which in turn yield equivocal 
results of questionable relevance to product safety for human use. 

It is now felt that a more appropriate approach to prioritization and safety review 
of flavors is that proposed by the Flavor Extract Manufacturers Association (FEMA) 
(see Chapter 16, by Dr. Otho Easterday). 

I'm sure the chapter by Dr. Gary Williams, will provide a more up-to-date 
assessment of the value and use of genetox tests. Research continues towards 
developing methods for effectively evaluating potential for additional toxicological 
endpoints including immunotoxicity, neurotoxicity and behavioral toxicity. Such 
methodology has not yet become a routine part of requried toxicity testing programs. 

While the existence of many natural toxicants had been documented earlier (7), it 
was indeed interesting to read the 1983 science article (8) by Dr. Bruce Ames in which 
he described the presence of a great variety of natural mutagens and carcinogens, as 
well as anti-mutagens and anti-carcinogens in the human diet. Dr. Ames concluded 
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that "characterizing and optimizing defense systems (e.g. natural anti-oxidants) may 
be an important part of a strategy of minimizing cancer and other age-related 
diseases". This is certainly a point to be considered extremely important as we 
consider whole foods. 

This brings us to our future challenges regarding food safety. As prefaced by the 
considerations just described for flavors, attention is now turning to other natural 
components, chemicals introduced by processing (e.g. heat) and to foods themselves. 
Development of new foods via biotechnology is adding significant impetus for this 
new focus on natural food components. 

Dr. Scheuplein's paper (Scheuplein, R., FDA, May, 1990 Conference on New 
Food and Food Chemicals at the National Academy of Sciences) is a fine treatise on 
this issue. Please keep in mind that most of the food related toxiciy issues faced since 
1958, other than microbiological, have been concerned with single characterizable 
chemicals. We must now address mixtures of unknown chemicals eaten in large 
quantities (> 1 % of diet) as we deal with foods themselves. Caution, yet due diligence, 
is needed in approaching safety testing and evaluation of complex matrices we know 
as foods. 

In anticipation of challenges to the food safety sciences by new food biotechnologies 
a consortium of food and biotechnology companies assembled a group of expert 
scientists that undertook the development of a guideline document in which scientific 
criteria are recommended for use in evaluating new foods developed via biotechnol
ogy. This International Food Biotechnology Council ' s report on "Biotechnologies and 
Food: Assuring the Safety of Foods Produced by Genetic Modification" (9) has re
ceived a very broad international peer review, and was published in December 1990 
as a special issue of Regulatory Toxicology and Pharmacology (RT&P). The 
executive summary of the IFBC document has been published as a separate article in 
the August, 1990, issue of RT&P. 

I had the privilege to be one of the authors of the IFBC document and with the full 
endorsement of IFBC I now share with you the key findings and recommendations 
relative to product safety evaluation contained in chapters 5 & 6. By so doing, I do 
believe we'll be getting a close look at the future food safety issues and activities. 

Before continuing however, I'd like to remind you again the tremendous issues 
raised by any attempt at straight forward application to foods of all the traditional 
toxicological approaches that have been applied to food additives. 

Remember that our present safe and wholesome foods, variable mixtures from 
over 200,000 components, have never been thoroughly analyzed nor seen a laboratory 
animal toxicity test. We must rely heavily on the breeding and agricultural practices 
that have so successfully produced our wholesome and abundant foods and then 
integrate with them any new safety assessment procedures found necessary. 

IFBC recommends that: 
1. A decision tree approach be used for assessing the safety of whole foods and 

food components. 
In evaluating genetically modified products via the decision tree it will be noted 

that their safety evaluation is geared principally to an evaluation of their inherent 
constituents as a means of ensuring the safety of the whole food as consumed. 
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Accordingly, the decision tree does not include a formal requirement for safety/ 
biological testing of the final product (not unlike the introduction of new cultivars by 
traditional plant breeding practices). Nevertheless, a prudent manufacturer, who has 
the ultimate responsibility for product safety may, depending on the particular 
product being dealt with, undertake some degree of testing of the final product in 
animals and/or humans prior to placing the product on the market. Whenever such 
testing is considered, the specific approach, type and methods of test must be very 
carefully customized to the particular product keeping in mind the rationale of this 
overall document. 

It makes the point also that following any appropriate, and if necessary, animal 
tests and setting a tentative exposure level, human volunteer studies to test for human 
tolerance should be designed. Following simple organoleptic evaluation, the first 
human study should involve the feeding of a single meal containing the macroingredient 
at a known dose level to one volunteer at a time. If no harmful effects are observed 
with several volunteers, studies involving the feeding of the novel food for a short 
period (initially about four weeks with follow-up studies of longer duration) should be 
performed. 

Of course the less experience, knowledge and data one has about a new product's 
origins and composition the greater the effort needed to reduce the level of concern to 
an equivalent of that of the competing traditional product. 

2. The safety evaluation of single chemical entities and simple chemically-
defined mixtures used at low levels continue to be based on the conventional 
toxicology and safety evaluation practices presently being used. 

It goes on to point out that complexity arises because some simple substances, such 
as sucrose and high-fructose corn syrup, are used at high levels in food, and therefore 
encounter many of the same safety evaluation problems as foods and complex 
mixtures. Conversely, there are many complex mixtures, such as spices, essential oils, 
or papain that are only used at low levels. The safety evaluation of such food 
components becomes a blend of the problems and opportunities that accompany 
traditional natural foods, and those that are associated with single ingredients used at 
low levels. 

3. The initial basis of the safety evaluation of a genetically modified food should 
begin with consideration of the lineage of all genetic materials present in the final food 
product. 

4. The principal feature of the safety evaluation of genetically modified food 
products should be a comparison of the composition of the new product with its 
traditional counterpart in regard to the levels of inherent constituents. 

5. A food product should be considered to present no safety concern if analytical 
studies indicate that the concentration of inherent constituents does not differ sig
nificantly from the concentration range typical of the traditional food, and any new 
constituent(s), i f present, is already accepted for use in food under the anticipated 
conditions of use. 

6. Procedures for safety evaluation of whole foods and other complex mixtures 
should be closely linked to existing agricultural and food processing practices as well 
as to the regulatory status of comparable traditional foods and ingredients. 
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7. A food product should be considered to present no safety concern if use of the 
food would not be expected to alter significantly the present intake of it or its 
constituents in comparison with the traditional product, and the proposed conditions 
of use of the new product would not reasonably be expected to lead to such an intake 
of the food that the total intake of any constituent would exceed the amount acceptable 
under the standard of safety appropriate for that constituent. 

8. Further safety evaluation of a food product should be required if : 
(a) analytical studies demonstrate a significant change in the levels of 

inherent constituents of the food or; 
(b) the new constituent(s) is not an accepted food ingredient and its safety 

under conditions of use requires further evaluation. 
9. The standard for a significant nutrient (one that food supplies, in the average 

diet, 10% or more of the dietary need) should be the mean value reported in the 
literature plus or minus 20%. If the food is not extensively pooled, as for example 
potatoes, IFBC recommends that the standard should be the mean reported in the 
literature plus or minus 2 standard deviations or 75% of the reported range, where a 
standard deviation is not available. 

If a nutrient in a food supplies less than 5% of the average dietary need, the nutrient 
may be considered non-significant for the purpose of this evaluation. The range from 
non-significant (less than 5%) to significant (more than 10%) is a judgmental area. 

Depending on the nature and intended uses of macroingredients, studies in animals 
may be needed to supplement the chemical studies. It must be recognized that if animal 
studies are employed in the safety evaluation of whole foods and macroingredients 
that the traditional 100-fold safety factor approach to establishing acceptable human 
exposures will have limited validity. Indeed, one should not apply any biological test, 
or analytical test for that matter, to a new food product until it has been shown to work 
effectively with the traditional counterpart product. 

Challenges facing us in any attempt to implement according to these IFBC 
recommendations include: 

Food Composition. Relative to the task ahead, our knowledge and data base of 
composition of foods is grossly deficient to non-existent. In addition, the very fact that 
natural foods demonstrate extreme variabilities in composition due to genetic and 
environmental stress factors many analyses are necessary to obtain representative 
data. 

Methods of Food Analysis. While a wide variety of sophisticated analytical 
chemistry techniques are available, they generally have not been adapted and applied 
to food systems. Also, there are very few chemists available or being trained in this 
field. 

Animal Feeding Studies. As customarily performed and evaluated toxicology 
tests are inappropriate and will require significant revision before they can play an 
effective part in evaluating the safety of whole foods. 

Human Clinical Testing, while the need for human trials with new foods is 
becoming more and more clear, there is yet no rubric under which such studies should 
be performed. Indeed, this subject is getting increased attention (see Chapter 11, by 
Dr. Glinsmann). 
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In essence we're faced with building a scientific bridge between the procedures 
used in the past for developing and introducing new cultivars of food plants and those 
becoming available as a result of incorporating recent biotechnological procedures in 
one step of the overall process. 

There's a similarity between this bridge we need and the Tappan Zee bridge across 
the Hudson River at Tarrytown, New York. While the West end of the bridge rests on 
bed-rock, the East end rests on a multi-story concrete and steel caisson floating on the 
riverbottom. In order to bridge our new biotech foods with the traditional plant 
breeding and agricultural system, greater amounts of "bed-rock scientific data" will 
be necessary the more novel and different the new product is from the traditional 
products for which assurance of safety rests on centuries of experience. Enough data 
must be collected to demonstrate that there is no more reason to be concerned about 
the safety and wholesomeness of the new product than there is for the traditional 
counterpart product. 

In summary, while we see some maturation in the safety andregulatory assessments 
of single ingredients over the past several decades, we presently find that: 

* Testing Costs - The numbers and varieties of toxicity tests continue to rise. 
* Carcinogenic bioassays - These are not as sensitive and reliable for deter

mining carcinogenic potential for man as once believed. 
* Genetox Tests - These tests, while useful for research quidance, by themselves 

are not reliable predictors for carcinogenicity potentials in mammals. 
* The 30 day and 90 day Feeding Studies - These will become the workhorse 

toxicity tests for food materials in the next decade. 
* Metabolism and Pharmacokinetic Data - Such data for single chemicals is 

increasing rapidly in importance. 
* Human Clinical Studies - Use of human clinical studies will become an ever 

increasing part of the evaluation of new foods and their ingredients. 
* Immunotoxicity, Neurotoxicity, and Behavioral Toxicity - Research con

tinues towards development of appropriate tests in these areas. 
* Traditional Toxicity Tests - The animal tests and approaches used tradi

tionally by toxicologists are inadequate and often inappropriate for evaluating new 
food ingredients that are to be consumed at greater than 1 % of the diet. While existing 
toxicological methodologies are designed to determine the levels at which exposure 
to a material leads to adverse effects, evaluation of new whole foods must be a matter 
of assuring that the level of concern of the new product is no more than its traditional 
counterpart with which it will compete. 

There is really no reason to be more concerned about the safety of foods derived 
via use of biotechnology than there has been with traditionally derived foods. 
Nevertheless, the advent of biotechnology has brought a new focus onto the entire food 
system. Addressing the issues prompted by biotechnology focuses on the fact that 
much needs to be done for developement of methods for comparative food compo
sition, nutrition, chemical and microbiological safety of foods in general. 
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Chapter 10 

Acute a n d C h r o n i c Toxici ty Tes t ing 
in the Assessment of F o o d Addit ive Safety 

David G. Hattan 

Center for Food Safety and Applied Nutrition, U.S. Food and Drug 
Administration, 200 C Street, SW, Washington, DC 20204 

This paper describes the history and present policy of the Food and Drug 
Administration regarding the use of the LD50 test procedure in support of 
the safety of food additives. Current issues affecting long-term testing 
such as the maximum tolerated dose and the survival of animals are 
discussed. The toxicological safety assessment of novel foods with low 
caloric density provides regulatory toxicologists with a special challenge. 

In his classic paper (7), J.W. Trevan described the calculation and measurement of the 
acute toxicity of drugs, referred to subsequently as the LD 5 0 , i.e., the single dose ex
posure of a test substance needed to produce lethality in 50% of the animals tested. 
Unfortunately, with the passage of time, the L D 5 0 value became accepted as charac
terizing the acute toxicity of a substance. Actually, as will be discussed later, it is only 
an unrefined and extreme measure of the acute toxicity of a substance. Its very 
appearance of objectivity and discreetness led to its widespread utilization. Indeed, 
until recently, the L D 5 0 was treated by some in the scientific community as possessing 
the characteristics of a biological constant (2). 

The fact that the L D 5 0 determination is not a constant value is well documented by 
a number of authors (7 -4). Zbinden and Flury-Roversi (4) surveyed the acute toxicity 
literature for five substances to assess the consistency of results from several LD 5 0 tests 
of these substances. The ratio of the largest dose to the smallest dose for LD 5 0 

determinations of these five substances in a number of tests varied from 3.7 to 11.3. 
The significance of the LD 5 0 value as a consistent indicator of acute toxicity has 

to be questioned when it can vary this widely. The reasons for this variability include 
differences in results of various studies with regard to species tested, age of animals, 
weight, sex, genetic influences, health and diet, degree of food deprivation, route of 
administration, ambient temperature, housing conditions, and season (4). In addition 
to these considerations, each test conducted to establish a value for an LD 5 0 uses a large 
number of animals. 

This chapter not subject to U.S. copyright 
Published 1992 American Chemical Society 
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As described in the first edition (1982) and as anticipated in the revision of the FDA 
"Redbook" (now under way within the agency), it is not necessary to provide an exact 
L D 5 0 . If the sponsor of a food additive wishes to provide the F D A with an L D 5 0 , then 
an approximate value will suffice. The F D A has stated that the "classical" L D 5 0 test 
is not an FDA-required procedure for determining safety and its use is not part of 
agency testing policy (5). There are several test procedures that have been developed 
recently to maximize information on acute toxicity without using large numbers of 
animals (2,6). Most of these newer study techniques emphasize studying each animal 
for additional information to assess the toxic effects on organ systems as well as to 
observe overall symptoms of toxicity and recovery (6). 

Before deciding upon the actual doses to be used in testing a new substance, the 
intrinsic biological and chemical activity of the compound should be considered as 
well as factors such as chemical and physical characteristics, molecular weight, 
partition coefficient, and toxicity of related compounds. For example, the corrosiveness 
and local tissue toxicity of a highly acidic or caustic substance may bear little 
toxicological relevance to the degree of general systemic toxicity of the same 
substance (7). 

If one is proposing to test a substance that appears to be relatively nontoxic, one 
might give a dose of 5 g (or mL)/kg body weight to a small number of animals (perhaps 
five) and monitor them closely for up to 14 days for toxicity and recovery. This period 
of observation could be followed by a pathological examination of the test animals to 
determine any organ system toxicity. If no test animals die at this dose, then the acute 
toxicity can be indicated as being "greater than 5 g/kg." This type of procedure to test 
first for low toxicity by administering a single, large dose is referred to as a "limit test." 
Practically speaking, this dose of 5 g or mL/kg is near the practical upper limit of what 
can be given by gavage in a single dose to a rodent. 

Other types of dosing protocols are available, e.g., the so-called dose-probing 
design, in which one animal for each of three different widely spaced doses is tested. 
After a sufficient period of time (up to 14 days), one might decide based on these 
results whether and how to select other intermediate doses (7). Another type of acute 
toxicity design is often described as the "up-and-down" procedure. In this approach, 
one animal at a time is dosed; then another animal is dosed 1 or 2 days later with a 
different dose until an approximate L D 5 0 is obtained (6,8). It is again appropriate to 
emphasize that a more complete examination of a few animals will provide more 
useful data than will a superficial examination of a large number of animals as in the 
traditional L D 5 0 test. 

Another general area of toxicity testing that has been the subject of intense and 
widespread discussion is that of long-term testing to assess the chronic toxicity and 
carcinogenic potential of food additives. Much of the recent debate has been 
concerned with the issues of " M T D " or "maximum tolerated dose" and animal 
survival. 

The appropriate use of the M T D has been and continues to be one of the most 
intensely debated issues in toxicological testing. This is not surprising because the 
outcome of carcinogenicity testing and the ultimate fate of food additives are so 
dependent on the level of exposure (doses) of the test animals to the substance being 
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tested. The so-called Delaney Clause of the Food, Drug, and Cosmetic Act prohibits 
a substance from being added to food if that substance produces cancer in either 
animals or man. On one hand, the dose to be tested should be relatively high to 
compensate for the inherent lack of sensitivity of the carcinogenicity bioassay, but on 
the other hand, the dose should not be so high as to be unrepresentative of the toxicity 
to be expected in humans at lower doses (9). 

The M T D is determined (actually estimated) after a careful analysis of data from 
subchronic toxicity testing. Based on the National Cancer Institute guidelines of1976, 
the definition of the M T D is as follows: the highest dose that causes no more than a 
10% weight decrement, as compared to the appropriate control groups; and does not 
produce mortality, clinical signs of toxicity, or pathologic lesions (other than those that 
may be related to a neoplastic response) that would be predicted to shorten the animal's 
natural life span (10). 

As time has passed and our experience with carcinogenicity testing has accumulated, 
it has become clear that a broader range of biological information is needed to select 
the M T D . For example, now it is possible to utilize data concerning changes in body 
and organ weight and clinically significant alterations in hematologic, urinary, and 
clinical chemistry measurements in combination with more definitive toxic, gross, or 
histopathologic endpoints to estimate the M T D (77). 

Some of the advantages of using the M T D are (1) compensating for the insensi-
tivity of the carcinogen bioassay, including the relatively small number of animals 
used for testing; (2) providing consistency with other models used in toxicology (high 
enough doses must be used in order to elicit evidence of presumed toxicity); and (3) 
allowing comparison of carcinogenic potencies of substances even when the data are 
collected from different studies (9). 

Of course, there are also disadvantages to using the M T D concept. For instance, 
just using the word "maximum" allows some people, especially among the general 
public, to assume that these doses are impossibly high compared with those to which 
they as consumers are exposed. In reporting a carcinogenic response, it is rare that a 
full and balanced explanation is given of what the risks of exposure to a substance 
actually are in the context of the consumer's everyday experience. In addition, the 
definition of M T D is not consistent. Thus, it is possible for investigators looking at 
one set of data to conclude that their analysis shows that the M T D has been exceeded, 
whereas other investigators will conclude that the M T D has not been achieved. This 
disagreement might be over the interpretation of metabolism data or whether an organ 
alteration was adaptive or toxicologic. Finally, it is possible for a high dose that clearly 
exceeds the MTD to produce a carcinogenic response, while the next lower dose, 
which does not exceed the MTD, produces no carcinogenic response. Some inves
tigators would claim that this substance should not be labeled an animal carcinogen 
(9). 

McConnell (9) suggests that it is justifiable to use the M T D in carcinogenicity 
studies of substances for which there is little or no control over exposure, such as those 
in drinking water, food, air, or the work environment. Another method of deciding the 
dose might be to select a simple multiple of the human exposure, such as 1,000 or 
10,000. 
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A second general topic that has attracted discussion with regard to its potential 
influence on the conduct of carcinogenicity bioassays has been the proportion of test 
animals surviving at the termination of chronic studies, also referred to as survival. 
Many toxicological guidelines have standards for valid negative carcinogenicity 
bioassays that require at least 50% survival of rats until 24 months of age (72). 

This particular standard for valid negative carcinogenicity bioassays is included 
to help assure regulatory agencies that when a substance is tested for carcinogenicity, 
there have been a sufficient number of animals on test for a sufficient period of time 
for any tumorigenic potential to be adequately assessed. Until recently, there had been 
little or no indication that commonly used rat strains presented any problem of 
survival. Within the past year or so, however, industry (Burek, J. D., Merck, Sharp & 
Dohme Research Laboratories, West Point, PA, personal communication, 1990) and 
the National Toxicology Program (Rao, G. N . , National Institute of Environmental 
Health Sciences, Research Triangle Park, NC, personal communication, 1990) are 
apparently having difficulty in reliably achieving a 50% level of survival at 24 months. 

Industry is naturally concerned about this trend and is trying to monitor and solve 
this problem before it starts to impair their ability to conduct adequate chronic toxicity 
and carcinogenicity studies. The FDA and other regulatory agencies will be closely 
watching developments in this particular area of toxicological testing. It may be that 
if this is a definite trend across time rather than a short-term difficulty, serious 
consideration will have to be given to developing means of addressing this problem. 
One general suggestion is that animal breeders include adequate longevity as one of 
the desirable characteristics in selecting for their future generations of breeding 
colonies. At this point, breeders select mainly for fecundity and rapid growth in their 
breeding stocks. 

The final topic for discussion is that of toxicity testing to support the safety of a 
class of substances referred to as "novel foods" or "low nutrient density foods." 
Subsequently in this paper, these materials will be referred to as NFs. 

In the U.S. there is a keen interest in the development of public health policies and 
technological advances that will assist in the reduction of morbidity and mortality 
associated with ischemic heart disease (IHD). In 1985 coronary heart disease, cancer, 
and stroke resulted in 783,000,330,000, and 210,000 deaths in the U.S., respectively, 
and resulted in costs of more than $100 billion in morbidity and hospital care (13). 

One of the most useful approaches in lowering the toll from EHD would be to lower 
body weight and/or reduce the proportion of fat being eaten by the typical U.S. 
consumer. The U.S. Surgeon General's Report on "Nutrition and Health" recommends 
that the present proportion of fat in the diet (on average 37%) be reduced to no more 
than 30% and that the 25% of Americans who are now overweight could reduce their 
long-term health problems (obesity, diabetes mellitus, and atherosclerosis) by attaining 
their ideal body weights (74). 

Given the persistence of dietary habits and the great difficulty in changing them, 
it may be that an entirely new approach will be required to produce the desired 
reductions in dietary fat and/or caloric intake. Toward this end, the research and 
development departments of international/multinational companies, including phar
maceutical and food and chemical companies, have been engaged in a search for food 
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additives or food-like materials that may be used as complete or partial replacements 
for fats, oils, bulking materials (intended to act like flour or sugar), and artificial 
sweeteners in the foods we eat. These NFs are intended to fulfill all the technological 
requirements of fats, oils, bulking materials, and natural sweeteners as used in foods, 
but once in the gastrointestinal tract, they are neither digested nor absorbed. Such 
properties make these NFs essentially noncaloric. 

Although NFs are interesting in and of themselves, they provide regulatory 
toxicologists with a special challenge to define exactly how they are to be tested to 
assure their safety as a common and chronic part of the American food supply. Some 
of the characteristics inherent to NFs complicate toxicological testing. For example, 
because NFs are food-like, they are consumed in food-like quantities. This means that 
the average consumer could, depending on how widely the material is spread 
throughout the food supply, consume substantial amounts each day. 

The ingestion of relatively large quantities means that the usual dose exaggeration 
found in toxicological testing for food additives, which are used in much smaller 
amounts, will be unavailable for these substances. This is true because as the 
percentage of normal daily intake of a food additive reaches 1% or above, it is not 
possible to get dietary exaggeration of more than 10- to 20-fold. In many dietary 
feeding studies with other more "potent" food additives, it is not uncommon to have 
a 1000- or 10,000-fold exaggeration in the dietary mix used in a toxicological study, 
compared with the level of expected human exposure in the diet. With these latter 
"potent" food additives, it is entirely possible to apply safety factors of 100-fold, while 
with the food-like NFs, it is not possible. 

This smaller margin of safety between the dose fed to animals and the level of 
expected human exposure means that the toxic endpoints in animal studies will have 
to be very clearly and unambiguously defined. In addition, it implies that even after 
the safety testing in animals is complete, additional careful studies with humans will 
have to be conducted to confirm that the human responds in much the same manner 
as the animal model used for testing. 

Another potential complication of toxicological testing for these substances is that 
of obviating the possibility of nutritional interactions leading to seemingly substance-
mediated toxicity. For example, if the new NF signifcantly reduced vitamin or mineral 
absorption, it might elicit adverse effects in the animal model simply because of this 
nutritional effect. Therefore, early studies with these materials will have to determine 
what, i f any, nutritional effects these substances have and then modify the testing 
designs of the normal toxicological feeding studies to compensate for these nutritional 
effects. 

As suggested above, these materials will probably pass through the gastrointes
tinal tract rather than be absorbed. This characteristic may require development of 
other data. For example, what might the influence of this substance be on the rate of 
gastrointestinal transit? Is there any laxation effect? If so, how much at what dose? 
Are there any adverse effects on disease states of the gastrointestinal tract, such as 
Crohn's disease or gastroenteritis? Are there any influences on the bioavailability of 
certain drugs, especially ones with a small therapeutic margin, such as the digitalis 
alkaloids? What about the long-term effect on human nutrition? Is there interference 
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with the absorption of vitamins and/or minerals? If so, is there an effective way to 
counteract these effects, and if so, how? 

In summary, although it is clear that novel foods with the capability of serving as 
low calorie food-like substitutes could provide a valuable contribution in altering and 
improving the macronutrient intake of those in the general population of the U.S. who 
need this assistance, it is also clear that there are major challenges in supplying answers 
to important animal and clinical toxicological questions. It is only after these difficult 
and, at times, unique issues have been satisfactorily resolved that these novel foods can 
be approved for addition to the U.S. food supply. 
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Chapter 11 

Usefulness of C l i n i c a l Studies i n Es tab l i sh ing 
Safety o f F o o d Product s 

Walter H. Glinsmann 

Center for Food Safety and Applied Nutrition, Division of Nutrition, U.S. 
Food and Drug Administration, 200 C Street, SW, Washington, DC 20204 

The safety assessment of a food or food additive is a risk assessment of a cumulative 
food or additive use. It is limited by current scientific knowledge and often involves 
considerable judgment about science. The safety standard which is used to support 
regulatory actions varies according to product type, history of use, and regulatory 
category. 

Traditionally, food additives are considered safe for food use when a large safety 
factor or margin of safety exists between the amount the consumer ingests and the 
amount that causes no adverse effects in the animal used to test for food additive safety. 
This approach may not be sufficient forestimating safety when there are high intended 
use levels, significant inter- and intra-species variation in physiological effects or 
metabolism of an additive, or when adverse health effects are different in animals and 
humans. Also, foods are increasingly being tested for their role in disease prevention 
or disease management. Animal or in vitro models often are insufficient for assessing 
validity of health claims or estimating health risk that might accompany special dietary 
or therapeutic uses of food products. 

The thesis of this chapter is that recent developments in food uses and consider
ations about food safety contribute to an increased need for human testing to assure 
safety and suitability of new uses, and that several issues surrounding such testing 
involve complex ethical considerations and a novel mixture of current food and drug 
law. The agency is developing guidelines for clinical testing of food and color 
additives; however, these guidelines will pertain to only a limited segment of the 
concerns about clinical testing of new foods and food components. 

Changing Food Use and Safety Concerns 

Traditional food products have been primarily assessed for their safe use in the general 
population. They were developed to deliver adequate energy and nutrients and 
achieve functional or technical effects that produced improved products in terms of 
preservability, lack of contamination, improved organoleptic or aesthetic quality, and 
cost effectiveness. Many innovations in macro food components were made by 

This chapter not subject to U.S. copyright 
Published 1992 American Chemical Society 
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processing of ingredients which had a long history of safe use and the resulting "new" 
food component was in fact a product that could be assessed predictably in terms of 
safety of use by estimating exposures to the component ingredients. A recent example 
of action on this type of product is the approval of the microparticulated protein 
product Simplesse for use as a fat substitute in frozen desserts. Protein quality was 
shown to be equivalent to that of the original ingredients and estimates of effects of 
increased exposure to protein and other components were easily assessed. Novel 
ingredients, such as artificial sweeteners with intense sweetness, are quantitatively 
minor components of foods and thus can be subject to safety assessments involving 
a large exposure safety factor based on traditional animal testing. Examples are the 
safety assessments supporting the approval of aspartame or acesulfam-K uses. This 
approach to product development and the ability to introduce a large exposure safety 
factor is applicable only when the amount of the new addition is small compared to the 
total diet. 

Food products are now being developed to promote health and to prevent, mitigate, 
or manage disease, primarily chronic diseases and obesity, but also acute or subacute 
illness. A major focus of food product development is on the reduction of caloric 
density and on the reduction or addition of specific macro components such as 
saturated fatty acids and specific types of dietary fiber. In many cases, these products 
will have relatively high use levels as bulking agents, forms of dietary fiber, low 
intensity sweeteners, and fat substitutes. Many may be novel compounds without any 
history of use. In terms of safety assessments, animal models may be limited in then-
usefulness because of differences compared with humans in tolerance, metabolism, 
physiological responses, nutritional requirements, or susceptibility to the influence of 
how humans versus the animal model may consume food. 

The development of new food products to promote health is in part supported by 
our greatly expanded knowledge of basic biological mechanisms involved in the 
development of diseases. Paradoxically, this expaiKfedknowledge also leaves us with 
questions about the adequacy of the basic paradigffls we have used to judge safety. As 
knowledge expands, so does the number and typeof questions related to safety of use 
of food components or of the adventitious effects of manufacturing and preservation 
processes. These circumstances then reflect on the applicability of animal or in vitro 
models to predict safety. This places the FDA and others concerned with food safety 
assessments at a difficult juncture. Should we now develop and validate a new 
generation of animal and in vitro models to address a new generation of concerns about 
food safety? Alternatively, should we move in the direction of increased human 
testing? Although human testing would proceed in a graded fashion to minimize risk 
and would be performed with full informed consent, it raises questions of an ethical 
nature. Foods are mandated to be safe and until demonstrated to be safe, human testing 
is not easily justified as being appropriate. 

I have drawn an oversimplified dichotomy to make a point, i.e., if we are to approve 
a number of new food additives for use for health promotion and disease prevention, 
we may need to consider some form of risk vs. benefit analysis in the approval process 
before we encourage expanded human clinical testing to assess safety of use. We also 
may need to consider greater use of restricted marketing and approval of manufactur-
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ing processes. The changing perceptions about how foods or food additives should be 
developed for health promotion and disease prevention may require a fundamental 
rethinking of the safety standards for approvals including dichotomous standards for 
marketing of foods for special dietary use as opposed to foods that are marketed for 
the general population for taste, aroma, and general nutritional content. 

Finally, in the matter of law, it is important to note that, during the past year, 
Congress has passed the Nutrition Labeling and Education Act (NLEA). This act, 
which provides for mandatory uniform nutrition labeling, also alters our consider
ations andpotential need for human clinical testing in that it provides for health claims 
on food for the general population; it requires consideration of health claims for dietary 
supplements which are in a category of Foods for Special Dietary Use; and it defines 
"medical foods" in food law. The N L E A thus provides some additional stimulus to 
consider that efficacy to satisfy label claims as well as safety testing for foods and 
additives will need to be considered in the near future and that appropriate labeling will 
be defined to assure safety of use as well as potentially beneficial effects on health. 

The Food-Drug Spectrum 

Food safety evaluations are constrained by food law and regulations, by various policy 
decisions, and by previous regulatory actions and legal decisions. In this regard, it is 
important to recall that the definition of food is limited to articles used for food or drink 
for man or other animals, chewing gum, and articles used for components of any other 
such article. Foods do not have any particular beneficial health use associated with 
their definition; they are not approved on a benefit vs. risk paradigm; and there are no 
adequate directions for use associated with their labeling. Drugs, on the other hand, 
are articles intended for use in the diagnosis, cure, mitigation, treatment, or prevention 
of disease in man or other animals and articles intended to affect the structure or any 
function of the body of man or other animals. While it is possible to have a product 
that is both a food and a drug, the agency has not, as of now, defined a category of a 
food-drug hybrid. It is of interest that in the drug-cosmetic spectrum, the agency has 
taken such action in that tooth paste (a cosmetic) containing fluoride to prevent dental 
caries (a drug claim) is both a cosmetic and a drug and is regulated under both cosmetic 
and drug law. The N L E A now defines categories of foods eligible for health claims 
that may make the consideration of such a hybrid designation a viable consideration, 
namely by defining a medical food category as distinct from other foods for special 
dietary use. 

In the past, when food law had been inadequate to assure appropriate marketing 
of a product which had beneficial health effects, such as total parenteral nutrition 
solutions or injectable vitamin products, such products were simply classified and 
regulated as drugs. Clinical testing for these products has been conducted under 
investigational new drug procedures. The area of "Foods for Special Dietary Use", 
which is defined as a food category, also could be logically thought of as an area to 
develop regulations for clinical suitability and safety testing under food law. Para
doxically this area was largely defined at a time when Congress wanted to limit the 
agency ' s ability to regulate vitamin and mineral supplements as drug products; hence, 
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additional regulatory actions which would require clinical testing to document 
suitability of products for special dietary use were impractical. No action has been 
taken to implement clinical testing for foods for special dietary use with the exception 
of infant formulas. 

Foods for special dietary use is a category that is principally defined by Section 411 
of the Federal Food, Drug, and Cosmetic Act (FD&C Act) — often referred to as the 
Proxmire Amendment of 1976 — and Part 105 of Title 21, Code of Federal 
Regulations (21CFR105). Special dietary use is distinguished from general food use 
by (i) supplying particular dietary needs which exist by reason of physical, physiologi
cal, pathological, or other conditions, including but not limited to conditions of 
diseases, convalescence, pregnancy, lactation, allergic hypersensitivity to food, 
underweight, and overweight; (ii) supplying particular dietary needs which exist by 
reason of age, including but not limited to infancy and childhood; and (iii) supplement
ing or fortifying the ordinary or usual diet with any vitamin, mineral, or other dietary 
property. The Proxmire Amendment gave vitamin and mineral supplementation 
products special status and limited the FDA from establishing maximum limits on the 
potency of any vitamin or mineral dietary supplement unless for reasons of safety or 
from classifying a vitamin or mineral as a drug solely because it exceeds the level of 
potency which is nutritionally rational or useful. This amendment raises uncertainties 
about how to approach the area of health claims for food supplement products which 
are based on nutritional rationality. It effectively has prevented the implementation 
of a requirement for efficacy and safety testing data for the marketing of various 
combination nutritional supplement products providing claims for efficacy are made 
only in advertising (under the jurisdiction of the Federal Trade Commission) and not 
in labeling (regulated by the Food and Drug Administration). In this area, it is the 
agency's responsibility to prove that a given use of a vitamin or mineral supplement 
is unsafe before taking any adverse action against products that are properly labeled. 
The agency relies heavily on epidemiological and survey data to monitor this area. 

A category of special dietary use foods that now relies on limited human clinical 
testing is infant formulas. This includes "exempt" infant formulas, which are formulas 
that are specially formulated to meet the needs of infants with inborn errors of 
metabolism or special dietary needs. These products now have independent regula
tory status defined by the 1986 amendments to the Infant Formula Act of 1980. 
Regulations governing the safety, nutritional adequacy, and labeling of these products 
have been developed. Some formulas are exempted from the compositional require
ments of standard infant formulas because they are specially formulated and labeled 
for use by infants who have specific metabolic needs because of inborn errors of 
metabolism, low birth weight, or an otherwise unusual medical or dietary problem. 
The assessment of safety of these formulas relies on clinical testing to assure their 
suitability (efficacy) for use. In general, clinical testing verifies that the product will 
support growth and development and will mitigate the obvious effects of inherited 
diseases. Application of exempt infant formula regulations to the approval of products 
for managing inherited metabolic diseases other than those expressed in infancy is not 
appropriate under the Infant Formula Act; such products are currently considered as 
medical foods. 
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Medical foods constitute a conceptual category of food use that has changed over 
time. A brief understanding of the evolution of this category may help in understand
ing how it may be classified and regulated in the future with regard to requirements 
for human clinical testing. In 1972, the concept of "medical foods" was developed to 
efficiently bring to market specialized formulas to manage infants with inborn errors 
of metabolism (e.g., low phenylalanine formulas for infants with phenylketonuria). 
These products, considered to be drugs before 1972, were in fact "orphan" products 
in that they were developed for the nutritional management of diseases that occurred 
very rarely. Thus, there would normally be no economic incentive to manufacture 
these products. Since early products in this category simply depended on minor 
nutritional modifications (e.g., deletion of a single amino acid) to make them safe and 
for target populations, full review for suitability and safety under investigational new 
drug requirements was not deemed necessary. Furthermore, it was assumed that 
recipients were being closely monitored by physicians. While these products 
subsequently became regulated as exempt infant formulas, the need remained for a 
medical food category to address the many newly formulated nutritional products that 
were being developed for disease management not limited to inborn errors of 
metabolism expressed early in development. 

The Orphan Drug Act of 1982 subsequently defined a special procedure and 
incentive for developing orphan products, and in 1988 this Act was amended to 
include medical foods. By that Act, "The term 'medical food' was defined as food 
which is formulated to be consumed or administered enterally under the supervision 
of a physician and which is intended for the specific dietary management of a disease 
or condition for which distinctive nutritional requirements based on recognized 
scientific principles are established by medical evaluation." 

Since the concept of medical foods originated, many products have been devel
oped which have greatly expanded the applications for their uses. Most of these 
products have not been clearly distinguished as medical foods because, as yet, no 
regulations have been promulgated for this category of products. Medical foods have 
not been clearly delineated from other foods for special dietary use. Their unique 
features and requirements for clinical testing have not been defined by regulation or 
agency review. However, many are referenced in information targeted to physicians, 
e.g., they are listed and described with directions for disease related uses in medical 
references such as the Physician's Desk Reference. 

In recent years, major expansion has occurred in the types of prevention and 
therapeutic claims made for "medical foods". At the same time there has been a major 
shift in the way in which the general food supply is perceived and marketed. 
Increasingly, we are seeing health messages on foods for the general population which 
suggest a role of food or food components in health promotion and disease prevention. 
Thus, lack of clarity as to differences between medical foods and foods for the general 
food supply with diet and disease prevention claims has created much confusion in the 
marketplace. Clinical testing to support claims or safety of use has not been defined. 

The need to define medical foods as a separate product class was brought into sharp 
focus with the passage of the N L E A . The N L E A requires significant changes in 
nutrition labeling for the general food supply and also for special dietary use foods. 
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Furthermore, the N L E A contains a directive that the Agency implement procedures 
for allowing health claims on foods within the general food supply; specifies that food 
supplements, subject to Section 411 may be considered for health claims using a 
separate standard than that used to assess health claims for foods in the general food 
supply; incorporates the orphan products definition of medical foods into food law; 
and specifically exempts medical food from nutrition labeling. Claims may still be 
appropriate for medical foods but according to standards appropriate for a food-drug 
hybrid. 

In this regard, it could be argued that foods for special dietary use and medical 
foods are defined by their distinct characteristic of use and that a different standard for 
documentation, clinical testing, and labeling may be appropriate. Special dietary use 
foods which are dietary supplements of vitamins, minerals, herbs, or other similar 
nutritional substances may contain a health claim on the label that would be targeted 
toward the general population with appropriate language. They are used to provide 
segments of the general population with a positive benefit within the context of a total 
dietary pattern. In contrast, medical foods are intended to be used in the specific 
dietary management of a disease or medical condition under the care of physician. 
They may require complex directions for use. They may not be safe for general food 
use and they are excluded from general health claim labeling. 

The criteria and procedures for regulating health claims for general foods are now 
being developed to implement the N L E A . As a companion activity, it would be useful 
to establish criteria and procedures for clinical testing for allowing appropriate claims 
for medical foods. As a step in this process, the F D A has recently sponsored an 
analysis of "Guidelines for the Scientific Review of Enteral Food Products for Special 
Medical Purposes." Currently, a review is in progress to distinguish general health 
claims for generally available food products and special dietary use foods from 
treatment claims for medical foods, and to define approaches for developing high 
quality products for disease management. Many medical food products are still 
orphan products and there is considerable Congressional interest in removing ob
stacles to their development and marketing. 

Part of the nutrition labeling package the Agency is working on includes a proposal 
for "Dietary Supplements of Vitamins and Minerals." Specific regulations on the 
labeling of these products have not been developed since the 1976 amendments and 
this proposal will go a long way in providing for uniform labeling of these products. 
The requirement for clinical testing to establish labeling for suitability and safety of 
use remains to be defined. 

Food Safety Assumptions 

With regard to safety testing paradigms that are routine and form the backbone of 
approvals for new food product uses, we, as noted earlier, often rely heavily on animal 
and in vitro data. We make certain assumptions which allow us to consider them as 
appropriate surrogates for predicting adverse endpoints in humans. We assume that 
qualitatively similar events occur in animals and humans and that a safety factor will 
account for differences in overall species sensitivity to the food additives. As we learn 

 J
ul

y 
15

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 F
eb

ru
ar

y 
14

, 1
99

2 
| d

oi
: 1

0.
10

21
/b

k-
19

92
-0

48
4.

ch
01

1

In Food Safety Assessment; Finley, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



11. GLINSMANN Usefulness of Clinical Studies 111 

more about species and individual variation, we need to validate these assumptions 
about comparative metabolism with human clinical testing. In addition to validating 
animal toxicological testing models, human clinical testing may be the only practical 
way to approach newer issues in safety assessments. When we begin to consider new 
endpoints for our safety evaluations that focus for example on neurobehavioral or 
immunological responses or factors that may alter the expression of chronic diseases, 
we are faced with the fact that appropriate animal models by and large have not been 
developed. There also is a paucity of information on human clinical assessments that 
predict disease risk, multisystem endpoints, food sensitivity, and complex interactions 
between nutrients and drugs. Perhaps in some of these cases, the only valid approach 
will be to develop some form of post-marketing surveillance of diet and health 
relationships and to create a database on clinical measures which predict future health 
risk. The incorporation of these measures into nationally representative surveys of 
diet and health could then be an ancillary measure to assess long term effects of food 
products and diet patterns on health outcomes. 

The assumption that food safety testing is adequate when targeted toward the 
normal healthy population is also being challenged. Perhaps most important in this 
regard is that we are having increasing difficulty in defining normal and healthy. As 
our population ages and our knowledge of genetics and predisposing factors to disease 
risk increases, we view our population as being very heterogeneous in terms of risk to 
adverse health effects from food components. Also, as noted, the complexity of 
endpoints for safety assessments is increasing both in the perceptions of the scientific 
community and in public debate. It becomes increasingly difficult and costly to 
anticipate safety outcomes and grant new product approvals. In this regard, it may in 
the future be prudent to change our tack and to consider that more questions about 
safety can be asked than answered. Global and highly speculative concerns with the 
validity of current safety testing will simply lead to a paralysis in new food product 
approvals and can lead to an erosion in consumer confidence that current approved 
food uses are safe. This situation may be more effectively managed by closer post
marketing surveillance or limited marketing approvals, expanded labeling require
ments, or other changes in the way we consider and regulate our food supply with 
regard to assuring safety of food product use. Clinical testing could become important 
in a post-marketing mode — to assess new safety concerns raised by increased 
scientific knowledge; to evaluate impacts of changes in food use which alters 
exposures; and to investigate subpopulations in which there is preliminary evidence 
that they have unanticipated adverse health effects associated with a food product use. 

Clinical testing prior to marketing also may change in its character. The traditional 
"gold standard" has been well-controlled clinical trials focused on endpoints that are 
clearly interpreted in terms of health risk. Such trials become more difficult or 
impossible to perform as the complexity of endpoints (e.g., immunological or 
neurobehavioral outcomes) increases and when there are no validated surrogate 
measures for predicting outcome. In this case, we may anticipate potential populations 
at risk (e.g., to coronary heart disease, stroke, or cancer) and consider multicenter trials 
with endpoints more referable to long term food use. An example could be the safety 
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assessment of new uses of fats and oils which modify thrombogenesis, atherosclerosis, 
and blood clotting. Clearly, some populations might benefit from food products that 
diminish clotting and vascular wall reactivity. Others would be at increased risk. In 
this case, well controlled trials could look at efficacy for an acute health benefit but 
they may be inadequate to predict long term benefit vs. risk. Multicenter trials of 
populations at risk may be more appropriate to assess competing benefits and risks of 
new food product uses. 

In discussing food safety assumptions and strategies that may be used to assure 
appropriate new food uses, I have assumed that we need to take a fresh look at food 
product approvals using largely food law which has some expanded authorities that are 
generally associated with drug law and that general health related claims for foods will 
continue to be based on nutritional considerations. In this regard, pharmacological 
effects of nutrients for disease management would continue to be drug uses. We could, 
as an alternative, consider new products being developed for health-related effects as 
OTC (over-the-counter) drug uses. It is my sense that such a view would be out of 
touch with the intended thrust of the N L E A in that it would not optimally facilitate 
innovation in new food product development. 

Guidelines for Clinical Testing 

Draft guidelines have been prepared for a revised "Redbook" (Toxicological Principles 
for the Safety Assessment of Direct Food Additives and Color Additives Used in 
Food). As with any human testing, a particularly important consideration is the 
protection of human subjects detailed on 21 Code of Federal Regulations, Part 50. 
Protocols for clinical testing should first of all follow the general guidelines of having 
clearly stated objectives, appropriate controls, defined methodologies with regard to 
interpretation of endpoints, and mechanisms for quality control. Limitations of the 
study should be clearly stated and appropriate statistical analysis should define the 
power of the study to detect its endpoint. 

Minimization of risk can be augmented by developing a logical testing sequence 
with earlier testing focused on short term exposure and normal subjects. Often such 
studies would be used to define product acceptance and tolerance. Analysis of product 
metabolism or effects on metabolic or physiological processes may be an early focus 
to validate the appropriateness of animal studies and to aid in predicting possible 
adverse reactions. As testing progresses, studies would involve more extended 
exposures; the appropriateness of study duration and amount of product being tested 
would be judged by a review of all available scientific data. At this stage, it is 
important to have a firm idea of specific product formulations that are intended for 
marketing and projected population exposures because these studies may be critical 
to the approval process and must use a representative product and level of use to be 
judged valid for a safety assessment. Further clinical studies can then move on to 
longer term exposures that may focus on estimating endpoints for potential adverse 
reactions. Such endpoints could relate to nutritional interferences, food product -drug 
interactions, food intake, or specific metabolic features of the product under consid
eration. Finally, after a firm safety data base is established in normal populations, it 
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may be necessary because of product characteristics or intended use levels to move 
into testing of populations with increased risk to potential adverse effects. Target 
populations could be those with altered health status, special nutritional or metabolic 
requirements, or high anticipated levels of exposure. In these studies, the data 
generated may also help define how a product should be labeled and marketed. 

In addition to providing guidance for clinical testing of new food and color 
additives, the Redbook guidelines can also be used for other food safety testing. In this 
regard, a cogent case can be made for continuing safety assessments of a number of 
food products currently marketed as substances either generally recognized as safe or 
approved as food additives when major changes occur in exposure because usage has 
increased. The relatively recent trend to consider foods as beneficial for health 
promotion and disease prevention may result in changes in macrocomponent compo
sition of diets that are not easily assessed in traditional animal models. 

The general area of food for special dietary use has also seen a rapid development 
of many products, including foods for therapeutic use under the guidance of physi
cians. The safety of such uses is not routinely reviewed by the FDA. The efficacy of 
some of these medical food uses are reviewed by expert panels. Some medical foods 
contain novel ingredients or uses which have not been approved. In this area, clinical 
testing is more appropriately considered as satisfying investigational new drug 
procedures and rather than compliance with general guidelines for food additive safety 
testing. 

Comment 

There is a pressing need to provide label information on the potential health benefits 
of specific foods in our diet— a need augmented by the passage of the N L E A . Initially, 
claims in this area will be supported by scientific consensus, relying on data from a 
wide variety of predominantly clinical and epidemiological studies. A process will be 
established to petition the agency for additional claims. In a number of cases, there 
will be increased pressure to allow more specific claims for special dietary uses that 
are not easily approved for general population use. In this regard, we still need to 
define appropriated clinical testing for nutritional products for the medical manage
ment of disease or for use by select subpopulations with adequate directions for use. 
Guidelines for clinical testing of food or color additives will be useful for certain new 
product approvals and for testing safety of products already marketed when a new 
question of safety arises, or to verify that animal models used in safety assessments are 
adequate predictors of human health impacts. These guidelines are not complete with 
regard to issues raised by testing therapeutic claims for food products or assessing 
suitability and safety for novel products or uses that may not be safe for the general 
population. A large potential area for clinical testing is in the gray area between foods 
and drugs. This area requires further definition. Such definition will only come when 
clear regulatory categories are defined for various product uses in this area and 
regulations for marketing are established. 

RECEIVED October 24,1991 
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Chapter 12 

Good Laboratory Practice Regulations 
The Need for Compliance 

W. M. Busey and P. Runge 

Experimental Pathology Laboratories, Inc., P.O. Box 474, 
Herndon, VA 22070 

Historical Perspective - A Brief Overview 
Through the Federal Food, Drug, and Cosmetic Act, the government has placed the 
responsibility of establishing the safety of regulated products with the sponsors of 
those products, and has made the Food and Drug Administration responsible for 
reviewing their efforts and determining if, in fact, safety has been established. 

Prior to the promulgation of the Good Laboratory Practice (GLP) Regulations, the 
agency operated on the premise that reports submitted in support of these products 
were accurate representations of study conduct and results. However, inspection of 
several studies conducted for a major pharmaceutical manufacturer revealed unac
ceptable or questionable laboratory practices and inconsistencies in data (1). Major 
concerns included: 

1. Poorly designed and conducted experiments, inaccurately analyzed or reported. 
2. Technical personnel unaware of importance of adherence to protocol re

quirements, accurate administration of test materials, accurate recordkeeping. 
3. Management did not assure critical review of data, proper supervision of 

personnel. 
4. Studies impaired by protocol designs that did not allow for evaluation of all 

data. 
5. Inadequate assurance of scientific qualifications and training of study personnel. 
6. Disregardforproper laboratory, animal care, and data management procedures. 
7. Failure of sponsors to adequately monitor studies/procedures conducted by 

contract laboratory facilities. 
8. Failure to verify accuracy and completeness of reports prior to submission to 

FDA. 

Further investigations of the laboratory facilities involved resulted in eventual 
convictions on criminal charges of fraud and a great concern for the validity of studies 

0097-6156/92/0484-0114$06.00/0 
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already completed. The need for better control of nonclinical laboratory studies was 
soon recognized by both government and industry. 

In response to this need, the FDA pursued numerous possible approaches to more 
controlled and consistent study conduct. After much investigation, review, consider
ation, and comment the F D A Good Laboratory Practice Regulations were eventually 
codified as Part 58, Chapter 21 of the Code of Federal Regulations. A l l regulated 
human and veterinary drugs and devices and food/color additives must comply with 
their directives. 

Purpose and Content of the Good Laboratory Practice Regulations 

The primary purpose of the GLP Regulations is to assure the quality and integrity of 
the studies submitted in support of the safety of regulated products. In order to 
accomplish this, many "common sense" requirements were incorporated into the 
regulations. These included provisions for criteria of study design, i.e., protocols and 
standard procedures; facility and equipment considerations; identification and control 
of test materials; recordkeeping; and reporting. These requirements reflect the 
demand for basic experimental structure necessary for conducting any high quality, 
scientifically sound study; however, the regulations have gone beyond those basics by 
requiring certain additional securities, primary among them the need for each study to 
have a study director, who assumes overall responsibility for a given study, and a 
quality assurance unit responsible for monitoring study conduct, the test facility, and 
reporting of results (2). 

The regulations have been divided into several subparts, each dealing with a 
specific aspect of study conduct. Brief descriptions of each subpart follow (3). 

General Provisions (Subpart A) . This section identifies what products are regulated 
[58.1], and defines various terms prevalent in the conduct of nonclinical studies [58.2]. 
These include such terms as "The Act," i.e., the aforementioned Federal Food, Drug, 
and Cosmetic Act; test and control articles; nonclinical laboratory study; sponsor; 
testing facility; test system; raw data; specimen; quality assurance unit; study director; 
study initiation and completion dates; and types of submission applications. The 
section also addresses services contracted by the testing facility, and inspections by 
agency personnel. 

Organization and Personnel (Subpart B). Subpart Β has been designed to define 
the responsibilities of management, the study director, and the quality assurance unit 
as they relate to facility operation and conduct of nonclinical laboratory studies. The 
regulations are specific as to organizational relationships and responsibilities. 

Management [58.31] has the responsibility for providing qualified and appropri
ately trained study personnel, assignment of the study director, providing adequate 
resources, and support of the quality assurance unit by its policies and directives. 

The study director [58.33] has the overall responsibility for a given nonclinical 
laboratory study, and serves as the single point of control for all aspects of that study. 
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The quality assurance unit [58.35] is responsible for "monitoring each study to 
assure management that the facilities, equipment, personnel, methods, practices, 
records, and controls are in conformance" with the applicable regulations. Among its 
many responsibilities are maintenance of the facility master schedule, maintenance of 
all study protocols, periodic inspections of ongoing studies, reporting of inspection 
findings to management, review of the final study report, and preparation and release 
of the inspection statement required by the regulations. 

Facilities (Subpart C). Requirements for animal care and supply and test and control 
material facilities are addressed by this section. Additionally, requirements for 
adequate laboratory operation areas and specimen and data storage (i.e., archives) are 
addressed. 

Equipment (Subpart D). This section requires that equipment appropriate to the task 
be used for any given procedure, and provides for the periodic maintenance, calibration, 
standardization, cleaning, and/or inspection of that equipment. Specific standard 
operating procedures defining these activities and related remedial actions are a 
primary directive, as is the required recordkeeping of all such procedures. 

Testing Facility Operation (Subpart E). Standard operating procédures» reagent 
and solution identification, and animal care requirements are addressed in this section. 
Standard operating procedures must be established for all routin laboratory opera
tions; specifics are identified by the regulation [58.81(b)]. This regulation also 
provides for changes to established standard operating procedures and availability of 
those procedures to laboratory personnel. 

Reagent and solution identification requirements are outlined, as are the require
ments for dating of reagents. 

Animal care requirements reflect basic directives for the receipt, isolation, 
housing, maintenance, and feeding of laboratory animals used in nonclinical labora
tory studies. These regulations supplement those established by the various animal 
welfare regulations. 

Test and Control Article Handling (Subpart F). Subpart F addresses a key area in 
the conduct of a nonclinical laboratory study in that it provides directive for the 
characterization and identification of test and control materials, the handling and 
custody of these materials, and determination of homogeneity and stability of test 
mixtures. 

Protocol and Conduct of a Nonclinical Laboratory Study (Subpart G). A primary 
concern of any experiment is the procedure by which that experiment will be 
conducted. Subpart G addresses that concern by defining the requirements for the 
study protocol, that is, the written document that defines the objectives and establishes 
the procedures to be performed to meet that objective. It must be remembered that the 
protocol is directive, not documentation. Adherence to the protocol directive is 
confirmed through the documentation of the conduct of the study. Recordkeeping 
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requirements are also defined by this section, and provide for the consistent recording 
of results and data so that, if need be, the study can be literally recreated from its 
documentation. 

Records and Results (Subpart J). Among the most important facets used to support 
the safety of a regulated product are the final reports produced for the myriad of studies 
required to establish that safety. Subpart J identifies what information must be 
addressed in those reports, and how the related data and materials must be retained. 
It is essential that the final report provide an accurate reflection of the method and 
procedures employed and of the raw data resulting from the study. In order that 
sponsor and regulatory review may be accomplished efficiently and in a timely 
fashion, it is essential that data records and residual materials be retained in an 
organized and easily retrievable manner. 

Disqualification (Subpart K). The FDA's power to enforce the GLP regulations is 
supported by its power to disqualify a testing facility. Such action is not taken without 
due consideration, and may only be invoked if all three criteria for disqualification as 
defined by the regulations are present [58.202]. These include: (1) that the facility 
failed to comply with one or more of the regulations defined in 21CFR 58; (2) that the 
noncompliance adversely affected the validity of the study(ies); and (3) that lesser 
actions, such as warnings or rejection of individual studies, had not or would probably 
not be adequate to achieve compliance. 

Compliance. Compliance with the GLP regulations is not as easy as it looks, nor is 
it as difficult as it can be made. It has been noted that "compliance" appears right 
before "complicated" in the dictionary, but compliance need not be complicated if 
approached in a common-sense, standardized manner. 

There are numerous ways by which compliance in a study or a testing facility can 
be established. However, all involve a thorough and complete understanding of the 
final objectives. In establishing guidelines for compliance, certain aspects of nonclinical 
laboratory testing must be considered. Some will necessarily be tailored to the needs 
of specific situations, but the general considerations should include at least the 
following: 

1. In order to effect the most complete protocol for a study or procedure, full 
awareness and understanding of regulatory and testing requirements are 
essential. 

2. Standard operating or study-specific procedures should be developed before 
they are needed and should be reviewed periodically to insure continued 
compliance with the appropriate regulations. Procedures should be updated 
and revised promptly. 

3. Ensure that all technical personnel are knowledgeable of and properly trained 
in the procedures they will be required to perform, and that they are aware of 
how their performance may affect subsequent aspects of the study. 
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4. Anticipate potential problems and concerns and be ready with possible 
resolutions. 

5. Acknowledge unforeseen circumstances or deviations from protocol and/or 
standard operating procedures with prompt and appropriate documentation. 

6. Stress the importance of timely and accurate recordkeeping for all aspects of 
the study. 

7. Periodic review of study conduct and data, not only by the study director and 
quality assurance unit, but by the operating area's internal quality control 
mechanisms. 

8. Communication between the laboratory, the study director, and quality assur
ance unit should be continuous, not just limited to QA inspections. 

The GLP's may define what is needed for compliance, but they cannot guarantee 
it. That is the joint responsibility of the study director, management, and the quality 
assurance unit. Neither can fulfill their respective responsibilities towards compli
ance without the full support of its partners. These relationships should not be viewed 
as antagonistic, but as supportive. In reality, such relationships are often hard to 
achieve and maintain given the complexities of the industry. However, the benefits 
of a cooperative and supportive relationship greatly outweigh the efforts that must 
continually be expended to create and maintain such a relationship. It is ultimately on 
the strength of this relationship that compliance is based. 

Conclusions - Where Do We Go From Here? 

As the industry has matured and developed within the regulatory structure, the 
concerns of the past have diminished but by no means disappeared. The majority of 
recent inspections by the FDA have been classified as "No Action Indicated," " V A I -
1," or " V A I 2" (voluntary action classifications); this reflects the favorable attitude of 
industry towards maintaining compliance. However, deviations from the GLP 
Regulations were still present, with the most significant departures being (4): 

1. Discrepancies between the final report and raw data. 
2. Improper corrections/changes to raw data. 
3. Implementation of protocol revisions without proper amendments to the 

approved protocol. 
4. Lack of appropriate standard operating procedures and/or failure to revise 

SOPs when needed. 
5. Incomplete information on facility master schedules and study protocols. 

Inspectors found archiving and record retention procedures, animal care facilities, 
and laboratory operations generally in compliance with the regulatory requirements. 
This is encouraging, since it may be recalled that some of the major concerns that 
precipitated the GLP's involved these areas. The findings cited, however, appear to 
indicate there is an industry-wide need for tighter control over the "paper" aspects of 
the nonclinical laboratory study. 
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The GLP's have given the industry the means by which high quality, consistent, 
and reproducible studies can be conducted; however, the industry cannot comply with 
those directives without a continued commitment to compliance. Findings from 
recent GLP inspections indicate that the advantages of these regulations continue to 
be valid, and that the industry must not only maintain but increase its commitment to 
compliance. Despite our shortcomings, we have made significant inroads to the goal 
of "total compliance" set by the FDA; with continued commitment, we as an industry 
can meet this objective. 
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Chapter 13 

Importance of the Hazard Analysis and 
Critical Control Point System in Food Safety 

Evaluation and Planning 

Donald A. Corlett, Jr. 

Corlett Food Consulting Service, 5745 Amaranth Place, Concord, CA 94521 

The Hazard Analysis And Critical Control Point (HACCP) system was updated 
and standardized in 1989 by the National Advisory Committee on Microbio
logical Criteria For Foods (NACMCF) (1). The broad utility of HACCP was 
recognized by the NACMCF, although by nature of the committee the risk 
assessment portion was developed only for microbiological hazards. Recent 
extension of the NACMCF microbiological risk assessment procedures to 
potential chemical and physical hazard analysis was suggested by Corlett and 
Stier (2). The combined hazard analysis for microbiological, chemical and 
physical food hazards provides a powerful tool for food safety evaluation and 
planning guided by HACCP principles and the blueprint for direct application 
of the specific HACCP system for preventive food safety in a commercial 
manufacturing operation. 

The seven HACCP principles developed by the NACMCF for food safety are listed 
as follows. A description of each principle and definitions are provided in the 
NACMCF guide to help the user (1). 

1. Assess hazards and risks associated with growing, harvesting, raw materials 
and ingredients, processing, manufacturing, distribution, marketing, prepara
tion and consumption of the food. 

2. Determine critical control points (CCP) required to control the identified 
hazards. 

3. Establish the critical limits that must be met at each identified CCP. 
4. Establish procedures to monitor CCP. 
5. Establish corrective action to be taken when there is a deviation identified by 

monitoring a CCP. 
6. Establish effective record-keeping systems that document the HACCP plan. 
7. Establish procedures for verification that the HACCP system is working 

correctly. 
Adapted with permission from A Practical Application of HACCP 

© 1990 ESCAgenetics 

 J
ul

y 
15

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 F
eb

ru
ar

y 
14

, 1
99

2 
| d

oi
: 1

0.
10

21
/b

k-
19

92
-0

48
4.

ch
01

3

In Food Safety Assessment; Finley, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



13. CORLETT Hazard Analysis and Critical Control Point System 111 

It is clear that the assessment of food hazards and risks via Principle 1. is a most 
critical beginning for application of the other principles. For this reason it is the basis 
for food safety evaluation and planning using HACCP. A review of the application of 
risk assessment for microbiological, chemical and physical food hazards is provided 
in the following section. 

Risk Assessment (HACCP Principle 1) 

Risk Assessment consists of a systematic evaluation of a specific food and its raw 
materials or ingredients to determine the risk from biological (primarily infectious or 
toxin-producing food-borne illness microorganisms), chemical and physical hazards. 
The hazard analysis is a two-step procedure: hazard analysis and assignment of risk 
categories. 

The first step is to rank the food and its raw materials or ingredients according to 
six hazard characteristics (A-F). A food is scored by using a plus (+) if the food has 
the characteristic, and a zero (0), i f it does not exhibit the characteristic. A six 
characteristic ranking system is applied for microbiological, chemical and physical 
hazard ranking, although the characteristics are somewhat different for microbiologi
cal and chemical/physical hazards, as described later in this section. 

The second step is to assign risk categories (VI-0) to the food and its raw materials 
and ingredients based on the results of ranking by hazard characteristics. Table 1 
illustrates possible combinations of hazard characteristic ranking and hazard catego
ries. Potentially highest risk is denoted by the highest number in the hazard category 
(i.e., VI.). In addition, note that whenever there is a plus (+) for hazard characteristic 
A (a special class that applies to food designated for high-risk populations), the 
resulting hazard category is always VI, even though other hazard characteristics (B-
F) may or may not be a plus (+). 

Several preliminary steps are needed before conducting the hazard analysis. These 
include developing a working description of the product, listing the raw materials and 
ingredients required for producing the product, and preparation of a diagram of the 
complete food production sequence. The listing of raw materials and ingredients is the 
starting point for the hazard analysis. If the specific mode of preservation for an 
ingredient is not known (raw, frozen, canned, etc.), the ingredient may be assessed for 
each type of preservation technique that may be utilized in preserving the ingredient. 

Microbiological Hazard Characteristic Ranking. Microbiological hazard analysis 
and the ranking of food by hazard characteristics is explained in the N A C M C F 
H A C C P guide (7). I have made several minor changes in Hazard F, to differentiate 
ranking for consumer products and raw materials and ingredients as received by the 
processor before any manufacturing steps. The microbiological hazard characteristics 
are given in Table 2. As indicated earlier, rank the product and its raw materials and 
ingredients according to hazard characteristics A through F, using a plus (+) to indicate 
that the food product or its raw materials or ingredients exhibit the characteristic, and 
a zero (0) when they do not. 
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Table 1. Possible Combinations of Hazard Characteristic Ranking and 
Hazard Categories for Food Products and Food Raw Materials and 

Ingredients 

Food Ingredient Hazard Risk Category 
or Product*1 Characteristics 

(A,B,C,D,E,F)° 

Τ A+ (Special Category) VI 
U Five +'s (B-F) V 
V Four +'s (B-F) IV 
W Three +'s (B-F) III 
X Two +'s (B-F) II 
Y One + (B-F) I 
Ζ No+'s 0 

aThese letters merely indicate different types of foods having different hazard 
characteristics and risk catagories. Normally the name of a food, raw material, or 
ingredient would appear under this heading. 
^Hazard characteristic A automatically is risk category VI, but any combination of Β 
through F may also be present. 

Table 2. Microbiological Risk Characteristics 

Hazard Description 

Hazard A: A special class that applies to non-sterile products designated and 
intended for consumption by at-risk populations, e.g., infants, the 
aged, the infirm, or immunocompromised individuals. 

Hazard B: The product contains "sensitive ingredients" in terms of microbio
logical hazards. 

Hazard C: The process does not contain a controlled processing step that 
effectively destroys harmful microorganisms. 

Hazard D: The product is subject to recontamination after processing before 
packaging. 

Hazard E: There is substantial potential for abusive handling in distribution or 
in consumer handling that could render the product harmful when 
consumed. 

Hazard F: There is no terminal heat process after packaging or when cooked 
in the home. (Applies to food product, as used by the consumer.) 
There is no terminal heat process or any other kill-step applied after 
packaging by the vendor, or other kill-step applied before entering 
food manufacturing facility. (Applies to raw materials and ingredients 
coming into a food manufacturing facility.) 

SOURCE: After N A C M C F H A C C P system (USDA-FSIS, 1990); and by 
permission of D. Corlett (Copyright D. Corlett by license from ESCAgenetics 
Corporation, course manual, " A Practical Application Of H A C C P , " 1990). 
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13. CORLETT Hazard Analysis and Critical Control Point System 123 

A brief discussion on "microbiologically sensitive" products, and raw materials and 
ingredients is useful. When scoring foods for Hazard Characteristic B , give the 
product aplus (+) if it is sensitive or contains microbiologically sensitive ingredient(s). 
Give raw materials or ingredients a plus (+) if they are microbiologically sensitive or 
contain sensitive foods (e.g.., such as a cheese/starch flavor blend). 

A "sensitive ingredient" is defined as "any ingredient historically associated with 
a known microbiological hazard." The term "ingredient" normally also applies to raw 
materials. "Sensitive ingredient" was coined for microbiological hazards (infectious 
agents and their toxins), but it is also now used for ingredients and raw materials that 
are historically associated with known chemical or physical hazards. 

The original list of microbiologically sensitive foods was based on the potential 
presence of the Salmonella species. Now any type of hazardous microorganism may 
cause a food to be "sensitive," and the list of sensitive foods has grown, particularly 
with the recognition thai Listeria monocytogenes is a known threat in many foods. A 
partial listing of sensitive raw materials and ingredients is provided to assist in scoring 
a food, or its raw materials and ingredients, for Hazard Characteristic B. If there is a 
question as to whether a food is sensitive, it should be considered sensitive until more 
information is available for purposes of clarifying its status. 

Microbiologically Sensitive Raw Materials And Ingredients: 

Meat and poultry 
Eggs 
Milk and dairy products (including cheese) 
Fish and shellfish 
Nuts and nut ingredients 
Spices 
Chocolate and cocoa 
Mushrooms 
Soy flour and related materials 
Gelatin 
Pasta 
Frog legs 
Vegetables 
Whole grains and flour (secondary contamination) 
Yeast 
Dairy cultures 
Some colors and flavors from natural sources 

Compounded ingredients may be considered sensitive if they are combinations of 
sensitive and non-sensitive ingredients. For example, a fat coated on milk powder, or 
compounded cheese flavor having cheese coated on starch. It is best to list all 
components of a blended material to determine if the blend contains a sensitive 
ingredient and also determine if it has received a controlled processing step that 
destroys hazardous microorganisms. In some cases, it is important to determine if 
microbiological toxins may also be present in a "processed" product, if the product is 
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to be used as an ingredient (e.g. heat stable staphylococcus enterotoxin in canned 
mushrooms). 
Many raw materials and ingredients are not considered microbiologically sensitive 
even though they may occasionally be contaminated with hazardous microorganisms. 
A partial list includes: 

Foods Not Normally Considered Sensitive: 

Salt 
Sugar 
Chemical preservatives 
Food grade acidulents and leavening agents 
Gums and thickeners (some may be sensitive depending on origin, 

such as tapioca and fermentation-derived gums) 
Synthetic colors 
Food grade antioxidents 
Acidified high salt/acid condiments 
Most fats and oils (exception is dairy butter) 
Acidic fruits 

These lists are intended as a guide and are not necessarily an exhaustive listing of all 
sensitive and non-sensitive ingredients. When in doubt, it is recommended that 
assistance be obtained from authoritative sources including universities, regulatory 
agencies, trade organizations, consultants and consulting laboratories. 

Chemical and Physical Hazard Characteristic Ranking. The following protocol 
for hazard analysis of chemical and physical food hazards complements the existing 
microbiological hazard analysis scheme given in the N A C M C F system. Hazard 
characteristics for chemical and physical agents were developed in 1990 for use in the 
ESCAgenetics Corporation training course, " A Practical Application Of H A C C P , " 
and were recently published by Corlett and Stier (2). They are designed so that both 
chemical and physical hazards in food may be assessed by using the same six hazard 
characteristics. 

Generally, hazard analysis for chemical and physical hazards is conducted like the 
procedure for microbiological hazards provided in the N A C M C F guide. Although the 
six hazard characteristics are somewhat different, the same plus (+) and zero (0) 
scoring system and hazard category assignment procedures are used. 

Table 3 provides the hazard characteristics for ranking foods for both chemical 
and physical hazards. This Table also includes examples of chemical and physical 
agents that could potentially be present in a food relative to each hazard characteristic. 
The concept of "sensitive" products, raw materials and ingredients is also used in 
Hazard Characteristic Β for chemical and physical hazards. 
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Table 3. Hazard Characteristics for Ranking Foods for Chemical and 
Physical Hazards 

Hazard Description 

H A Z A R D A: A special class that applies to products designated and intended 
for consumption by high-risk populations, e.g., infants, the aged, 
the infirm, or immunocompromised individuals. 

(Examples are foods intended for persons sensitive to sulfites, and 
for infants where glass is of particular concern.) 

H A Z A R D Β : The product contains "sensitive" ingredients known to be poten
tial sources of toxic chemicals or dangerous physical hazards. 

(Examples are aflatoxin in field corn, and stones in agricultural 
products.) 

H A Z A R D C: The process does not contain a controlled step that effectively 
prevents, destroys or removes toxic chemical or physical hazards. 

(Examples include steps for prevention of the formation of toxic or 
carcinogenic substances during processing; destruction of cyanide-
containing compounds by roasting of apricot pits; and removal of 
toxic processing chemicals such as lye or dangerous foreign objects 
such as sharp pieces of metal.) 

H A Z A R D D: The product is subject to recontamination after manufacturing 
before packaging. 

(Example is where contamination may occur when a manufactured 
product is bulk packed, shipped and packaged in another facility.) 

H A Z A R D E: There is substantial potential for chemical or physical contami
nation in distribution or in consumer handling that could render 
the product harmful when consumed. 

(Examples are contamination of a food from container or vehicle 
compartments that previously contained toxic chemicals or foreign 
objects; selling food in open containers; or where the potential for 
product tampering is high.) 

H A Z A R D F: There is no way for the consumer to detect, remove or destroy a 
toxic chemical or dangerous physical agent. 

(Examples are presence of toxic mushrooms or paralytic shellfish 
toxins, or presence of sharp metal objects buried in a food.) 

SOURCE: Referenced 
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Example of the Combined Hazard Analysis and Hazard Category Assignment 
for Cheese Dip 

The complete hazard analysis consisting of ranking of potential microbiological, 
chemical and physical hazards and assignment of hazard categories is illustrated in the 
example of a hypothetical cheese dip product. 

Table 4 lists the raw materials and ingredients and for purposes of this illustration, 
gives a listing of potential microbiological, chemical and physical hazards that may 
be expected in these foods. 

Table 4. Types of Potential Hazards in Cheese Dip 

Ingredient Microbiological Chemical Physical 

Raw Celery Salmonella sp. Pesticides Metal 
Shigella sp. Wood 
Listeria monocytogenes Rocks 

Dried Mushrooms Salmonella sp. Pesticides Metal 
Shigella sp. Wood 
Staphylococcus aureus Rocks 

Soft-Ripened Listeria monocytogenes Pesticides Metal 
Cheese Salmonella sp. Antibiotics 

Staphylococcus aureus Hormones 
EP Escherichia coli 

Water Microbial pathogens Various n/u 
Salt n/u n/u Metal 
Stabilizer n/u n/u Metal 

N O T E : n/u = not usually 
SOURCE: From ECS Agenetics Corporation course " A Practical Application 
Of H A C C P . " 

Forms 5.0 (Microbiological) (Figure 1), 6.0-A (Chemical) (Figure 2), and 6.0-B 
(Physical) (Figure 3) illustrate the ranking of hazard characteristics and assignment of 
hazard categories for three modes of preservation for the cheese dip product, and the 
ranking of all raw materials and ingredients. 

Once the risk assessment is completed, utilize the N A C M C F H A C C P guide for 
completion of the H A C C P plan for a specific food product, and it's raw materials and 
ingredients (7). 

Conclusion 

The combination of the hazard analysis and the critical control points make the 
H A C C P system the ideal choice for food safety evaluation and planning. Principle 1. 
concerning assessment of hazards and risks associated with a specific food and it's 
ingredients is key to further development of the H A C C P system. It is essential that the 
hazard analysis and risk assessment always be conducted correctly before attempting 
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HACCP PRINCIPLE 1. HACCP WORKSHEET FORM 5.0 
RISK ASSESSMENT WORK-SHEET FOR MICROBIOLOGICAL FOOD HAZARDS 
PRODUCT : CHEESE DIP PAGE_l_OF 1 PAGES DATE: 

(DON'S DELIGHT) 

FOOD PRODDCT(S) AS USED BY THE CONSUMER 
MICROBIOLOGICAL HAZARD CHARACTERISTICS ASSOCIATED WITH 

THE FOOD (+ FOR "YES"; 0 FOR "NO") 

PRODUCT 
A 

HIGH RISK 
SPECIAL 
POPULAT. 

Β 
SENSITIVE 
INGRED
IENTS 

C 
NO KILL-
STEP IN 
PROCESS 

D 
RECONTAM. 
BETWEEN 
PROC/PACK 

Ε 
ABUSIVE 
HANDLING 
DIST/CONS 

F 
NO TERM. 
HEAT PROC 
BY CONSUM 

HAZARD 
CATEG. 

i l ) REFRK 3. 0 + τ + + + V. 

(2) FROZEN 0 
j 

+ 0 + + + IV. 

(3) CANNED 0 + 0 0 0 + II . 

RAW MATERIALS AND INGREDIENTS...AS RECEIVED, BEFORE ANY MANUFACTURING STEPS 
BY THE FOOD FACILITY (SUCH AS COOKING) 

RAW MAT. 
OR INGRE. 

A Β D Ε 
S' 
F:NO KILL 
PEP BEFORE 
RECEIPT* 

HAZARD 
CATEG. 

RAW CELERY C 
I 

+ + •ι- + V. 

DRIED MUSHROOMS 0 + + + Ο + IV. 

SOFT-RIPENED CHEESE 
j 

+ + + + + V. 

SALT j 0 0 0 0 c 0 0 . 

WATER j 0 + c A. 0 + I l l . 

STABILIZE! \ 0 0 0 0 0 0 0. 

* NO HEAT PROCESS OR ANY OTHER KILL-STEP APPLIED AFTER PACKAGING BY 
SUPPLIER; NO HEAT PROCESS OR OTHER KILL-STEP BEFORE ENTERING FOOD PLANT. 

Copyright 1990 by ESCAgenetics Corporation and licensed to D.A. Corlett. 
DONSMICR 

Figure 1. Risk assessment worksheet for microbiological food hazards. 
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HACCP PRINCIPLE 1. HACCP WORKSHEET FORM 6.0-A 

RISK ASSESSMENT WORK-SHEET FOR CHEMICAL OR PHYSICAL FOOD HAZARDS 
IS THIS SHEET TO BE USED FOR CHEMICAL OR PHYSICAL HAZARDS? "CHEMICAL" 

PRODUCT: CHEESE DIP (DON'S DELIGHT) DATE: 

FOOD ITEM) HAZARD CHARACTERISTICS KNOWN TO BE ASSOCIATED WITH THE 
1 FOOD AND IT'S INGREDIENTS (+ FOR "YES"; 0 FOR "NO") 
I 

HAZARD 
CATEG. 

1 
(1) ! 

PRODUCT 

REFRIGERA' 

A 
HIGH RISK 
SPECIAL 
POPULAT. 

Β 
INGREDS. 
CONTAIN 
HAZARD 

c 
NOT RE
MOVED IN 
MANUFACT. 

D 
RECONTAM. 
BETWEEN 
MAN./PAC. 

Ε 
CONTAM. 
BY DIST. 
OR CONS. 

F 
CONS.CAN
NOT DE
TECT/REM. 

IV. 

1 
(1) ! 

PRODUCT 

REFRIGERA' "ED 0 + + + 0 + IV. 

FROZEN 1 0 + + + 0 + IV. 

CANNED 1 0 
! 

+ + + 0 + IV. 

(2) 1 
RAW MAT'S! 
AND ING'S1, 

RAW CELERY 0 + + + + + V. 

DRIED MUSHROOMS 0 
ι 

+ + + 0 + IV. 

SOFT-RIPENED CHEESE + + + 0 + IV. 

SALT 0 0 0 0 0 0 0. 

WATER c + + 0 0 + I l l . 

STABILIZE! * 0 0 0 + 0 + II . 

NOTES: (1) AS USED BY CONSUMER 
(2) AS ENTERING THE FOOD FACILITY BEFORE PREPARATION OR PROCESSING 

Copyright 1990 by ESCAgenetics Corporation and licensed to D.A. Corlett. 
DONSCHEM 

Figure 2. Risk assessment worksheet for chemical food hazards. 
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HACCP PRINCIPLE 1. HACCP WORKSHEET FORM 6.0-B 

RISK ASSESSMENT WORK-SHEET FOR CHEMICAL OR PHYSICAL FOOD HAZARDS 
IS THIS SHEET TO BE USED FOR CHEMICAL OR PHYSICAL HAZARDS? "PHYSICAL" 
PRODUCT: CHEESE DIP (DON'S DELIGHT) DATE: 
FOOD ITEM HAZARD CHARACTERISTICS KNOWN TO BE ASSOCIATED WITH THE 

FOOD AND I T ' S INGREDIENTS (+ FOR "YES"; 0 FOR "NO") 
HAZARD 
CATEG. 

(1) 
PRODUCT 

REFRIGERA' 

A 
HIGH RISK 
SPECIAL 
POPULAT. 

Β 
INGREDS. 
CONTAIN 
HAZARD 

c 
NOT RE
MOVED IN 
MANUFACT. 

D 
RECONTAM. 
BETWEEN 
MAN./PAC. 

Ε 
CONTAM. 
BY DIST. 
OR CONS. 

F 
CONS.CAN
NOT DE-
TECT/REM. 

I l l . 

(1) 
PRODUCT 

REFRIGERA' CED 0 + 0 + 0 + I l l . 

FROZEN 0 + 0 + 0 + I l l . 

CANNED 0 + 0 + 0 + I l l . 

(2) 
RAW MAT'S 
AND ING'S 

RAW CELERY i 0 + + + + + V . 

DRIED MUSHROOMS 0 1 + + + 0 + IV . 

SOFT-RIPE: yjED CHEESE + 0 + 0 + I l l . 

SALT 0 + 0 + 0 + I l l . 

WATER 0 0 0 0 0 0 0. 

STABILIZE < 0 + 0 + 0 + I l l . 

NOTES: (1) AS USED BY CONSUMER 
(2) AS ENTERING THE FOOD FACILITY BEFORE PREPARATION OR PROCESSING 

Copyright 1990 by ESCAgenetics Corporation and licensed to D.A. Corlett. 
DONSPHYS 

Figure 3. Risk assessment worksheet for physical food hazards. 
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130 FOOD SAFETY ASSESSMENT 

to apply the successive HACCP principles. Failure to conduct the risk assessment may 
lead to omission of critical control points and result in serious gaps in a food safety 
assurance program. 
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Chapter 14 

Threshold of Regulation 
Options for Handling Minimal Risk Situations 

Alan M. Rulis 

U.S. Food and Drug Administration, 200 C Street, SW, 
Washington, DC 20204 

The Food and Drug Administration (FDA), under the Federal Food, Drug, 
and Cosmetic Act, requires the premarket safety evaluation of new uses of 
food additives. The statute defines as additives even those substances that 
may inadvertently become components of food by migrating from food 
packaging, and provides no cutoff below which chemicals migrating in 
very low amounts may be considered exempt from petition requirements. 
It is clear, however, that at very low levels of migration the agency's 
expenditure of resources to regulate such materials may result in negligible 
public health gain. What is an appropriate level to define as a "threshold 
of regulation," below which no petition for a new use need be submitted 
and approved? FDA's development of a scientific basis for such a 
regulatory cutoff using risk assessment has spanned several years. One 
approach considered by FDA employs a statistical analysis of potencies of 
known chemical carcinogens. The present paper will examine options 
open to the agency in this potentially precedent-setting policy area. 

Is there a basis for defining a "Threshold of Regulation" (T/R) to exempt substances 
under the Federal Food, Drug, and Cosmetic Act (the Act) from premarket regulatory 
requirements? Specifically, what situations involving extremely low exposure to food 
chemicals migrating to food from food-contact materials (e.g., components of food 
packaging materials, or food handling equipment, etc.) could be considered de minimis 
(1) under the statute, and thus would not require the submission of a food additive 
petition and a full-blown petition review by the Food and Drug Administration 
(FDA)? The agency has been developing answers to such questions over several years 
(2-5), and is now nearing a workable solution (6). 

Since the passage of the 1958 Food Additives Amendment to the Act, FDA has 
often considered such questions in regard to so-called "indirect food additives" (food 
packaging and other food-contact materials that are not added directly to food but 
become components of food by virtue of unintended migration to food), particularly 

This chapter not subject to U.S. copyright 
Published 1992 American Chemical Society 
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14. RULIS Threshold of Regulation 133 

when potential human exposure to such additives is extremely low and thus unlikely 
to produce any possible public health concern. The statute defines food additives, 
including the migrating indirect additives, quite broadly1. In particular it provides no 
exposure "floor" below which substances are not considered to be food additives and 
thus are exempt from premarket petition review and safety evaluation. Furthermore, 
the Delaney anticancer clause of the Act prohibits the use of any additive that has been 
shown to induce cancer in man or animal. (It is not intended that a T/R policy would 
be applicable to chemicals demonstrated to be carcinogenic.) 

Until now the agency has lacked a policy under which to make T/R decisions in 
a consistent manner. Instead it has used a case-by-case approach. Since the 1958 
amendment to the Act, F D A has written many letters exempting situations from food 
additive petition review because of the specific facts of a case. There are many 
examples of situations where the agency has deemed the minuscule human exposure 
to a chemical in question to be of no consequence and not a food additive concern under 
the Act. Representative examples might be the use of an adjuvant in the matrix of a 
food processing conveyor belt; a material used in nonfood-contact fixtures in a food 
processing plant; a colorant, polymerization catalyst, or other adjuvant, used at 
exceedingly low levels in a plastic food packaging material; etc. 

Need for a Threshold-of-Regulation Policy 

Today there is an increasing need for FDA to make decisions of the type described 
above more routinely, with greater consistency, and on a firmer scientific basis. It is 
also becoming more important for the agency to focus its limited resources more on 
issues of major public health impact and not to allow resources to be disproportion
ately focused on a myriad of minimal risk situations that are of negligible public health 
consequence. Yet present trends indicate that greater effort is in fact not always able 
to be expended on issues in direct proportion to their public health importance. Most 
of the food additive petitions reviewed by the agency are for food-contact substances 
(indirect food additives) rather than for direct food additives. Since 1958, F D A has 
reviewed and regulated an average of about 60 petitions per year for indirect additives, 
but only about 15 on average for direct food additives, color additives, and "generally 
recognized as safe" (GRAS) food ingredients. Even though indirect additive petitions 
are typically smaller and simpler to process than direct food additive petitions, the 
agency devotes over 40 percent of its petition review resources to the processing of 
indirect additive petitions. Some petitions are for such low-exposure uses of indirect 
additives that it may be legitimately questioned whether the safety decision results in 
any net measurable gain in public health protection. Yet the agency's formal review 

lAs has been amply noted previously, the Federal Food, Drug, and Cosmetics Act requires the 
premarket safety evaluation of all new uses of food additives. The statute, however, defines as 
additives even those substances that may become components of food by migrating from food 
packaging, and provides no cutoff below which chemicals migrating in very low amounts may be 
considered exempt from petition requirements. 
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134 FOOD SAFETY ASSESSMENT 

mechanism for these petitions, including environmental impact considerations, legal 
reviews, and Federal Register publication, all operating under statutory time frames, 
must be fully engaged. 

A T/R policy could help to alleviate this problem by providing a simpler alternative 
mechanism, apart from the full-dress petition review process, under which the agency 
could grant approvals for limited uses of a substance. Under such a policy any person 
could seek a T/R exemption from petition review for the proposed use of a given 
substance. The requestor would supply adequate information to identify the chemical 
in question, describe its proposed use, and provide limited data from which agency 
scientists could estimate the likely incremental human intake resulting from the 
proposed use. If, after reviewing the information, FDA decided to grant an exemption, 
it would issue a letter to the requestor and maintain a record of the decision in agency 
files. If the process were structured so as to permit decisions to be made in a short time 
compared to the time required for a full petition review, then the process would free 
resources for other more important issues. Of course, whether the net effect of this 
process on resources is helpful would depend on many considerations including the 
amount of current petition work actually diverted to the less arduous path, as well as 
any increase in petition submissions or requests for advisory opinions that are not now 
being sent to the agency from industry. 

Somewhat paradoxically, instituting a T/R policy for indirect additives may, in 
some ways, actually represent a tightening of F D A requirements for indirect additives. 
First, it is the agency that would offer T/R exemptions to requestors; this is not thought 
of as a "do-it-yourself exemption process. A request for an exemption need not be 
granted. Even if all nominal conditions were satisfied, F D A might decide not to 
exempt certain substances on the basis of knowledge of the chemical structures 
involved and the likelihood that those structures might be associated with high 
toxicity. Furthermore, current toxicological requirements for petitioned indirect 
additives presenting less than 50 parts per billion (ppb) dietary exposure consist, at 
minimum, of simply an acute feeding study and a literature search. A T/R level on the 
order of 1.0 ppb or lower, for example, would focus regulatory attention on a range of 
human exposures lower than 50 ppb. Users of indirect additives in applications 
resulting in dietary exposures of 10,5, or 2 ppb or lower, under their assumption of de 
minimis status, would be encouraged to seek an agency opinion as to whether their 
application qualifies for an exemption from regulatory requirements. (In the initial 
stages, this might even result in a temporary increase in workload for the agency.) 

During 1989, F D A conducted a Pilot Study to examine practical approaches to 
implementing a T/R policy. (The Study and its outcome have been described by 
Borodinsky (7). In that study, 35 T/R cases were examined at a total expenditure of 
about 120 person-hours of deliberation, or an average of 3.4 person-hours to reach a 
decision in each case. This is a considerable saving compared to the usual agency 
effort required to process a typical indirect food additive petition, which, although 
highly variable, may range from 250 to 500 person-hours on average. 
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Selection of a Threshold Level 

A difficult issue in creating a T/R policy is the selection of an appropriate migration 
level to food or human dietary exposure level for the threshold. A simple solution 
might seem to be to arbitrarily pick a conservatively low level of migration to food 
from food-contact materials, for example, 25 or 50 ppb, and to define any situation 
with less migration to be below the threshold. This approach, however, is far from 
optimal. First, potential risk is related more closely to human dietary exposure than 
to migration. Setting a migration-based T/R level does not recognize this fact. 
Another approach would be to simply set the T/R level low enough to preclude any 
potential risk of toxicity from any chemical migrating into food, including ones of 
known high toxicity such as dioxin (TCDD). This approach, however, is not only 
unnecessarily conservative, but it would also require that the dietary intake level 
chosen as the threshold be set so low (femtogram levels in the case of TCDD) as to 
make such a policy useless. Not only is it unlikely that any materials used at such low 
levels would actually produce a technical effect in a food-contact material, but today ' s 
analytical measurements are insufficiently sensitive to routinely demonstrate the 
presence of the material below that level. Thus, in practice, no chemical would be able 
to pass such a threshold requirement. 

Conversely, a level arbitrarily set too high would undermine the effect of the 
statute and perhaps create the possibility of unnecessary risk if the substance granted 
the exemption were to possess considerable toxicity. 

To be relevant to potential human risk, the T/R level must be based on likely dietary 
intake from food, and not on migration. It also must be relevant to known toxic 
endpoints of chemicals at the level of intake, and as Schwartz has shown (5), it must 
be in the realm of present-day analytical capabilities. Because carcinogenesis occurs 
in animals at exposure levels generally lower than for most other types of toxic effects, 
a policy based on that toxic endpoint would provide a conservative measure of 
protection from almost all types of presumptive toxicity. For this reason F D A has 
considered that its T/R policy should use carcinogenesis as the basis for establishing 
the threshold (2-4). Such an approach is also consistent with the agency's established 
precedent for using upper-bound estimates of risk from carcinogenesis as a standard 
of negligible risk, in both its Sensitivity of the Method regulation for animal drugs (8) 
and its policy regarding Carcinogenic Impurities in Food Additives (9,10). 

Use of Carcinogen Potencies to Establish a Threshold of Regulation 

One approach to establishing a T/R level is to base that level on the degree to which 
presumptive carcinogenic risk may be ruled out, in the unlikely event that the 
compound is a carcinogen. FDA's approach to precluding potential carcinogenic risk 
makes use of potency data compiled from substances that have tested positive for 
carcinogenesis in animal feeding studies. Both the F D A (2-4) and others (11-14) have 
discussed this approach. 

Carcinogen potencies are known to be lognormally distributed (Figure 1). From 
this distribution it has been shown (2) that the choice of a given exposure level for a 
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T/R excludes a probabilistically defined proportion of the area under the lognormal 
curve of potencies from producing dietary risk to humans above any chosen "Target 
Risk" level, so long as human exposure to the substance of concern does not exceed 
the T/R exposure level. The Target Risk level is that upper-bound level of presumptive 
lifetime risk deemed commensurate with negligible or de minimis risk, and is typically 
chosen to be 1 Χ ΙΟ"6 (8Ί0). Given this Target Risk and the range over which 
carcinogen potencies are known to be distributed, one may select a threshold level that 
provides adequate protection from presumptive carcinogenic risk in excess of the 
Target Risk. 

In an earlier paper on this subject, a T/R level of 50 parts per trillion (ppt) was 
proposed for illustration (2) using the method described above. It was shown how that 
choice of T/R level is consistent with an 85 percent probability that an upper-bound 
risk of greater than 1X10 - 6 would be precluded for each exemption at that level, should 
the substance unexpectedly be a carcinogen. (Coupled with an assumed one-in-five 
probability of an untested chemical being a carcinogen, the choice of 50 ppt leaves a 
better than 97% probability that cancer risk will not exceed 1 Χ ΙΟ*6.) 

In fact, for any range of selected T/R levels there exists a corresponding range of 
probabilities that presumptive carcinogenic risk at some target risk level is precluded. 
These "Target Risk Avoidance Probabilities" correspond to areas under the lognormal 
curve of carcinogen potencies excluded by any given choice of T/R level. The 
relationship between these two variables is portrayed in Figure 2, which shows Target 
Risk Avoidance Probabilities as a function of the T/R level chosen. The shape of the 
curves in Figure 2 depends solely on the parameters that define the shape and position 
of the lognormal distribution of carcinogen potencies. Two curves from this author's 
work are portrayed in Figure 2, one corresponding to 343 carcinogens selected from 
the original data base compiled by Gold et al. (2,15) and the other, a more recent one 
using 477 carcinogens chosen from an updated Gold et al. database (16,17). The choice 
of 50 ppt as a T/R level is designated by Arrow " A " in Figure 2. 

Schwartz has proposed a range of possible T/R levels between 100 ppt and 1 ppb 
(5). The lower bound for this range was justified on the basis of known diffusion 
coefficients for migrating species from polymeric food-contact materials, and repre
sents a practical limit to current analytical capability for indirect food additives. At 
the upper limit (1 ppb) the target risk avoidance probability begins to exceed 50 
percent. The range proposed by Schwartz is shown as the span between arrows " B " 
and " C " in Figure 2. 

Recently, Munro et al. published a table of Target Risk Avoidance Probabilities 
(see Reference 11, Table 2) as well as parameters defining the lognormal potency 
curves for each of four carcinogen data sets they studied (13). Using their parameters, 
we have plotted in Figure 2 the Target Risk Avoidance Probabilities for two of their 
data sets, including the one they state to be of most relevance to the T/R problem. As 
can be seen from Figure 2, the Munro et al. analysis is in substantial agreement with 
the present analysis. Munro et al. argue that a dietary intake level as high as 1 ppb 
provides adequate protection from presumptive cancer risk, and that the level may be 
even higher, possibly as high as 10 to 15 ppb, if adequate data are available to preclude 
the genotoxicity of the chemical in question (14). The T/R level suggested by Munro 
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Figure 2. Target Risk Avoidance Probabilities as a function of human dietary intake. 
Data of Rulis (2) and Munro et al. (11). Ordinate represents the probability that 
presumptive upper-bound risk of carcinogenesis would not exceed 1X 10'6upon lifetime 
ingestion at the dietary level indicated on the abscissa. Arrow A corresponds to a T/ 
R level of 50 ppt (2). Arrows Β and C represent a range of possible T/R levels 
described by Schwartz (5). Arrow C and above corresponds to the proposed T/R level 
of Munro et al. (11-14). Arrow D corresponds to a T/R level of 0.5 ppb. Data set 1 
(·) of Rulis is from an unpublished analysis of477 carcinogens selected from the Gold 
et al. data base. Data set 2 (+) of Rulis is from a previously published analysis of 343 
Gold et al. carcinogens. Data set 3 (*) of Munro et al. is from a set of 492 Gold et al. 
carcinogens. Data set 4 (X) is from a set of 217 carcinogens selected by Munro et al. 
to be the best representative set for the purposes of establishing a T/R level. 
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et al. is shown in Figure 2 as arrow " C " at 1 ppb with an indefinite span to the right of 
that level. 

Taken together, the data of Figure 2 show that an upper-bound presumptive risk 
of carcinogenesis from lifetime dietary ingestion of a carcinogen at a level of 1 ppb will 
be less than 1Χ 10 6 with roughly a 50 percent probability (Arrow C), while at lower 
dietary intakes it becomes increasingly probable that the potential risk will not exceed 
that target risk level. Recall that these "risks" are conjectural and not actuarial in any 
sense. They are upper-bound estimates derived from a highly conservative linear 
extrapolation of data from animal studies. Furthermore, it has been presumed that the 
chemical in question is in fact a carcinogen. This is not likely to be true for more than 
about one in perhaps three to five randomly selected compounds. 

At the present time it appears that a T/R level on the order of 0.5 ppb (arrow " D " 
in Figure 2) may represent a reasonable balance between necessary conservatism and 
practical utility. In the absence of any detailed toxicological information about a 
compound, including genotoxicity information, this level provides adequate protec
tion from presumptive carcinogenic risk, and is also within the realm of analytical 
measurability. 

Summary and Conclusions 

Several impelling considerations currently point to establishment of a T/R for food 
packaging materials. The 1979 Monsanto vs. Kennedy decision of the United States 
Court of Appeals reminded the agency of the Commissioner's limited exemption 
authority under the present statute. F D A has yet to formally delineate its understand
ing of the scope and application of that exemption authority. The Monsanto court 
decision provides both an opportunity and an impetus to move forward with a T/R 
policy. Furthermore, industry petitioners for new food additives deserve to have 
consistent and expeditious decisions about their products under regulatory authority 
of FDA. These decisions must also protect the public health. Regulatory agencies 
need to find more ways to employ the "principle of commensurate effort," under which 
they systematically devote their limited resources to issues in proportion to the likely 
net public benefit. Expeditious handling of a larger number of trivial or near trivial 
issues would allow more attention to be focused on the less numerous, yet more 
important, issues. These are all major concerns related to the T/R policy for indirect 
food additives under development at FDA. 

Scientific analyses suggest that even if the toxicological endpoint of carcinogenesis 
is selected as the key factor in setting a T/R level for indirect food additives, a level 
can be set that is both practical from the analytical standpoint and fully protective of 
public health. A level of the order of 0.5 ppb may be a reasonable starting point for 
such a policy, lying as it does, midway in a range bounded by analytical limitations on 
one end and by increasing probability of presumptive toxicity on the other. Of course, 
F D A has not yet settled on a specific T/R level, nor for that matter does it have the 
specific considerations of a policy fully laid out. When the agency develops its 
approach to a point where outside opinion and independent review will be helpful, we 
intend to publish a proposal in the Federal Register and request public comment. 
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Chapter 15 

F o o d Ingredient Safety E v a l u a t i o n 

Guidelines from the U.S. Food and Drug Administration 

George H. Pauli 

Division of Food and Color Additives, U.S. Food and Drug Administration, 
200 C Street, SW, Washington, DC 20204 

Procedures for the safety evaluation of food ingredients must take into 
account the legal authority for requiring safety testing, the capability of 
various scientific methodologies to address questions relevant to the safety 
of food, the risks to be encountered if safety questions are not addressed, 
and the societal consensus on what safety means. The societal value of 
committing scientific resources to address particular questions must also 
be considered. This consideration requires not only scientific knowledge 
of what may constitute a hazard, but also an understanding of how we have 
come to accept our present system of requirements. 

It would be difficult to achieve a consensus on the best way to ensure safety if one had 
to design a safety testing system de novo. However, a remarkable consensus exists that 
the system which has evolved is effective at protecting public health and is achievable 
at an acceptable cost. This chapter presents an overview of how food ingredient safety 
assessments are made by the U. S. Food and Drug Administration (FDA). I will not 
presume more than a chemist's knowledge of toxicity testing, although I am sure that 
much of what I say will be well known by many in the audience. Several other chapters 
will provide more specific information on particular aspects of safety assessments. 

Background 

The FDA has had the authority to require safety testing of food ingredients only since 
1958. Prior to that time, responsible companies tested ingredients for their own 
assurance that they were not selling a product that might be harmful, and government 
scientists occasionally tested ingredients that they thought might pose some risk. 
Industry testing often was done in consultation with government scientists to ensure 
wide acceptance of the results. Thus, when the Food Additives Amendment was 
passed in 1958, requiring premarket approval of all new ingredients, there was already 
a working consensus on the types of testing that would be needed. (The Food 

This chapter not subject to U.S. copyright 
Published 1992 American Chemical Society 
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Additives Amendment actually applies to the use of any substance that might become 
a component of, or otherwise affect the composition of, food. Thus, it also applies to 
packaging materials and food processing equipment. This chapter will focus on 
ingredients, however.) There are several principles that underlie the basis for such 
testing: 

1. The dose makes the poison. Nearly any substance will be toxic at some dose. The 
objective is not to determine whether a substance can be toxic, but to determine 
whether some level of consumption can be considered safe. 

2. In assessing toxicity, animal models can be used as surrogates for humans. 
3. Different species, and individuals within a species, will vary in their sensitivity 

to a substance. Therefore, it is prudent to test in more than one species and to use 
sufficient numbers of animals to obtain statistically meaningful results. 

4. Because of the variations described above, any extrapolation of data from one 
species to another introduces uncertainty. Therefore, safety factors have been 
applied to compensate for such uncertainty. Traditionally, a hundredfold safety 
factor has been applied to estimate a safe intake for humans based on a level 
producing no adverse effects during chronic feeding studies in animals; i.e., 
human consumption at a level 100 times less (in terms of the amount consumed 
in proportion to the body weight) than that producing no effect in animals is 
considered safe. Such a safety factor cannot be used for a substance that causes 
cancer at a higher dose, however, because a threshold for such an effect cannot 
be assumed. 

5. The amount of testing required should be commensurate with the potential for 
risk posed by use of the ingredient. 

When Congress passed the Food Additives Amendment, it allowed considerable 
discretion to government scientists on what testing should be required. The Food 
Additives Amendment does not require any specific testing to be done, although it 
requires sufficient data to conclude that the use of a substance is safe. Congress also 
recognized that complete certainty about the safety of any substance was impossible, 
a situation which has not changed with our substantially increased knowledge today. 
Correspondingly, FDA regulations define safety as a reasonable certainty in the minds 
of competent scientists that the substance is not harmful under the intended conditions 
of use. 

Congress did include one provision restricting discretion: the Delaney Clause. 
This provision (which applies, in slightly different forms, only to food additives, color 
additives, and animal drugs) restricts the government from concluding that any 
additive is safe if it has been shown to induce cancer in man or animal when ingested 
or when applied by another route in an appropriate test. At the time of enactment, this 
provision was unlikely to affect decisions because in most cases scientists could not 
conclude to a reasonable certainty that use of a carcinogen would cause no harm. Its 
significance has probably been more symbolic than substantive. In recent years, 
however, we are seeing more examples in which a decision may depend solely on the 
Delaney Clause and efforts have been considered to amend or revoke it. The current 
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Secretary of Health and Human Services has stated that such a change would be 
appropriate. 

In considering requirements for safety evaluation of ingredients, it is important to 
consider different categories of ingredients. Congress created three categories of 
exemptions from the requirement to demonstrate safety of an ingredient: ( 1 ) ingredients 
whose safe use is covered by other laws; (2) ingredients previously and explicitly 
found to be acceptable by the F D A or the U.S. Department of Agriculture; and (3) 
substances whose use is generally recognized as safe (GRAS) by experts qualified to 
make such determinations. This latter category is particularly significant in that a final 
decision on the safety evaluation is not reserved for the government. To ensure 
protection of public health, however, and to provide orderliness in decisions, F D A has 
involved itself in such GRAS determinations, establishing a petition process for 
positively affirming its agreement with independent GRAS determinations. 

Under the Food Additives Amendment, GRAS determinations can be made on 
either of two bases: on a safe history of use prior to January 1,1958, or on scientific 
procedures such as those used for food additives. The latter basis raises the question 
of how this differs from food additive approval. The intent of Congress is not clear 
but there is no evidence that Congress intended a standard weaker than that for food 
additives or that it intended to set up a dual system for premarket approval. F D A has 
concluded that the quality and quantity of data needed to demonstrate that a substance 
is GRAS by scientific procedures are the same as those needed to demonstrate the 
safety of a food additive, but that the data must be published in order to have general 
recognition. F D A expects that new substances would be evaluated as food additives. 

Criteria for Safety Evaluation 

An F D A review of the safe use of an ingredient is triggered by one of two circumstances: 
a petition to amend the regulations to permit a new use of an additive, or an agency 
initiated review stimulated by new data requiring a reconsideration of an earlier 
decision that use of an additive is safe. A réévaluation of earlier decisions depends 
primarily on the specific facts of a particular case and will, therefore, not be discussed 
here. 

A sponsor petitioning for a change in the regulations to permit a new use of an 
ingredient bears the full burden of demonstrating that the requested use is safe. The 
petitioner should become expert on the safe use of the ingredient in question and the 
petition is the forum for demonstrating that expertise. F D A uses its general expertise 
to determine whether the petition provides an adequate demonstration of safety. FDA 
has issued several guidelines to aid the petitioner in preparing the petition, but the 
responsibility of providing adequate data is solely that of the petitioner. (These 
guidelines are available from the FDA upon request, with the exception of a more 
extensive set of guidelines on toxicity testing, discussed below, which is available 
from the National Technical Information Service for a nominal fee.) 

A petition is, in effect, a scientific/legal document that must be sufficiently 
complete to allow any knowledgeable, objective observer to conclude that all 
reasonable safety questions have been addressed. Moreover, there must be sufficient 
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detail for F D A scientists to reach their own conclusions on what the data demonstrate, 
independently of the conclusions of the original researchers. 

Two important factors that govern the safety review are (1) that the safety of a 
substance being considered is safety/under all conditions of use to be permitted and (2) 
that a determination that the requested use is safe applies to use by all possible 
companies, not just the petitioner. Thus, any controls needed to ensure safe use must 
be established before approval is granted so that all users of the ingredient are subject 
to the same controls. 

Chemistry and Food Technology 

The first criterion to be met is to establish an adequate identity for an additive. The 
common name for an additive usually defines either the major intended component of 
a commercial product or the source from which an additive is extracted. No 
commercial product is absolutely pure, however, so consideration must be given to the 
full range of components likely to be present in an additive under actual conditions of 
use. Possible source materials and manufacturing processes must be considered to 
determine the impurities likely to occur and multiple batches must be analyzed to 
determine actual composition and its variability. On the basis of such information, 
chemists and toxicologists can decide what specifications may be necessary to ensure 
safety. Any analytical method used to characterize a substance must be fully described 
and shown to be valid for the concentrations being determined. 

The second criterion is whether the substance changes during use. This means that 
the types of food and the conditions under which the substance is intended to be used 
must be described. For example, does it decompose when heated or when present in 
acidic aqueous solutions? If so, what are the degradation products that will be 
consumed? Are restrictions needed for the types of foods in which the additive may 
be used? Does the petitioner want to request limits so as to avoid the need for 
addressing questions about conditions of use that may not be commercially important? 

What is the technical effect to be achieved? In what amounts will an additive be 
used? In what types of foods? Is there a technologically self-limiting level of use such 
that the food would not be consumed if higher levels were present? This information 
is needed to assess how much of each component is likely to be consumed. If a 
tolerance is needed to ensure safety, that tolerance must be no higher than the amount 
needed to achieve the technical effect. 

F D A uses consumer surveys to estimate portion sizes and frequency of eating so 
that, in combination with proposed use levels, it can reasonably estimate the amount 
of an additive likely to be consumed. Although consumer eating habits vary, F D A 
looks for the amount consumed by a person who eats relatively large amounts of the 
food in which the additive is used. This approach poses some problems when an 
additive is used in many different foods because the same person is unlikely to eat large 
amounts of each category of food. In such cases, a greater emphasis must be given to 
the average eater of the many different foods. 

At the end of the chemistry evaluation, one should have a good idea of the amounts 
of each component of concern that are likely to be consumed if the requested 
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permission to use the ingredient is granted. Sufficient information will have been 
presented to allow a chemist to verify the data, if necessary. One last important 
criterion must be considered. If the estimate of consumption depends on the 
establishment of limits to ensure purity or level of use, then the petitioner must present 
analytical methodology capable of verifying that such limits are being met. F D A may 
require samples of food containing the requested concentration of additive so that its 
analysts may evaluate the adequacy of the methodology in the laboratory, but in any 
case the petitioner must develop and validate the test methods. 

Toxicology 

F D A requires a core of toxicology data that depends on the substance and its use. 
Additional studies may be required to satisfy concerns raised during the initial, or core, 
testing. Feeding studies in laboratory animals are generally required. As noted 
previously, the extent of testing should be commensurate with the anticipated risks 
posed by the use of the substance. Therefore, F D A has devised a set of core 
requirements which considers both the chemical structure of the ingredient and the 
amount likely to be consumed to establish a "Concern Level" that gives guidance as 
to what studies are needed. Details for determining Concern Levels, their corresponding 
core test requirements, and guidelines for conducting tests are described in Toxico
logical Principles for the Safety Assessment of Direct Food Additives and Color 
Additives Used in Food, published by F D A in 1982 and available from the National 
Technical Information Service. This document, commonly known as the Redbook, is 
currently under revision and will be discussed later by other authors in this book. 

F D A has established three structure categories in which all chemicals can be 
organized according to their functional groups. For each of these, ranges of dietary 
exposure are used to establish three Concern Levels, as shown in Figure 1. For the 
highest Concern Level, FDA normally requires carcinogenicity studies in two rodent 
species, a chronic toxicity study in a rodent species, a long-term (at least one year) 
study in a non-rodent mammal, and a two-generation reproduction study with 
teratology phase in a rodent species. Typically, the carcinogenicity, chronic toxicity, 
and reproduction/teratology studies are conducted as a combined study in a rodent. 
Generally, a 100-fold safety factor is applied to the no-observed-effect level to 
determine the maximum acceptable daily intake (ADI) for humans. (This approach 
is inapplicable, of course, to ingredients that are consumed in such large amounts that 
a 100-fold safety factor is impossible.) Observed toxic effects in any of the studies may 
indicate the need for more specialized studies to ascertain their significance for human 
health. For any petitioned ingredient, a thorough review of the toxicological literature 
is also needed to ensure that no relevant information is overlooked. 

The Redbook also offers guidance on the design of specific studies to ensure that 
useful information will be obtained. Studies must be conducted according to good 
laboratory practices (as defined by regulation in 21 CFR 58) to ensure that results are 
credible. This requirement relates to the earlier discussion of ingredient identity and 
ensures that the lots of ingredient tested are representative of what would be consumed 
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Structure Ç Structure Β Structure A 

C.L* III C.L. Ill 
C.L. Ill 
1.0 ppm 

0.5 ppm 
C L II 0.25 ppm** 

C L II 
C L II 

C L II 

C L II 
0.05 ppm 

C L II 
0.025 ppm 

0.0125 ppm 

C.L I 
C.L. I 

C .L I 

Higher 

Ε 
χ 
Ρ 
ο 
s 
u 
r 
e 

Lower 

* C.L. • Concern level 
** ppm = Parts per million dietary exposure to the additive 

Figure 1. Concern l e v e l from exposure and st r u c t u r e . 
SOURCE: T o x i c o l o g i c a l P r i n c i p l e s f o r the Safety 
Assessment of D i r e c t Food Add i t i v e s and Color 
A d d i t i v e s Used i n Food; U.S. Food and Drug 
Administration, Bureau of Foods; Washington, DC, 
1982. 
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by humans in the food supply. Also, good recordkeeping practices are essential to the 
usefulness of a study. F D A has required petitioners to provide more detailed 
information to resolve an issue because its significance was not clear from the original 
report. Resolution of such issues sometimes has required réévaluation of histopathology 
slides. 

It is important to recognize that the Redbook is solely intended to provide guid
ance. The guidelines of the Redbook are not mandatory, because there is a need for 
judgment in making decisions on safety. There may be situations where other 
information is available that will help demonstrate safety without the need for full 
toxicological testing requirements. 

Environmental Impact 

A l l federal agencies are required by the National Environmental Policy Act to consider 
the environmental consequences of their actions, including the consequences of 
issuing rules permitting use of a food ingredient. Unless FDA can conclude that there 
will be no significant environmental impact from an activity to be permitted, and 
issues a public document stating the reasons, it must prepare an environmental impact 
statement. Although an environmental impact statement is rarely needed, there is still 
a need for data that would support a finding of no significant impact. Not surprisingly, 
FDA requires the petitioner to provide such information in an environmental assessment. 

Data are needed to predict the environmental introduction, fate and effects of 
chemicals that would enter the environment through manufacture, use and disposal of 
a proposed ingredient. For the site of manufacture, F D A tries to avoid duplicating the 
environmental review of other governmental agencies by relying, to the extent 
possible, on a certification of compliance with federal, state, and local emissions 
requirements, including occupational exposure limits. The required data provide a 
basis for assessing the likelihood of an environmental impact. As with other aspects 
of premarket approval, foreign and American companies are treated alike. F D A is 
required to consider the environmental impact of its regulations anywhere in the 
world. 

Although in most cases there will be little potential for a significant environmental 
impact from the use of a safe food ingredient, care is needed to ensure that situations 
where there could be a significant impact are not overlooked. An environmental 
assessment must be a complete document that, by itself, will show that there is no 
reasonable potential for an environmental impact. The FDA Center for Food Safety 
and Applied Nutrition's Environmental Impact Section makes available step-by-step 
guidance for petitioners preparing environmental assessments. 

Nutrition 

Ingredients may be nutrients or replacements for nutrients, or they may interfere with 
the utilization of nutrients. It is difficult to establish general guidelines for addressing 
nutritional concerns but one should be alert for potential effects. Animal feeding 
studies may reveal nutritional as well as toxicological information. The intended use 
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will also provide information on the potential for adverse nutritional consequences. 
The need to generate new information is likely to vary with the individual case. 

Microbiology 

Finally, for some ingredients, the need for chemical information may be replaced, in 
part, by a need for biological information for one of two reasons. First, the technical 
effect to be accomplished by an ingredient may be biological. One needs data on 
efficacy to determine the amount of an ingredient needed to be effective as an 
antimicrobial agent. As stated above, if there is a need to set a tolerance on the amount 
of an ingredient to be used, the tolerance should be no higher than necessary. This limit 
is intended to prevent gratuitous use of ingredients. A corollary is that use of an 
antimicrobial agent at levels too low to be effective is also a gratuitous increase in 
one's consumption of the ingredient. 

Second, in a growing number of cases, ingredients are being manufactured by 
biological rather than chemical means. The types of impurities that might be of 
concern will not be predictable from the laws of synthetic chemistry but will depend 
on the organisms used for manufacture. Biotechnology has been used in food 
manufacture for many years, but the new possibilities being made available through 
recombinant D N A technology present new issues to be addressed. Microorganisms 
used in food processing must be well characterized and understood to allow the design 
of a scheme that will provide an effective safety assessment. As a minimum, the 
following information is needed to evaluate the safety of their use. 

1. Documentation and taxonomic identification of the specific strain of organism 
to be used. 

2. Details of procedures used to guarantee cultural purity and genetic stability. 
3. Quality control procedures to ensure use of a pure culture. 
4. Description of methods to ensure absence of antibiotic formation by culture. 
5. Evidence that microorganism isolates are neither toxigenic nor infectious. 
6. Evidence of controls to ensure that viable cells of the production strain will not 

be present in food. 

Summary 

The data requirements for evaluating the safety of a food ingredient must be 
determined by specific case. In all cases, the ingredient must be adequately identified 
and there must be sufficient information on record to provide assurance that the 
amount consumed will not cause harm. The person intending to use the ingredient is 
responsible for ensuring that sufficient information is present in an official record for 
FDA to conclude that use of the ingredient is safe. 

The cooperative efforts of government and industry scientists over several decades 
have led to a general acceptance of procedures for demonstrating the safety of food 
ingredients. Whether they are the best procedures is not answerable because, 
presumably, there may always be more efficient and effective procedures. F D A has 

American Chemical Society 
Library 

1155 16th St., N.W. 
Washington, D.C. 20036 
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issued many guidelines describing test procedures that it finds acceptable, and it will 
always consider proposals for more effective and efficient methods to determine the 
safety of food ingredients. The standard set by law is not that any particular tests be 
conducted, but that the use of the ingredients be demonstrated to a reasonable certainty 
to be harmless. 
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Chapter 16 

A F l a v o r Pr ior i ty R a n k i n g System 

Acceptance and Internationalization 

Otho D. Easterday1, Richard A. Ford2, Richard L. Hall3, Jan Stofberg4, 
Peter Cadby5, and Friedrich Grundschober6 

1International Flavors and Fragrances, Inc., Union Beach, NJ 07735-3597 
2Research Institute for Fragrance Materials, Englewood Cliffs, NJ 07632 

3Consultant, 7004 Wellington Court, Baltimore, MD 21212 
4Consultant, 72 Wildwood Drive, Lake Monticello, Palmyra, VA 22963 

5Product Safety Department, Firmenich SA, 1 route des Jeunes, CH-1227, 
Geneva, Switzerland 

6International Organization of the Flavor Industry, 8 rue Charles-
Humbert, CH-1205, Geneva, Switzerland 

A system, accepted by the Codex Alimentarius Commission and others 
and developed by the combination of (1) the FEMA Decision Tree, (2) the 
FDA Prioritized Assessment of Food Additives (PABA — so called 
"Redbook", (3) the Consumption Ratio, and (4) the application of Toxi
cological Adjustment Rules, is briefly described. The system uses expo
sure estimates, structure-activity relationship elements, consumption ratio 
data, observed toxicity data, and adjustments to rank a large number of 
flavoring substances into seven levels of priority concern. We present 
information of the system's acceptance by National and Supra-National 
organizations. Sample exposure estimates for European and U.S. flavors 
are discussed in relation to the effect upon the priority level of concern. The 
current program with Supra-National organizations is described. 

The number of flavoring substances known to be in use around the world, both as a 
result of intentional addition to food and as a result of their natural occurrence in foods, 
numbers in the thousands and may well exceed 10,000. While there is no evidence of 
any harm from these substances under normal conditions of use, the public is 
increasingly asking for evidence that these substances have been reviewed in a 
systematic manner using a scientifically sound, validated system. 

Such a system or method of approach must be able to select out of the thousands 
of flavoring substances the few that, because of volume or use, chemical structure, etc., 
would be considered to have the highest priority for in depth evaluation. It must also 
provide confidence that those substances of lower priority present no significant risk 
as they continue to be used until such time as the review process can accommodate 
them. 

A priority setting system (not identified as such) was called for as early as 1967 
by JECFA [Food Agriculture Organization (FAO)/World Health Organization (WHO) 

0097-6156/92/0484-0149$06.00/0 
© 1992 American Chemical Society 
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150 FOOD SAFETY ASSESSMENT 

Joint Expert Committee on Food Additives] at their 11th meeting and in subsequent 
meetings. JECFA proposed consideration of consumption data and existing safety-in-
use information of a substance as criteria for the selection of substances for further 
evaluation. 

In responding to this request, a flavor priority ranking system was developed as 
describedbyEasterday,etal(7). The concept combined: (A) The Consumption Ratio-
Food Predominant concepts (2-70), (B) The structure-activity- relationship "Decision 
Tree" (77, 72) and (C) The computerized test data weighted method (13,14). 

The concept was developed by an hQ£ group and applied to a set of flavoring 
substances derived from the Codex Alimentarius Commission's List B2 and an 
International Organization of the Flavor Industry (IOFI) subset. Working coopera
tively with the Working Group on Flavors (a working party of the Codex Committee 
on Food Additives and Contaminants (CX/FA)) Codex List Β and an IOFI subset was 
prioritized (15,16). A presentation to the C X / F A Meeting lead to the Working Group 
on Flavors' recommendation that one of the four methods examined be adopted by the 
C X / F A plenary session (76) (Rulis, A . M . et al., A Codex Flavor Priority Ranking 
System, Twentieth Session of the Codex Committee on Food Additives and Con
taminants, Joint FAO/WHO Food Standards Programme, Codex Alimentarius 
Commission, 7-12 March, 1988, The Hague, unpublished data). 

The prioritization of flavors was discussed further at a Strasbourg, France, Joint 
Council of Europe (COE)/European Community Workshop in 1987 by Rulis and Hall 
(17,18). Doctor Rulis, a member of the ad hoc working group, was invited to present 
the system and the results obtained to the JECFA (79). The system, as developed, is 
consistent with the principles discussed in the WHO monograph entitled Principles 
for the safety assessment of food additives and contaminants onfood (20). The Codex 
Alimentarius Commission and JECFA have endorsed, or officially accepted the 
system. The Flavor and Extract Manufacturers' Association of the United States 
(FEMA)—Expert Panel uses the system as well. Further refinements were made and 
presented at the COE, 2nd International Consultation on Flavors (Hall, R. L . , et. al., 
A Method for Prioritizing Flavor Substances for Safety Evaluation. 2nd International 
Consultation on Flavors, 27-28 April 1989, Strasbourg, Council of Europe, 1989, 
unpublished data.) and at the London Meeting on "Harmonization and Consistent 
Approach to Regulation of Flavors" (27). The latter two sessions further endorsed the 
use of the priority setting method for application to flavors. 

The United States Food and Drug Administration (FDA) and IOFI use the system. 
The current data bank uses the FDA's mainframe computer. Other national industry 
flavor associations and/or national governments are supportive, participate or provide 
information. The work is coordinated by the International Committee on Flavour 
Priority Setting (ICFPS). 

We briefly outline the historical developments within national and supra-national 
organizations. We summarize their endorsements, the official and unofficial accep
tances and the progressive internationalization of the ad hoc working groups' effort to 
the current period. 

This method is not intended and should not be used as a technique for safety 
evaluation. Clearly, however, any setting of priorities carries an implied estimate of 
what formal safety evaluation would likely confirm. It does this only in order to 
integrate and to apply systematically the available information and a sensible, broad, 

 J
ul

y 
15

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 F
eb

ru
ar

y 
14

, 1
99

2 
| d

oi
: 1

0.
10

21
/b

k-
19

92
-0

48
4.

ch
01

6

In Food Safety Assessment; Finley, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 
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conservative judgement to insure that the more urgent risks are examined first, and in 
greatest depth, and that minor or insignificant risks are appropriately delayed, and not 
allowed to interfere or preempt limited resources. It should also provide confidence 
that those substances in a lower priority class may continue to be used with minimal 
risk until such time as in depth examination is possible. 

The method used for establishing priorities among flavoring substances is com
posed of a set of simple procedures that, when applied to any inventory of flavor 
substances, produces subsets that can be designated for further review and evaluation. 
The work has been completed with the Codex List Β and the chemically defined flavor 
substances approved for use in foods in the United States. However, the COE has 
discussed this technique for application to the flavors mentioned in its Blue Book (22), 
Pink Book (23) or subsequent revisions. The priority ranking of the flavoring 
substances submitted in the European Inventory to the European Community is 
currently being investigated. 

The system is "risk-based". The highest priority is alloted to those flavors that 
have the greatest presumptive risks. The principal components of risk are inherent 
toxicity and exposure. The system is selective and can differentiate among substances 
thus creating subsets of substances of manageable size appropriate to the resources 
available for safety evaluation The system is structured for computerization, can 
incorporate a large range and number of substances and is flexible. It can easily 
incorporate new information for any substance. Thus, it can test the effect of and 
incorporate new data on existing priority lists. 

Since classical toxicological data is lacking for many flavoring substances, the 
system can utilize other information in the absence of specific toxicity data for a 
particular flavoring substance. This method utilizes, in decreasing order, exposure 
(intake), structure-activity relationship information and natural occurrence in food. 
The method considers available toxicological data and past evaluations, utilizing 
information contained in current computerized data banks, rather than original study 
reports. The system does not underestimate risk. It is organized to be conservative. 
The priority setting method does not bias any special type of regulation. It is a rational 
and scientifically based priority setting system useful for focusing safety evaluation 
in any reasonable regulatory operation. 

An inventory of any set of candidate substances to be ranked is prepared. The 
chemical structure of the substances must be identified with certainty. Following the 
construction of the inventory, a set of "hybrid priority levels" is formed. The initial 
assignment of "presumptive concern" for each flavor to be ranked is based upon two 
well established procedures. Both procedures use: (a) estimates of probable intake and 
(b) information about chemical structure. These procedures combine chemical 
structural information (in the form of assignments to discrete structural categories) 
with human intake (exposure) data to permit the allocation of all flavors into one of 
several "concern levels". 

One method, the U.S. FDA Redbook procedure uses tables of chemical structures 
to assign flavors into structure categories (24). The second of the two procedures, the 
F E M A "Decision Tree", employs a decision tree composed of 33 questions to assign 
flavors into chemical structure categories (11). For both procedures, substances are 
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assigned to one of three chemical structure categories corresponding to "low", 
"intermediate" or "high" presumptive toxicity. These structure assignments are 
combined with the estimates of exposure through intentional addition to food to 
categorize the flavors into one of several initial "concern levels", three for the FDA 
Redbook procedure and four for the F E M A Decision Tree procedure. The "concern 
levels" derived from the two procedures are combined into a single set of "hybrid 
priority levels". In this manner, the highest "concern level" by both procedures is 
correlated with the highest "hybrid priority level." Likewise, the lowest "concern 
level" is related to the lowest "hybrid priority level". Thus, by definition, the "hybrid 
priority levels" are the sums of the respective numbers characterizing the individual 
procedure's "concern levels", with the "hybrid priority level" 7 being the highest 
(Table 1). 

Table 1. Merging Procedure For Hybrid Priority Levels 

Hybrid Priority level RCL<> FClP 

7 3 4 
6 3 3 

2 4 
5 3 2 

2 3 
1 4 

4 3 1 
2 2 
1 3 

3 2 1 
1 2 

2 1 1 
SOURCE : Reproduced with permission from ref. 19. Copyright 
1989 World Health Organization. 
aConcem level defined by the FDA Redbook method. 
DConcern level defined by the FEMA Decision Tree method. 

The next operation in setting flavor priorities is to adjust the hybrid priority level 
assignments by considering the quantity of the flavor substance's natural occurrence 
in food. This can be done by invoking the concept of "consumption ratio" developed 
by Stofberg (8). By definition, the "consumption ratio" is the ratio of the per capita 
intake (exposure) resulting from the flavor substance's natural occurrence in food to 
the per capita intake of the flavor from its intentional addition to food (6,26). A large 
consumption ratio indicates that the human intake (exposure) from natural occurrence 
sources of the flavor in food is much larger than the intake that is derived from its 
intentional addition to food. Similarly, a consumption ratio of zero signifies that the 
flavor material does not have natural occurrence in food as currently known. Con
sumption ratios vary from 1 χ 10"3 to 1 χ 10^. 
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For the assignment of flavors to priority levels, the effect of the consumption ratio 
depends upon whether the initial priority level is high or low. If the "hybrid priority 
level" is low, a high consumption ratio will lower the priority since it is extremely 
difficult to control a substance that is primarily consumed as a result of its natural 
occurrence in food. But, if the "hybrid priority level" for the flavor is high initially, 
a large consumption ratio suggests a larger level of risk that demands scrutiny despite 
difficulty of control. Because of these arguments, the priority setting method uses the 
consumption ratio to adjust the initial assignments to the "hybrid priority levels" as 
follows: 

1. Any substance placed in "hybrid priority level" 7 should not have that 
priority reduced by the consumption ratio. The presumptive risk is in no 
way reduced by heavy intake of the flavour from natural sources, but is 
increased. However, there is no need for a higher priority than the highest 
already available. Thus, all substances in "hybrid priority level" 7 remain 
there. 

2. Substances in "hybrid priority level" 6 with a consumption ratio higher than 
100 should be moved to priority level 7, since intake of the substance from 
natural sources requires review. Consumption ratios of less than 100 
should have no effect. 

3. At "hybrid priority level" 5, the consumption ratio should be without effect. 
4. At "hybrid priority level" 4 and below (and for consumption ratios >3.2), 

the hybrid level of concern should be reduced by the logarithm (base 10) 
of the consumption ratio rounded up or down to the nearest integer (Table 
2). 

Table 2. Effect Of Consumption Ratios On Hybrid Priority 
Levels Of 4 And Below 

Consumption Log CR Level 
Ratio (CR) Reduction 

CR > 3200 >4 -4* 
320 < CR < 3200 3 -3* 
32 < CR < 320 2 -2 
3.2 < CR < 32 1 -1 
CR< 3.2 <1 0 

SOURCE: Reproduced with permission from ref. 19. Copyright 
1989 World Health Organization. 
•The priority level should not be reduced below zero. 

The next and last sequential operation for the priority setting system is an adjustment 
for toxicological data, if available, for a specific flavor present on the priority list. 
After adjustment for the consumption ratio, a set of guidelines are used to apply 
summaries of existing toxicological data and scientific judgments to determine a final 
priority assignment. It is important to use summaries, rather than original reports. The 
use of summaries not only expedites the process, but it also tends to counteract the all-
to-easy temptation to evaluate, instead of simply to prioritize. 
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Unless otherwise stated, these guidelines are intended to apply only to oral data. 
The parenthesized references are to the definitions that follow the guidelines. 

1. Seriously adverse data(a) not previously evaluated by the WHO/FAO Joint 
Expert Committee on Food Additives (JECFA) raise the substance to the 
highest priority level. 

2. Adverse data weigh much more heavily than favorable data of equal 
quality. 

3. Suggestively adverse data(b) not clearly overridden by substantially more 
data of higher quality raise the substance by three priority levels, or to the 
highest level unless guidelines 7 or 8, below, apply. 

4. Data by non-oral routes or in non-mammalian species are given weight 
only in the absence of the oral data, unless there are data indicating 
relevance to ingestion. 

5. Data from short-term (mutagenicity) tests have no weight unless, in the 
absence of chronic data, the results from two or more different tests are 
positive for mutagenicity. 

6. A prior JECFA review that resulted in setting either a specific Allowable 
Daily Intake (ADI) (not a temporary ADI), or an "ADI not specified" 
reduces the priority level to zero unless 1, above, applies. 

7. Data from chronic studies of at least moderate quality(c), showing no 
adverse effects at feeding levels lOOOx probable daily intake, reduce the 
priority of a substance by three levels, but not below level one, unless 
guideline 1, above applies. 

8. Data from subchronic studies of at least moderate quality(c), showing no 
adverse effects at feeding levels lOOOx probable daily intake, from sub
stances in priority levels five and below reduce the priority by three levels, 
but not below level one, unless 1, above, applies. 

9. Data from LD50 tests have weight only in absence of data from repeated 
dose studies, and only if the LD50 is less than 100 mg/kg, in which case 
they raise the priority to the highest priority level. 

10. Mixed data, generally favorable(e) but of poor quality and thus raising or 
leaving some questions, have no impact. 

11. Data of poor quality(f) have no weight unless seriously adverse (see 
Guideline 1). 

Definitions 

(a) "Seriously adverse data" means data from other than single-dose acute 
studies that indicate the potential for proliferative lesions, necrosis, repro
ductive, or reproductive organ effects, developmental or teratological 
effects, or other irreversible effects. 

(b) "Suggestively adverse data" means data that do meet the definition of 
"seriously adverse"(a), but that imply the presence of dose-related adverse 
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effects that are very unlikely to be serious or irreversible, or to occur within 
reach of human exposure, but that nevertheless suggest a somewhat higher 
priority for future evaluation than if such effects had been absent. 

(c) "Moderate (or credible) quality" means data from a study that does not 
meet guidelines for "high quality"(d) It does meet minimum standards, but 
has defects that render it inadequate for supporting persuasively the 
absence of adverse effects. 

(d) "Higher quality data" are from studies that meet published guidelines for 
current scientific quality. (This term is not used in the toxicological 
guidelines, but is given here for clarity in connection with other definitions.). 

(e) "Mixed data, generally favorable..." mean data from two or more studies 
that fall short of desirable minimum ("core quality") standards, and that do 
not agree in being entirely negative in their conclusions. Any adverse 
implications, in type and frequency of effects, and in the relation of the 
dose level(s) associated with such effects to possible human exposure, fall 
well short of "seriously adverse." Such effects are, at most, "suggestively 
adverse" and are outweighed in quantity and quality by data showing no 
effect. 

(f) "Poor quality" means significantly short of desirable minimum quality 
standards in one or more critical respects, but not wholly lacking in some 
possible indicative value. 

Almost regardless of priority, where there is certain knowledge of toxico
logical testing currently under way, it seems reasonable to suggest that it 
will generally be sensible to delay review until the results are available. 

We regard the careful use of existing toxicological data, in a highly conservative 
way, to influence the final priority as only rational. If we wish to decide which of two 
substances to evaluate first, no reasonable toxicologist would choose a substance with 
data that show little or no risk over a similar substance on which no data are available. 
Likewise, if suggestively adverse data exist, even if not clearly relevant to the final 
safety evaluation, it is only logical to raise the priority so that such data can be reviewed 
in a timely manner. 

The M hos. Committee has applied the priority setting system to two flavor lists. 
They were the Codex List Β - IOFI subset (602 flavoring substances) and a list of 1229 
U.S. approved synthetic flavors. The data base was created in the F D A computer by 
merging files from the FDA computer with data files from F E M A and from the 
National Academy of Sciences. The resulting data file is in a d-Base III data base and 
is conveniently accessible. For each flavor ingredient, the database contains: 

1. Chemical name; 
2. F E M A number; 
3. Chemical Abstract Service Registry Number (for certainty identification); 
4. Exposure or intake (total number of pounds, which disappears yearly into 

the U.S. food supply); 
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5. F E M A chemical structure category; 
6. F E M A concern level; 
7. Redbook chemical structure category; 
8. Redbook concern level; and 
9. Consumption ratio (if available). 

The system's computer printout is illustrated for Codex List Β - IOFI subset priority 
level 7 substances in Table 3 as produced on April 30,1990: 

Table 3. Illustrated List Of Codex List Β - IOFI Subset Flavors For The Codex Committee 
On Food Additives And Contaminants (1987 Poundage) 

R 
CAS No. Name ID CRatio Poundage S C S C LLCTR Ρ 

000075070 Acetaldehyde 2003 12.10 112000.00 A 3 1 c 6 6 1 7 
000123682 Allyl Hexanoate 2032 9620.00 C 3 2 c 6 6 3 7 
000057067 Allyl Isothyocyanate 2034 5.306 38200.00 C 3 2 c 6 6 3 7 
002835394 Allyl Isovalerate 2045 2.00 C 1 2 A 2 2 1 7 
004180238 Anethole 2086 1.788 37700.00 C 3 3 D 7 7 1 7 
000087296 Cinnamyl Anthranilate— 2295 0.00 C 1 2 A 2 2 1 7 

Prohibited 
000119846 Dihydrocoumarin 2381 0.000 8270.00 C 3 3 D 7 7 10 7 
000140670 Estragole 2411 1.230 300.00 C 1 3 C 4 4 1 7 
000121324 Ethyl Vanillin 2464 1570000.00 C 3 2 D 7 7 10 7 
000050215 Lactic Acid 2611 0.000 3180000.00 C 3 1 D 7 7 7 
067633970 3-Mercapto-2-Pentanone 3300 1.00 Β 1 1 A 2 2 1 7 
000092488 6-Methylcoumarin 2699 840.00 C 2 3 C 5 5 1 7 

Symbols: R = FDA Redbook; F = FEMA Decision Tree; S = Structural Category; C = Concern Level; 
L = Initial Hybrid Concern Level; LC=Initial Hybrid Concern Level corrected by Consumption Ratio; 
TR = Toxicological Adjustment Rule Applicable; and Ρ = Final Priority Level after Toxicological 
Rule Adjustment. 

These listings or printouts can be merged, sorted by CAS or F E M A numbers, by 
priority level, or produced alphabetically. Table 4 illustrates the Codex List Β - IOFI 
Subset as produced on April 30,1990 by priority level for the initial assignment, and 
as adjusted for consumption ratio and toxicological data (rule). A similar tabluation 
can be produced for the U.S. approved flavors. 

The tabulation illustrates that the system assigns relatively few substances to the 
highest priority levels, while the largest number of substances are assigned to lower 
levels. 

The method can distinguish a relatively small proportion of substances that may 
be considered to be of high presumptive concern in a large inventory of flavors. 

The ad hoc committee working with the Codex organization has expanded its 
scope cooperatively with the Council of Europe and other interested national and 
supra-national organizations including the European Community and the International 
Organization of the Flavor Industry (IOFI). Recently, the name of the working group 
was changed to the International Committee on Flavour Priority Setting (ICFPS) to 
reflect its international activity. Additional internationally recognized individuals 
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Table 4. Number Of Flavors Assigned To Priority Levels Before And After 
Adjustments 

Number of Compounds in each Priority Level 
Priority 
Level 

Initial 
Assignment 

After Adjustment 
for Consumption Ratio* 

After Adjustment 
for Toxicological Data 

1 5 5 6** 
6 30 30 17 
5 17 17 10 
4 70 61 42 
3 94 94 87 
2 385 365 313 
1 1 19 86 
0 — 11 31 

TOTAL(S) 602 602 602 

SOURCE: Reproduced with permission fromref. 19. Copyright 1989 WorldHealth 
Organization. 
*The substances in this table were chosen from the Codex List Β - IOFI Subset 
which is primarily a list of artificial flavoring substances, so the effect on the 
consumption ratio is under represented 
**The numerical difference between Table 3 and Priority Level 1 Substances is due 
to the dynamics of the data at the time each tabulation was prepared (a tirne-frame 
difference). 
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have been or will be invited to join as members of this Committee. The current 
committee is shown in Table 5. 

In order to prepare the European Community's (EC) Flavor Directive, a decision 
at the Council of Ministers required the preparation of a flavor inventory. The EC's 
inventory results from the collection of those substances permitted for use by any of 
the EC member countries. This inventory is large. It contains several thousand 
flavoring substances and flavoring source materials. It includes artificial, nature 
identical and natural flavoring substances and flavor source materials. The European 
historical regulatory environment favored the use of nature identical and natural 
flavoring ingredients which tends to increase significantly the number of substances 
available for use in Europe as compared to the US or other governments. This situation 
causes the EC's inventory to be quite large. The distribution of substances and their 
volume of use has been illustrated by Cadby (27). These distributions are shown in 
Figures 1 and 2. 

The question has been raised if the US consumption data obtained through 
poundage surveys by the National Academy of Sciences can be used as appropriate 
exposure data for priority setting purposes for the European lists since there has never 
been comparable surveys conducted in Europe. Flavor experts have tentatively 
responded by commenting that the US and European cultural and eating consumption 
patterns are converging. IOFI has conducted an exploratory survey for approximately 
50 materials used in the EC which were included in the US and Codex priority setting 
system lists. This IOFI survey has indicated some consumption differences between 
the E C and the US data; however, the differences were not sufficient to significantly 
affect the priority level previously determined for these substances. The preliminary 
findings suggest that the US data can be used until better European consumption data 
can be obtained. At the request of the COE, a second set of approximately fifty 
substances are now being examined. 

It is possible, in a very short time period, to organize the EC flavor inventory for 
priority setting purposes; that is, to assign the Redbook and F E M A chemical structure 
categories and to estimate the concern levels for creating the required input for the 
computer to determine the "hybrid priority levels". Experienced flavorists can 
provide reasonable estimates for exposure (intake). Since analytical data on natural 
occurrence are available as background information for the discovery of nature 
identical flavoring substances, utilized more in Europe, it is possible to make reliable 
estimates for the consumption ratio values. As Cadby has mentioned, the total number 
of nature identical substances is large; thus, the likelihood for high exposures (intake) 
among these substances will be individually low. The system is sufficiently exposure 
driven so the low exposures will tend to lower the substance's priority level. 

These estimates will provide to the priority setting system all of the necessary input 
data for the operation of the system and the production of a preliminary priority level 
sort. From this sort, we can concentrate upon levels 7 through 4 (the substances of 
highest concern) for additional refinement. "Refinement" is: (A) The development 
of more precise concern levels; (B) Conducting surveys for exposure (intake) data; and 
(C) clarifying the consumption ratio estimates. 
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Table 5. Members of the International Committee on Flavor Priority Setting 

Member Affiliation Country 

Burdock, Dr. G. FEMA U.S.A. 
Cadby, Dr. P. ΙΟΠ Switzerland 
Dodgen, Mr. D. FDA U.S.A. 
Ford, Dr. R. RIFM U.S.A. 
Grundschober, Dr. F. IOFI Switzerland 
Gry, Dr. J. COE/EC Denmark 
Hall, Dr. R. L . FEMA U.S.A. 
Hardinge, Ms. J. EFFA England 
Herrman, Dr. J. JECFA Switzerland 
Irausquin, Dr. H . FDA U.S.A. 
Nally, Ms. R. USDA U.S.A. 
Ronk, Mr. R. FDA U.S.A. 
Rulis, Dr. A. FDA U.S.A. 
Schwartz, Dr. P. FDA U.S.A. 
Shenkenberg, Mr. D. USDA U.S.A. 
Stofberg, Dr. J. FEMA U.S.A. 

Liaison: 
Crawford, Dr. L . USDA U.S.A. 
Emerson, Dr. J. FEMA U.S.A. 
Newbeme, Dr. P. FEMA-FEXPAN U.S.A. 
Pisano, Mr. R. F E M A U.S.A. 
Shank, Dr. F. FDA U.S.A. 
Thompson, Mr. D. FEMA U.S.A. 

Chairman: 
Easterday, Dr. 0. FEMA U.S.A. 

Vice Chairperson: 
Howell, Ms. J. FEMA U.S.A. 
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GRAS 
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NATURE IDENTICAL 
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Figure 1. Numerical Distribution Into Four Sub-Categories of the Flavoring 
Substances Submitted to the EC Commission. 
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Figure 2. Relative Usage Volumes in Europe of the Different Sub-Categories of 
the Flavoring Substances Submitted to the EC Commission (Estimated) 
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An inquiry on volume of use of several hundred additional substances is now being 
undertaken in Europe for those substances having no exposure data (current or 
potential use in commerce). 

Because many substances have currently little or no usage, they would be of low 
priority for further evaluation. They should, however, be maintained in the inventory 
and may achieve higher priority levels when their use increases. By applying the 
priority setting system on the existing inventory the high priority substances requiring 
safety evaluation will be identified. 

Other regulatory harmonization matters have been examined by Cadby (27), such 
as the development of more uniform flavor regulations, the mutual acceptance or 
reciprocity of expert body evaluations. These considerations will globally decrease 
duplicating government and industry costs. It will reduce future testing, animal use 
and safety evaluation effort. 

The International Committee on Flavour Priority Setting (ICFPS) is expanding its 
international membership and is now alternating its meetings in Europe and the United 
States. The Cornmittee is composed of government and industry representatives 
working together for the common objective of preparing priority lists of flavoring 
substances. These priority lists can be used for subsequent safety evaluation purposes 
by national or supra-national organizations, for any set of flavoring substances. Joint 
discussions are underway for exchanging computer software and data banks and for 
providing the necessary training assistance for using the priority setting system. This 
participation with the ICFPS and elsewhere will assure the required experience and 
judgement making the priority setting system a valuable product for subsequent safety 
evaluation of flavors or, with some modifications, on any set of chemical substances, 
for example, pesticides, drugs, etc. 

In summary, the priority setting method described can be used for prioritizing 
flavor substances for further safety evaluation. The system is focused to arrange 
substances in terms of their safety concerns and not to provide determinations of 
safety. The system is designed for use for any inventory, of any size, of discrete 
chemical substances and it uses simple procedures. The system provides a screening 
procedure, based upon chemical structure, human exposure, consumption ratio and 
toxicological adjustments which is operationally applicable even in the absence of 
complete toxicological data. It permits the use of summary toxicological information 
without the detailed examination of original data. 

In addition the system provides also the rationale for a regulatory approach character
ized by a list with the top priority flavoring substances and a temporary authorization for 
using flavoring substances of lower priority ranking which have not yet been evaluated 

This chapter has briefly outlined the development of the priority setting system, its 
acceptance by national and supra-national bodies. We have discussed the international role 
of the International Cbmmittee on Flavour Priority Setting with regard to future cooperation 
with the European Community, Council of Europe or other interested parties. The 
Committee's work is uniquely carried out cooperatively with government and industry 
participation through its membership in association with flavor organizations such as IOFI, 
F E M A and others to achieve a common goal for developing priority setting lists required 
for subsequent safety evaluation. The Cbmmittee's work is efficient, economical and 
productive. 
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Chapter 17 

E x p e r t Systems a n d N e u r a l Networks in F o o d 
Process ing 

George Stefanek and John M. Fildes 

Illinois Institute of Technology Research Institute, Chicago, IL 60616 

Expert system and neural network technology has recently matured to the 
point where it is often economically attractive to apply it in an industrial 
setting. This paper presents an overview of expert system and neural 
network technology, describes relevant applications in sensor fusion, 
diagnostics, and process control, and discusses factors which determine 
where to appropriately use each technology. 

Recent studies have established the potential for application of new model-based 
process control strategies (7). These studies indicate that improved control systems 
will be developed by integrating artificial intelligence (AI) techniques with new and 
improved sensor technologies. These systems offer the promise of better productivity 
and more consistent control of product quality. Although these studies are not 
specifically focused on food processing, their conclusions are applicable to the food 
industry. 

Process control will be increasingly performed by distributed control systems 
composed of programmable logic controllers for regulatory control and networked 
personal computers and workstations for supervisory control. Advances in control 
methodologies will increasingly come in the form of software, especially AI. Expert 
systems and neural networks are starting to be used for sensor fusion, process 
diagnostics, and model-based real-time process control. By implementing these 
technologies in appropriate applications, it has often been found that a 10:1 rate of 
return can be realized (2). 

The food industry has not embraced some of the new software technologies to 
improve the process control environment. AI technologies are often not well 
understood and their cost justification in specific applications is unclear. The 
requirements for regulatory compliance present additional barriers to adopting flex
ible control strategies in food processing. ΑΙ-based control systems can provide 
greater efficiency, quality, and lower cost—but these benefits cannot be fully realized 
unless AI is applied in regulated aspects of processing. 

0097-6156/92/0484-0166$06.00/0 
© 1992 American Chemical Society 
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This article will survey the application of AI technologies in food processing 
beginning with the concepts behind expert systems, and neural networks. Special 
emphasis will be placed on the use of these technologies for (1) sensor fusion to 
improve the safety and stability of food process operations, (2) diagnostics to 
minimize time in troubleshooting machinery and processes, and (3) statistical process 
control to improve the safety and efficiency of food process operations. The factors 
that govern the selection of an expert system, or a neural network, or a hybrid system, 
will be explained for each type of function. 

Background 

Food processors must balance productivity against requirements for quality and 
regulatory compliance. The corporate response to this challenge has been to employ 
techniques such as statistical quality assurance (SQA), statistical process control 
(SPC), and mechanistic modelling. SQA uses off-line measurements of a product's 
performance to ensure that the process is under control. The off-line measurements 
include chemical analysis and taste-testing. SPC is an extension of SQA that involves 
correlation of a product's performance with on-line measurements of controllable 
factors such as pH, temperature, pressure, and flow rate. Development of an SPC 
model has historically utilized regression techniques and these have proven useful 
only when there are a small number of controllable variables. Mechanistic models are 
an alternative to statistical techniques. A mechanistic model is based on a rigorous 
mathematical description of the process. It is difficult to establish and it is not easily 
moved from one installation to another. 

A major difficulty with conventional measurement and control technologies is the 
inability to handle many of the situations that occur in food processing. Measurements 
in food processing involve noisy signals and the need to assess subjective quality 
factors such as taste, odor, texture, and color. Plus, control strategies have to 
accommodate non-linear regulatory control functions, supervisory control strategies 
for process optimization, and fault detection and diagnosis. 

Utilization of artificial intelligence in process control systems answers many of 
these needs. Expert systems embody the experience of process engineers, so they 
facilitate fault diagnosis and process optimization subject to constraints. Neural 
networks allow the construction of complex empirical models of sensor transfer 
functions and control functions, so they handle non-linear situations. Neural networks 
and expert systems can both be used for pattern recognition, noise filtering, and data 
reduction. In this case, the choice between the two approaches will depend on the 
differing developmental requirements for each system. These distinctions will be 
explored further in this paper. 

Some industries such as the chemical and power industries have already built and 
deployed prototype ΑΙ-based systems that do process control. In the chemical 
industry, much research has been done to produce prototype systems which validate 
the usefulness of AI technology in solving problems that are similar to those 
encountered in food processing. Some of these applications have included plant-wide 
control strategy planning (5), supervisory level real-time process control (4), and 
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supervisory control for chemical reactor fault tolerance (5). Expert systems have been 
applied at the supervisory level to tune controllers, perform process and control system 
fault diagnosis, and to restructure the control system (6). 

In the power industry, prototype expert systems have been developed to do boiler 
tube failure diagnosis, turbine condition monitoring, condenser and feed water heater 
diagnosis (7), scheduling of power units for large power plants (5), among others (7). 

The following sections will examine the details of AI technologies and their 
application to problems in food processing. Expert systems will be described first, 
followed by neural networks. Finally, applications will be presented in the areas of 
sensor fusion, diagnosis, and real-time process control. 

Expert Systems 

Expert systems are computer programs that contain the expert knowledge of a 
specialist in a specific application domain, and the ability to reason through the 
knowledge to establish a concluding hypothesis. The concluded hypotheses may be 
decisions for diagnosis, control, scheduling, planning, or a myriad of other applica
tions. The power of expert systems comes from the capability of being able to 
represent abstract knowledge symbolically. By using symbol representation, any kind 
of knowledge can be described and formalized, including high level heuristic concepts. 
These high level concepts can be used by a reasoning paradigm within an expert 
system program to emulate human-like decision making. 

An expert system (Figure 1) consists of the following components: (1) a 
knowledge base for a particular application, (2) a structure to represent the knowledge, 
and (3) an inference strategy to reason through the knowledge. 

Rule-Based Systems. The knowledge base contains the formalized knowledge of an 
expert in a narrowly defined application domain. The knowledge is represented as If-
Then-Do rules or Objects with associated properties and methods (70). In rule based 
systems, the " I F " part of a rule consists of a set of premises corresponding to conditions. 
The conditions in the "IF" part of a rule can have a string symbolically represent a 
condition which can be in the form of a relational triplet (e.g. temperature > 200), a 
boolean expression (e.g. relay_valve_is_broken TRUE), or a check of set membership 
(e.g. Limit_Valve_5 is a member of working_LV_set). Conditional statements can be 
linked with either an "and" or "or" conjunction. The " T H E N " part of the rule is a 
hypothesis that is set to TRUE or FALSE depending on the evaluated conditions. The " D O " 
portion of a rule invokes some actions to be taken, given the hypothesis is TRUE. These 
actions may include the execution of a program, setting a flag to some value, 
introducing or retrieving data, etc. 

Object-Based Systems. Knowledge can also be represented within objects that 
belong to a class hierarchy. Representing data and knowledge in object form, 
communicating between objects using messages, and having objects take actions via 
prescribed methods is called object-oriented programming. Objects in a class 
hierarchy inherit data from other objects higher in the hierarchy. Each object 
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Figure 1: Expert System Modules. 
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encapsulates data and knowledge and stores it in specific object properties. Each 
object property or slot may have methods associated with it that retrieve data or take 
some action in response to a property access or change. 

An example of the use of objects in process control is found in representing the 
operating state of a system at any given time, i.e. state estimation (77). Each state is 
specified by a set of events and each event is defined by a set of specifications. Each 
specification set identifies a sensor modelling as an object along with its properties 
such as sampled value, setpoint, comparison operator, and the minimum and maxi
mum times that a condition must last. Another example where an object representation 
can be used is in representing a system topology in a process control environment. 
Objects can represent relay valves, limit valves, pipes, mixing tees, branch tees, 
actuators, controllers, and transmitters. The objects in the topology indicate their 
relationship in the topology and any detailed information about the object. 

Figure 2 shows an example of a limit-valve object hierarchy containing properties 
showing each object's location within the topology. 

Object representation and rule representation can be used together to form a hybrid 
system which more accurately describes the knowledge and reasoning processes 
within a domain. Typically, an object-oriented approach to representing data is used 
when data with many properties must be represented. 

Generally, control and heuristic knowledge is better expressed in rules since it can 
be represented symbolically and is more easily and explicitly formalized using the BF-
THEN-DO paradigm. Also, model-based approaches use object representation to 
describe the structure and behavior of a system. The model based approach doesn't 
need to use heuristic rules extracted from an expert, but can use structural and 
behavioral knowledge for diagnosis or control. These approaches tend to be 
computationally expensive therefore hybrid systems which use some rule-based 
heuristics are a more pragmatic alternative. 

Inferencing. The interrelationships within a knowledge base can be complex, 
containing large interrelated decision trees with many levels. In order to traverse 
decision trees represented as rules in the knowledge base, an inference engine must be 
used. The inference engine is software that operates on the knowledge base using a 
methodology to solve problems that simulates human reasoning. The most common 
reasoning mechanisms are called forward chaining and backward chaining. Forward 
chaining works from a set of facts to try to establish all rules whose conditions satisfy 
the facts. It works from an initial state toward a goal state. The inference engine cycles 
through the knowledge base selecting rules whose conditions are met and putting the 
resulting true hypotheses in the facts database after each cycle until no more rules can 
be established as true. If many rules are selected during a single cycle, then the 
inference engine may use a conflict resolution strategy, set by the designer, to select 
the best rule or object. The concluding rule or object on the last cycle is the final 
conclusion. 

Backward chaining starts with a hypothesis and tries to find support for that 
hypothesis. It works from a goal state to an initial state. This requires matching facts 
to conditions and finding support for the hypothesis in the knowledge base. The type 
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of inference engine that is chosen is based on the application. For instance, in a 
diagnostic expert system a hypothesis is chosen and its conditions are evaluated for 
support. If support exists, then the actions associated with the goal hypothesis are 
executed. In contrast, a forward chaining mechanism would be used for state 
estimation in process control. In this case, sensor data would be supplied to the 
inference engine which would infer a conclusion about the state of the system from the 
forward propagation of known facts. 

Knowledge Acquisition. In developing an expert system, a knowledge acquisition 
phase is conducted. The knowledge acquisition phase consists of an interview process 
where a knowledge engineer attempts to elicit knowledge from the domain expert. The 
knowledge acquisition process continues in cycles where each cycle consists of 
eliciting a comprehensive subset of the knowledge from the expert, formalizing the 
knowledge using one of the knowledge representation strategies, and presenting the 
formalized knowledge to the expert for review and verification. The knowledge 
acquisition phase is the most difficult and time consuming task in developing an expert 
system. Some experts are able to communicate their knowledge of a subject precisely 
and comprehensively while others have a difficult time expressing themselves. Often 
the expert does not realize all the fundamental knowledge that is used in order to make 
a decision and therefore omits some of this knowledge during the interviews. This will 
necessitate additions or changes to the knowledge base followed by reverification 
from the expert. 

There is an on-going debate as to whether domain experts or knowledge engineers 
should develop expert systems. The accuracy and validity of an expert system 
correlates directly with the quality of the domain expert's knowledge and the ability 
to communicate that knowledge. Some companies have begun training process 
control engineers to use AI technology since they believe that it is more practical and 
important to have domain experience rather than AI experience. The difficulty in this 
philosophy is that AI technology can be complicated in itself. Superficial knowledge 
may lead to naive and poorly designed systems. Choosing the project team for 
designing an expert system thus becomes a very important aspect to the success of the 
project. 

Additional complications in developing expert systems arise in process control. 
Frequently, the process evolves through empirical knowledge. In this case, the expert 
system only propagates the existing non-optimal procedures. An alternative approach 
has recently been suggested (72) to incorporate statistically designed optimization 
experiments into the knowledge acquisition process. This should produce an expert 
system that embodies optimized processing procedures. 

Expert System Tools. Expert system development environments or shells are 
available from many vendors (13). Some are based on conventional languages such 
as C and others on the LISP programming language. There are specific shells for doing 
diagnostic expert systems, real-time systems, and others which contain implemented 
features which don't have to be designed by the developer. The recommended 
platform for development of expert systems is either a workstation, or a 386-class PC. 
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After development, the most likely run-time environment is a 286 or 386-class PC, or 
a workstation running a multi-tasking operating system. 

Neural Networks 

Neural network programs consist of a network processing architecture that functions 
similarly to the way the brain processes information. Neural networks, sometimes 
known as connectionist architectures, are parallel distributed systems that consist of 
the following components (14): (1) a set of nonlinear neural processing elements 
(nodes), (2) interconnections between the nodes, (3) weights associated with each 
interconnection, (4) a transfer function associated with each node, and (5) a learning 
algorithm to adjust the strength of connections. 

Neural Network Architecture and Processing. The neural network processes in
coming data in parallel where each of the input neural processing elements feeds the 
input vector data to the middle layer of the net as shown in Figure 3. Each neural 
processing element j sums the product of the inputsX. and weights W..of the incoming 
interconnections from the previous layer, subtracts a constant bias B. and then applies 
an activation function F to generate an output Y.: 

Y ^ F i K W - X - B . ) (1) 

The activation function can be a sine, cosine, etc. Non-linear activation functions are 
frequently needed and the sigmoid function is commonly used. In this case, the output 
from each node is expressed by: 

V l + d + l C W X - B . ) ) (2) 

The output from each node in each layer fans out to all other nodes in the next layer 
in the architecture and the process continues until the output layer is reached. The 
result obtained from each node k in the output layer of the network can be expressed 
solely in terms of inputs and weights: 

0 , = Ρ ( Σ α ^ Ρ ( Σ ( \ ν Χ - Β . ) ) ) (3) 

where ajk are weights for the interconnections between the output layer and the 
adjacent hidden layer. Studies have shown that the form of Equation 3 corresponds 
to specific families of non-linear regression curves (75). The inputs to the network 
correspond to the independent variables and the weights of the network correspond to 
the adjustable coefficients of the regression model. Unlike the regression model, the 
elements of the neural network are massively interconnected and processing works in 
parallel. The rate of convergence toward a steady state has been shown to be 
independent of the number of nodes in the network (76). 

The strength of a connection is denoted by its weight which is adjusted by one of 
several learning rules, the most popular of which is the Generalized Delta rule or 
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CLASS: Limit Valve 

upstream unknown 
downstream unknown 

OBJECT: LV1 

upstream RV12 
downstream LV9 
tube_down T91 

tube_up T207 

OBJECT: LV2 

upstream RV5 
downstream LV27 
tube_up T47 

tube__down T46 

Figure 2. Object Representation in Class Hierarchy. 

Process Outputs 

· wtn 

1 wtb 

Figure 3: Neural Network Architecture 
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backward propagation (7 7). This learning rule was designed for multiple layer neural 
networks and works by modifying the weights in the hidden layers through the 
backward propagation of the derivative of the error. The network therefore computes 
for each weight used in the forward pass, the gradient of the output error with respect 
to that weight. The weight is changed in the direction that reduces the error. The 
weight changes proceed from the output layer to the next hidden layer until the input 
layer is reached. This learning scheme has become popular since it has been shown 
capable of learning many different types of representations in the hidden units such as 
learning sets of optimal filters for discriminating between similar noisy signals. 

There are many neural network paradigms and they are classified by two modes 
of learning: (1) supervised learning and (2) unsupervised learning. 

Supervised Learning. The most commonly used learning paradigm is supervised 
learning (18). Supervised learning involves training the neural network by showing 
it associated pairs of input and output pattern vectors. The input vectors describe the 
pattern that is to be classified and the output vectors describe the classification. The 
net adjusts its weights internally until it learns how to correctly classify the input 
vectors to the associated outputs. Many input patterns, possibly 10,000 or more, are 
introduced to the network for training and classification. 

Unsupervised Learning. Unsupervised learning or competitive learning does not 
involve any a priori training of the net. Instead, as data is introduced into the network 
it is grouped into clusters in the net. An example of this type of learning is found in 
the A R T model by Grossberg and Carpenter (79), and Kohonen' s self organizing maps 
(20). These networks have not been used as extensively as the supervised learning 
systems because they are more difficult to implement and have been shown to have 
unstable learning characteristics. That is, the network's adaptability enables prior 
learning to be washed away by more recent learning. Also, i f too many clusters 
develop in the net it becomes more difficult for the net to stabilize. These networks, 
however, have the great advantage of adapting on-line to gradual changes in the input 
set and responding to those changes shortly after they occur. 

Applications of Expert Systems and Neural Networks 

Expert systems have not been extensively used in the food processing industry, but 
they can be applied to sensor fusion, process diagnostics, and real-time process 
control. Expertsystemsareusuallyusedforproblemsthatarewelldefined(27). Current 
prototype applications have included fuzzy predictive control of corn quality during 
drying (22), a system for carcass beef grading (23), and various diagnostic systems. 

Neural networks are usually used when a generalized classification scheme is 
needed. Compared to expert systems, neural networks are a more recent development 
and they have been applied less extensively. A recent review uncovered 181 
applications of neural networks in 56 companies (24). Most of these studies were in 
the investigative phase and very few were in process control. Current applications 
include the use of neural nets for interpretation and management of sensor data (25), 
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sensor calibration (26), and for adaptive control (27). Neural networks excel in cat
egorizing patterns under noisy conditions and can adapt themselves to changing 
conditions by unsupervised learning techniques. The ideal applications in process 
industries are for adaptive control and sensor interpretation (28-29). The advantage 
of neural networks over expert systems is that the neural network can learn, and deal 
with noisy data. Also, exact decision rules do not have to be known to build the 
network. Neural network software is slowly maturing and is now available through 
several companies for PCs and workstations (30). Also, neural network hardware is 
available from several vendors which greatly increases the speed of processing for 
complex networks. 

As described previously, expert systems and neural networks have common and 
unique uses. A survey of applications will exemplify the distinctions. The survey will 
be divided into sensor fusion, diagnostics, and real-time process control. A concluding 
example in thermal processing will show how expert systems and neural networks can 
be used together for advanced process control. 

Sensor Fusion. Sensor fusion is a technique of reducing sensor data from multiple 
sensors to a smaller and more useful representation of a process. It also provides access 
to subjective product characteristics such as taste, odor, texture, and color. The 
techniques involved in sensor fusion include data reduction, data reconciliation, and 
data interpretation. Pre-processing of sensor data may be required prior to using these 
techniques. Filtering of noise is one of the most common applications for pre
processing. In addition to conventional analog and digital techniques, neural networks 
can be used for filtering because they excel at classifying data under noisy conditions. 

Data reduction can improve the usefulness of data. One technique for data 
reduction is hierarchical analysis which can be achieved with a multi-level neural 
network architecture. Feature subsets can carry the same kind of information except 
at different degrees of resolution. For instance, when sampling a signal, the sampling 
can be course or fine. Neural networks can be arranged in a hierarchy starting with the 
coarsest representation in the uppermost level and successive levels carrying more 
detailed representations. The signals which can be categorized by the coarse neural 
net classifier will be handled at the top level in the hierarchy, signals which can only 
be distinguished by very detailed information will be handled by the lower levels. The 
processing will be started at the top layer, if it cannot classify die signal, the data will 
successively be passed to lower levels until a classification is reached (31). By having 
a hierarchical analysis scheme, classification can be done quicker. 

Data reduction can also be achieved by feature extraction. Both expert systems and 
neural networks can be used for this purpose. Features for modelling, such as rise and 
fall times of signals, pulse durations, energies in defined frequency bands of the power 
spectrum, zero crossings, location and values of maxima and minima, etc. can be used 
by the expert system or neural net to extract the most appropriate data for use by the 
control system. Neural networks are better for large sensor systems, or when the 
characteristics that classify the data are not completely specified. 

Sensors suffer from non-linearities, coupling, and noise, thus leading users of the 
sensors to calibrate, compensate, and filter the output in order to obtain the most 
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significant information. Neural networks have been used for sensor calibration. For 
example, a displacement sensor has been calibrated by a neural network by presenting 
the network with the sensor's output for a known input (26). The transfer function of 
the sensor is highly non-linear. The mapping of data compensates for environmental 
differences between factory standards and the operating environment. During 
operation of the sensor, the neural net maps input data to the proper classification to 
provide calibrated readings. This method was compared to sensor calibration using 
curve fitting and was found to have similar results. The advantage of the neural 
network approach was that a model for the mapping did not have to be assumed as is 
necessary for the use of curve fitting. 

Sensors are important to process control since they monitor the status of critical 
parameters. This data is then used by the process control system to optimally control 
and time the process. Expert systems can be used for sensor validation to increase 
reliability by checking sensor data against sensor and process dynamics. Sensor data 
out of the expected range may indicate that a problem has developed and the expert 
system can sound an alarm and suggest appropriate corrective action. In addition, data 
reconciliation techniques allow the accuracy of sensors to be determined by using 
redundant data from other measurements to estimate probable sensor responses. 
Expert systems have been used for heuristic-based reconciliation (2). 

Neural networks can be used to construct models that assess subjective quality 
factors such as taste, odor, texture, and color. Although these characteristics are 
determined by measurable quantities such as composition, the relationships are 
complex and difficult to establish. For example, a neural network can be used to 
analyze orange-grapefruit juice samples for the purity of orange juice in the blend. 
First samples with a known origin having a specific feature vector are used to train a 
neural network in a supervised fashion. The feature vector may contain data on trace 
elements in the juice such as Ca, Cu, Fe, Mg, etc. Random samples can be then 
introduced to the net for classification. This analysis is currently accomplished by 
conventional pattern recognition techniques (52). The advantage of using a neural 
network is that pattern recognition rules don't have to be explicitly developed, rather 
the supervised training phase is used. 

Diagnostics. Diagnostics may involve many different problems from fault diagnosis 
in circuits to diagnosis of faults in large process control systems. Either conventional 
expert systems or neural networks can be used. Usually, the best approach is the 
traditional expert system approach since diagnostic rules can be formalized by 
interviewing experts and heuristics can be added to bypass steps in the diagnostic 
process. An emerging methodology is the model-based approach which requires a 
structural description of the system and knowledge of the behavior of individual 
components. By using this approach knowledge acquisition from an expert is 
minimized and system performance is less brittle. Diagnostic systems are the most 
popular area for applying expert system technology. Diagnostic systems have been 
built that diagnose problems of machinery in manufacturing environments such as 
digital circuits, P L C controllers (33), pneumatic circuits (34), sensor systems, and 
process control topologies (35). For example, in the food processing area a system has 
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been built to diagnose pneumatic circuit problems for a food processing machine. The 
purpose of this system was to reduce the time it takes to diagnose problems and enable 
technicians on the factory floor to try to troubleshoot the problem without calling in 
an engineer. 

Real-time Process Control. A control system can be as simple as a single loop, or 
it can involve multiple loops that are interconnected in a distributed architecture. 
Within each loop, regulatory control of process parameters occurs at the lowest level. 
Measurements at this level include temperature, pressure, and flow. Controlled 
parameters are heat flux, and flow rates of components. Safety interlocks are also 
incorporated at this level because rapid response and reliability are essential. Expert 
systems and neural networks are useful at the regulatory control level to filter noisy 
sensor data, handle non-linear transfer functions, and provide alarm response sequences. 
An example is provided by application of expert system technology to the commonly 
used proportional-integral-derivative (PID) controller (33). The PID controller is a 
procedure that can be implemented by a simple software program. Normally, the 
operator tunes the response constants of the controller based on operating experience. 
This experience can be embodied in an expert system so that the response of the PID 
controller can be dynamically tuned to adjust to changes in the response of the process 
to thermal variation. 

At the supervisory level of process control, sensors are integrated with computational 
functions to achieve sensor fusion and tighter control. For process control, expert 
systems are useful for fault detection, flexible start-up and shut-down sequencing, and 
process simulation and optimization. Continuing with the PID example, an expert 
system could augment the PID controller. If the process temperature goes out of range, 
the expert system would decide whether to adjust the heat flux by use of the PID 
controller. Alternatively, the expert system could decide to adjust reactant flow rates 
to prevent scale formation or run-away conditions that might occur if the heat flux 
becomes excessive, or the flow rate too slow. Constraints imposed by required 
production rates and process economics can also be factored into the expert system. 

At the supervisory level, neural networks are useful for predictive control, 
especially when there are long time constants and important uncontrolled factors in the 
process. Neural networks have been shown to be capable of acquiring an interpretation 
of a process. After the network, future behavior may be predicted (25). In other words, 
the net can learn a representation of the underlying process. Neural networks can also 
replace taste-testers to provide real-time model-based control of product quality (37). 
Based on the outcome of the neural network analysis, an expert system could tune the 
setpoints in the process. 

The final application involves research in our laboratory in the area of thermal 
processing. This example will focus on the High Temperature Short Time (HTST) 
pasteurization section of a dairy processing plant. A simplified description of a typical 
HTST process stream follows. Raw milk is supplied from a feed tank to a plate heat 
exchanger where it is heated by pasteurized milk. The raw milk then goes through the 
heater section of the heat exchanger where steam heats it to the desired temperature. 
It then passes through a holding tube where the residence time is more than 15 seconds. 
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The temperature at the outlet of the holding tube must exceed the legal requirement, 
else a flow diversion device directs the under-pasteurized milk back to the feed tank. 

Control of HTST operations is mostly by hard wired systems, such as a sealed 
timing pump in the feed line, because this ensures that the process cannot be operated 
in an improper manner. Programmable logic controllers (PLCs) are utilized in dairy 
operations, but they have not been used on public health functions. PLCs can provide 
greater efficiency, quality, and lower cost — but their full benefit cannot be realized 
unless they are applied in regulated aspects of processing. Better control of HTST 
processing requires prediction of the temperature of the pasteurized milk at the end of 
the holding tube. The lethality of HTST processing is such that a variation of ±18°F 
requires a 100 times change in the flow rate to maintain equivalent lethality. If a 
minimal over-temperature is to be used, the system must predict unacceptably low 
temperatures far enough in advance to allow corrective action in the form of 
adjustments to the steam valve setting and flow rate of the milk. Attainment of this 
goal is complicated by uncontrollable factors, such as steam pressure, and by slow 
process dynamics that include a 15-second delay in the holding tube. 

Work being organized at our laboratory is examining an improved control system 
that will use a neural network model of the process to analyze variation of the 
temperature at the end of the holding tube in terms of controlled (i.e. milk flow rate 
and steam valve setting) and uncontrolled (i.e. steam pressure and heat exchanger 
efficiency) factors. The prediction can then be used by an expert system for revision 
of the settings of the steam valve and the milk pumping speed. The expert system will 
embody the knowledge that is required to optimize the settings of the steam valve and 
milk flow rate, subject to constraints inherent in the system such as heat exchanger 
fouling and energy utilization. The system will operate only slightly above the 
compliance lethality with the objective of not using the diversion device. The expert 
system will also be used for sensor validation, data reconciliation, and fault diagnosis. 

Summary 

The utilization of expert systems and neural networks in other processes indicates that 
these technologies offer great promise to improve the safety, quality, and productivity 
of food processing. The ability to introduce this new technology into a company will 
require the backing of management, but this should be justifiable on the basis of 
productivity improvements. It is also important to start with smaller, prototype 
projects that can actually be deployed within the company. 
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Chapter 18 

Pred ic t ing C h e m i c a l Mutagen ic i ty by U s i n g 
Quant i tat ive Structure—Activity Relat ionships 

Alan J. Shusterman 

Department of Chemistry, Reed College, Portland, OR 97202-8199 

Molecular orbital calculations have been performed for several classes of 
chemicals that are mutagenic in the Ames test in Salmonella typhimurium. 
The results of these calculations, along with the hydrophobicity of the 
mutagens, allows construction of quantitative structure-activity relation
ships (QSAR) for mutagenicity and prediction of mutagenicity over a very 
wide range of structure and activity. The QSARs also provide insight into 
the mechanisms responsible for the metabolic activation of these mutagens. 
QSARs for the action of nitro-polycyclic aromatic hydrocarbons, phenyl-
and heteroaromatic triazenes, and aminoimidazoles such as IQ and MeIQ 
will be presented. 

The public has become increasingly aware of the chemical basis, both real and 
perceived, of many diseases. Consequently, the public has also begun to demand 
information regarding the toxicity of chemicals found in the public domain. The 
desire to avoid unnecessary chemical contamination of basic substances such as food, 
water, and air is especially pronounced. Scientists are in a poor position, however, to 
provide toxicity information because of the huge number of untested chemicals, both 
synthetic and naturally occurring, the lack of unambiguous biological tests for 
establishing toxicity, and the expense of performing these tests. Mathematical models 
that can predict several types of toxicity on the basis of chemical structure without the 
need for biological testing are, therefore, highly desirable. 

Quantitative structure-activity relationships (QS AR) for biological systems have 
had a long and successful history as tools for the study of biochemical reaction 
mechanisms, and for the rational design of therapeutic drugs. QS ARs have also been 
used to study several types of toxicity, and this work has been the subject of a recent 
review (7). This paper describes recent work devoted to the development of QSARs 
for chemical mutagenicity in Ames bacteria, S. typhimurium (2-4). Most of this work 
has been carried out in collaboration with Dr. Corwin Hansch and his associates at 
Pomona College. 

0097-6156/92/0484-0181S06.00/0 
© 1992 American Chemical Society 
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QSAR Methodology 

Before one can construct a quantitative structure-activity relationship for a set of 
chemicals the following must exist: a quantitative test for the biological activity of 
interest, a quantitative description of chemical structure or some structure-dependent 
property, and a mathematical formalism for relating structure and activity. While 
each of these areas continues to be the subject of vigorous research, the approach taken 
here is a traditional one. 

Activity is defined using the experimental dose-response curves observed for 
different chemicals acting on various strains of S. typhimurium as measured by the 
Ames test (5). The test has the advantage of being readily quantifiable, and reasonably 
reproducible from laboratory to laboratory. On the other hand, the results of the Ames 
test should not be construed as representing carcinogenicity, since the formation of 
cancer involves a significantly more complicated chain of events. 

The mutagen families described here all require metabolic activation of some sort. 
It is also anticipated that certain types of metabolic transformations may render the 
molecule inactive. Therefore, a reasonable set of structure descriptors would be those 
properties most closely related to chemical reactivity, particularly the processes 
involved in (de)activation. Such descriptors include the electronic and steric/shape 
properties of the molecule. Another key factor, often overlooked by chemists, is the 
relative hydrophobicity of the molecule. The hydrophobic properties of a mutagen 
affect its penetration of biological membranes, and its binding to metabolic enzymes. 
Following accepted practice, log Ρ has been employed as a measure of relative 
hydrophobicity where Ρ is the mutagen's octanol-water partition coefficient. 

Finally, multiple linear regression equations are used to correlate activity with the 
relevant structural properties. As described below, great care must be taken to 
guarantee that each term occurring in the regression equation is justified both 
statistically and chemically. There is a great potential for confounding variables, 
which accidentally parallel the behavior of more meaningful structural parameters (at 
least for the limited set of compounds under consideration), to lead to QS ARs that 
either lack generality or whose apparent chemical interpretation is unrealistic (see 
below). 

Quantum Chemical Calculations 

Hammett substituent constants, σ χ have traditionally been used to describe the elec
tronic properties of different chemical structures. This approach has restricted the 
range of chemical structures that can be studied to those that can be described by the 
interchange of different substituent groups on a common skeleton. This limitation on 
structure also affects one's ability to manipulate other properties such as hydropho
bicity, and limits the range of biological activity that can be studied. We have 
attempted to overcome these problems by undertaking the use of quantum chemical 
calculations, such as the semi-empirical M N D O 6 and A M I 7 methods, to describe 
electronic properties related to chemical reactivity. 
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We have made use of several quantum chemical indices including molecular 
orbital energies (q), electron densities associated with particular atoms (qj), and 
calculated reaction enthalpies (AEj), as measures of a given mutagen's electronic 
properties. As shown below, it is quite common for several parameters to be collinear, 
and QS ARs can be derived for a given family of mutagens using a variety of electronic 
descriptors. However, given this high degree of collinearity, it is essential that 
mechanistic conclusions not be based solely on the presence of a given electronic 
descriptor in the QS AR. 

Triazenes 

Venger et al., initially reported a QS A R (Equation 1 ) for 17 aryltriazenes, 1, acting on 
S. typhimurium strain TA92 (2c). The triazenes do not exhibit any activity except in 
the presence of the S9 fraction obtained from rat liver microsomes. Thus, it was 
concluded that cytochrome P-450 activation of the triazenes was essential. 

Mutagenic activity was defined as log 1/C, where C is the molar concentration of 
triazene causing 30 revenants above background/108 TA92 bacteria. A low mutation 
rate was chosen so that the cytotoxicity of the mutagen would not interfere with the 
test results. The statistical parameters associated with this equation are n, the number 
of data points; r, the correlation coefficient; and s, the standard deviation. Figures in 
parenthesis are for construction of the 95% confidence intervals. 

Several points concerning this equation are noteworthy, the first being that the 
quality of the correlation is unusually high. This can be attributed, in part, to the fact 
that all of the data were collected in a single laboratory where the testing of each 
mutagen could be carried out in a reproducible fashion. Also interesting are the 
appearance of both hydrophobic and electronic terms in the equation, and the 
coefficients associated with each. Triazene mutagenic activity is increased by 
attaching substituents to the benzene ring that either render the triazene more 
hydrophobic (larger log P), or more electron-rich (smaller σ+). Cytochrome P-450 is 
known to activate more hydrophobic substrates preferentially, and so the coefficient 
with log Ρ may reflect this selectivity, or it may reflect the ease with which more 
hydrophobic substances can penetrate the bacterium. Likewise, electron donor 
substituents are expected to facilitate oxidation of the triazene by P-450 (2a). 

1 

log 1/C = 1.04 (±0.17) log Ρ - 1.63 (±0.35) σ+ + 3.06 
η = 17, r = 0.974, s = 0.315 

(D 
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We have followed up on this study by preparing several more triazenes in which 
Ζ is a heterocyclic ring (2a). Since σ+ constants are not available for most of these 
rings, we have also performed M N D O calculations on the parent triazenes in order to 
describe their electronic properties. One triazene (Z = 1,2,4-triazole) is inactive, while 
another triazene (Z = 2-dibenzofuran) is more active than any of the aryltriazenes 
originally studied by Venger et al. Two QS ARs, Equations 2 and 3, were found that 
correlated the behavior of the 17 aryltriazenes along with 4 of the heterocyclic 
triazenes. 

log 1/C = 0.95 (± 0.25) log Ρ + 2.22 (± 0.88) EHOMO + 22.69 (2) 
η = 21, r = 0.919, s = 0.631 

log 1/C = 0.97 (± 0.24) log Ρ - 7.76 (± 2.73) qHOMo + 5.96 (3) 
η = 21, r = 0.931, s = 0.585 

EHOMO is the energy of the highest occupied molecular orbital (HOMO) in eV. qHoMo 
is the electron density on the alkyl Ν in the HOMO. The relationship between 
hydrophobicity and activity defined by these equations is essentially identical to that 
discovered earlier by Venger et al. At the same time, the electronic terms in these 
equations can be interpreted in a fashion consistent with that given for Equation 1. As 
the H O M O rises in energy, i.e., £HOMO becomes less negative, the molecule becomes 
easier to oxidize and activity increases. Equation 3, on the other hand, would appear 
to indicate that higher activity is associated with lower electron density on N . A closer 
inspection of the HOMO, however, shows that this orbital is largely concentrated on 
Z, i.e., the aromatic or heterocyclic ring, and not on the triazene. Electron-donor 
groups, while making the triazene easier to oxidize, also concentrate more of the 
electron density of the H O M O on Z, hence the paradoxical correlation between 
activity and qHOMO- It is important to remember that the electron density on an atom 
in a particular orbital is not necessarily indicative of the chemical reactivity of that site 
in the molecule. 

Equations 2 and 3 predict the 1,2,4-triazole to be 10 6-10 7-fold less active than the 
2-dibenzofuran in accord with the observed inactivity of the triazole. The activity of 
one heterocyclic triazene, Ζ=2-thiazole, is greatly underpredicted by Equations 2 and 
3. In this case, a σ* value for the thiazole ring is available, and Equation 1 also 
underpredicts the activity of this triazene. Since the M N D O and Hammett parameters 
give a consistent prediction for this triazene it is reasonable to believe that an 
additional, unknown mutation mechanism is acting in this case. 

Nitro-Polycyclic Aromatic Hydrocarbons 

Nitroarenes are mutagenic in both S. typhimurium strain TA98 and T A 100, and do not 
require the presence of S9 microsomes. QS ARs describing the mutagenic activity of 
these two systems are given in Equations 4 (3a) and 5 (3b). 
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log TA98 = 0.65 (±0.16) log Ρ - 2.90 (±0.59) log (β101ο8 p + 1) (4) 
-1.38 (±0.25) e L U M O + 1.88 (±0.29) I L - 2.89 (±0.81) I a - 4.15 (±0.58) 

η = 188, r = 0.900, s = 0.886, log P 0 = 4.93, log β = -5.48 

log TA100 = 1.36 (±0.20) log Ρ -1.98 (±0.39) e L U M O - 7.01 (±1.2) (5) 
η = 47, r = 0.911, s = 0.737 

TA98 and TA100, the mutagenic activity of the nitroarene in each strain of the 
Ames bacteria, are defined as revertants/nmol mutagen. e L U M 0 is the energy of the 
lowest unoccupied molecular orbital in eV ( A M 1 for TA98, M N D O for T A 100). The 
negative coefficient with £ L U M o in each equation indicates that the nitroarene becomes 
more active as this empty orbital falls in energy, i.e., the compound becomes a better 
electron acceptor. This relationship is consistent with the generally accepted 
activation mechanism for nitroarenes which postulates initial reduction of the nitro 
group to give a hydroxylamine intermediate, which ultimately reacts with DNA. 

The TA98 QS A R shows a two-term dependence of activity on log P. These two 
terms describe a bilinear function; activity rises as 0.65 log Ρ for log Ρ < 4.93 and then 
falls as -2.25 log Ρ for log Ρ > 4.93. The simple linear relationship seen for TA100 
and log Ρ may simply be due to the lack of more hydrophobic compounds in the 
smaller TA 100 data set. The appearance of a bilinear activity-hydrophobicity 
relationship indicates that there is an optimal log Ρ for mutagenic compounds (log PG). 
More hydrophilic compounds are less likely to penetrate the bacterial membrane, 
while more hydrophobic compounds are likely to become sequestered in lipid phases 
before they can react with DNA. 

Equation 4 also contains two indicator variables. These variables are set equal to 
either 0 or 1 depending on the absence or presence of a particular structural feature. 
I L = 1 signifies the presence of 3 or more aromatic rings in the nitroarene. Compounds 
containing 3 or more rings are 76 times more active than 1 or 2 ring compounds other 
factors being equal. This jump in activity may be due to an increased ability for larger 
compounds to intercalate into bacterial DNA. I a = 1 indicates the arene belongs to the 
acenthrylene family. The negative coefficient with I a shows that these compounds are 
all much less active than would be predicted on the basis of their hydrophobic and 
electronic properties alone. 

Equations 4 and 5 span a tremendous range in structural types and in mutagenic 
activity (ca. 10 8 revertants/nmol). Thus, these equations are powerful predictors of 
nitroarene behavior. Inspection of the TA98 data set shows that there is also a 
significant variation in each of the structural properties; variation in e L U M o spans a 2.84 
eV range accounting for an 8000-fold range in activity, while log Ρ varies from -0.02 
to 7.84 accounting for 1700-fold (P < P 0) and 3.5 χ lO^fold (P > P 0) ranges in activity. 
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IQ-type Mutagens 

The IQ-type mutagens, i.e., 2-amino derivatives of imidazo[4,5-f]quinoline, 2, are 
especially potent mutagens which occur as pyrolysates in various types of cooked 
food (4,8-12). The compounds all require the presence of the S9 microsomal fraction, 
and lose most of their activity when either the 2-amino or 3-methyl group is missing, 
indicating that the key mutagenic processes involve this part of the skeleton. 

Unfortunately, the compounds isolated from food make a poor data set from the 
standpoint of QS A R development since their mutagenic activities are all nearly the 
same, and their hydrophobic and electronic properties span a relatively narrow range 
(-8.60 < εΗΟΜο ̂  -8.22 eV, 1.01 < log Ρ < 2.62). Expansion of the data set is essential 
in order to sort out the structural factors responsible forrelative mutagenicity. Debnath 
et al. have synthesized 5- (Y = H) and 6-substituted (X = H) derivatives of 1-methyl-
2-aminobenzimidazole, 3 (4). These compounds, like the IQ derivatives, require S9 
microsome activation, and are inactive when either the 2-amino or 1-methyl group is 
absent. It is reasonable, therefore, to assume that these compounds act by the same 
mechanism as the IQ-type mutagens. 

C H 3 C H 3 

2 3 

In order to facilitate the study of this enlarged data set we have excluded several 
compounds whose mutation rates in TA98 are known. Compounds with 1 or 2 methyl 
substituents on the exocyclic Ν were excluded, since it was assumed that cytochrome 
P-450-catalyzed N-demethylation would occur, and the observed mutation rates 
would not be representative of the parent compound. Similarly, two imidazonaphthalene 
derivatives were found to be much less active than predicted and were excluded. A 
QSAR describing the remaining compounds in our data set is given in Equation 6. 

log TA98 = 1.31 (±0.74) log Ρ - 0.30 (±0.09) Δ Ε Ν Η + + 64.92 (6) 
η = 22, r = 0.906, s = 1.011 

In this equation, log TA98 is the number of revertants/nmol mutagen, and Δ Ε Ν Η + is 
the reaction enthalpy (in kcal/mol) for conversion of a hydroxylamine intermediate 
into a putative nitrenium ion, Equation 7 (geometries and energies calculated using 
A M I ) . 

Imid-NHOH -> Imid-NH+ + OH- (7) 
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A positive relationship between hydrophobicity and activity is observed, in accord 
with the need for P-450 activation and membrane penetration. Activity also increases 
with increasing ease of nitrenium ion formation (smaller ΔΕΝΗ+). 

Several points concerning this QSAR are noteworthy. First, all of the terms in 
Equation 6 are significant at die 99% confidence level according to the t-test. On the 
other hand, the confidence interval for the log Ρ coefficient is rather large. Indeed, 
removal of one compound from the data set, 2-amino-5-hydroxy-l-
methylbenzimidazole, slightly improves the quality of the correlation (r = 0.914, s = 
0.853), but at the expense of the log Ρ term, which is only significant at the 87% 
confidence level. If log Ρ is removed from the equation altogether, then r = 0.901 for 
this smaller data set. Since this one compound is significantly more hydrophilic than 
any of the others in the data set not much trust can be placed in the log Ρ term until 
its role is validated by the testing of more compounds. 

Second, since nitrenium ion formation is believed to be essential before reaction 
can occur with D N A , it is very interesting to find a correlation between activity and 
ΔΕΝΗ+· On the other hand, it is important to keep in mind the possibility of collinear 
variables. In this case, the calculated ionization potential of the parent amine is 
strongly correlated with ΔΕΝΗ+ (r = 0.887). Thus, the dominant electronic factor may 
be ease of amine oxidation to generate a hydroxylamine, conversion of the hydroxy-
lamine to a nitrenium ion, or even some still undetected process. Nevertheless, we 
believe that Equation 6 is a good starting point for designing and testing more 
compounds belonging to this critical family of mutagens. 

Inspection of the molecular and electronic structure of the nitrenium ions related 
to 2 and 3 is also revealing. The A M I geometry for the imidazole and adjacent 
benzene ring of the nitrenium ion clearly shows a pattern of alternating single and 
double bonds, similar to the imine resonance structure, 5. Inspection of bond orders 
shows that pi bond localization is predicted to occur for the nitrenium ion. 

Ctv 
C H 3 

4 
minor major 

While it has been generally assumed that such a nitrenium ion would react with 
D N A exclusively at the exocyclic N , it would appear that other sites for nucleophilic 
attack are also available. For example, the nitrenium ion might transfer a methyl 
group to the D N A (Figure 1). This might serve to explain the need for a methyl group 
on the imidazole ring. 

Another intriguing possibility is nucleophilic attack on the benzene ring at C-6. 
If the nucleophile is water, rearrangement would yield a much less active phenol 
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5 
nitrenium ion 

\ 
CH 3 

Figure 2. Mechanism of phenol formation from a nitrenium ion. 
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(Figure 2). Some support for a deactivation reaction occurring at C-6 can be found 
by comparing the mutagenic activities of the 5-CN and 6-CN derivatives of 3. The 
6-CN derivative is 41 times more mutagenic, possibly due to a steric effect; the 
substituent blocks attack of water on the benzene ring of the nitrenium ion, preventing 
phenol formation and deactivation, and enhancing mutagenicity. Metabolic conver
sion of food mutagens to analogous phenols appears to occur in vivo as well. 

Conclusion 

The Ames test provides useful quantitative data which can be correlated using 
traditional QS AR techniques. The resultant QS AR equations can be used to correlate, 
and potentially, to predict mutagenic activity over a very wide activity range, and can 
accommodate a broad range of chemical structures. Consideration of relative 
hydrophobicity, as reflected in log P, is often essential in order to correctly account 
for the influence of structure on activity. Variations in chemical structure that can not 
be treated using Hammett substituent constants appear to be well treated using a 
variety of parameters derived from semi-empirical quantum chemical calculations. 
However, care must be exerted in the interpretation of the resultant QS ARs due to the 
great potential for collinear variables. 
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Chapter 19 

H a z a r d E x p e r t 

An Expert System for Predicting Chemical Toxicity 

Michael P. Smithing1 and Ferenc Darvas2 

1CompuDrug USA, Inc., Austin, TX 78720 
2CompuDrug Chemistry Ltd., Budapest, Hungary 

HazardExpert is one of several advanced expert systems developed during 
the past decade by CompuDrug Chemistry Ltd., Hungary and marketed by 
both CompuDrug Chemistry Ltd. and their US subsidiary CompuDrug 
USA, Inc. This paper will first explain the general ideas behind 
CompuDrug's expert systems and what these systems, as a group, are 
meant to achieve. From this point, the paper goes on to HazardExpert as 
an example of an expert system, examining the specific objectives of the 
systems and how these objectives are met. Finally, examples of possible 
uses of the program are detailed. 

What Is An Expert System And Why Is It Not A Database? 

An expert system is quite different from a traditional database, although the typical 
user will often confuse the two. Databases consist of facts or items which have been 
collected from somewhere and are stored in a logical manner. Expert systems contain 
not only facts or items, but also rules which the system applies. The organization of 
these rules is also orderly, and in many cases is quite similar to that of a database; 
however, an expert system is different from a mere database in that the system applies 
the information rather than just storing it. In this way, the system appears intelligent, 
although never as intelligent as a human expert. By storing rules and utilizing methods 
to apply them, an expert system can occupy less space and operate more quickly than 
a simple database. In addition, the system does not know, or care, if the requested 
information has ever been assembled before - the rules are applied in the same manner 
to both known data (often used for justification of the system) and unknown data, 
where the true power of an expert system becomes apparent in generating new ideas 
and insights into new problems. 

0097-6156/92/0484-0191$06.00/0 
© 1992 American Chemical Society 
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Expert Knowledge, Not Published Reports 

The secret behind any good expert system is the expert. It is the expert who, from his 
or her own knowledge of the subject matter, formulates the rules which comprise the 
system. These rules must be not only exact, but also well formulated to anticipate the 
wide variety of possibilities which the computer may pass to the system. In addition, 
knowledge is continually being updated as advances are made. Of course, no one 
would think of buying a database and never adding anything new - this is not the 
accepted use of a database. The same applies to an expert system. Just as facts need 
to be updated, changed and added, so does knowledge. Each expert has their own way 
of understanding a certain problem, and the formulation of a question often severely 
modifies the answer. Thus, every expert user should modify the knowledge in an 
expert system to fit their expectations and experiences. The process requires continual 
updating as new experiences are gained, the modification of existing knowledge to fit 
personal experiences, and even the deletion of irrelevant knowledge which is unused 
and adversely effects the operation of the system, i.e. taking extra time to produce 
useless results. 

Two Levels Of Use, Expert And Novice 

Most expert systems are used at two widely different levels. The first of these is the 
local expert. Expert users of expert systems have two main duties within the system. 
The first is to update the knowledge of the system and keep it current. This allows all 
users of the system to obtain satisfactory results. Their second duty is to actively use 
the system to their own benefit. While this also provides verification of the system, 
regular use will benefit the expert by allowing him or her to focus his or her time and 
energy on areas which are more complex than those handled by the system. The expert 
system will , in effect, codify and apply the expert's knowledge just as he or she would, 
and often will produce results in a shorter period of time, depending on the difficulty 
of the task. 

The second group is comprised of novice users. While not experts themselves, the 
novice group consists of those who have (more or less) occasional need for or interest 
in the results provided by the expert. Users in this class often are able to replace the 
expert with the expert system, thus saving the expert's time for more useful projects 
than answering (often mundane) questions. However, as users in this group are not 
experts themselves, they should not be encouraged to base critical decisions on this 
information alone. In such cases, the expert system can significantly reduce consultation 
time by providing both the expert and the novice with a common basis upon which the 
discussion may be based. 

HazardExpert - An Introduction To The Idea 

HazardExpert is an expert system which predicts the overall toxicity of an investigated 
organic compound in a variety of living systems. To obtain as complete an assessment 
as possible, HazardExpert examines the investigated compound and its potential 
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metabolites for both toxicokinetic and toxicodynamic effects. As the basis for its 
toxicodynamic predictions, the system utilizes a complete set of rules derived from the 
Environmental Protection Agency's report (7) on toxic segments, where each rule 
details a toxic segment as well as the sensitivity of the different classes of species to 
the segment given the dosage and means of exposure. Metabolic predication is 
accomplished by the "MetabolExpert" module of the program which is based on 
CompuDrug's MetabolExpert (2) expert system and draws upon the standard text, 
Drug Metabolism (5), by Testa and Jenner. The calculation of toxicokinetic effects 
is basedon molecular weight, obtained through simple calculation; pKa, claculated by 
a mini-expert system developed by CompuDrug; and on hydrophobicity calculated by 
the "Pro-LogP" module of HazardExpert, which is based on CompuDrug's Pro-LogP 
(4) expert system utilizing the calculation algorithm described by R.F. Rekker (5). 

Custom Work For The E P A 

The HazardExpert project started as a piece of custom software developed for the 
United States Environmental Protection Agency under a contract to Dynamac Cor
poration, and funded through Superfund and the Resource Conservation and Recovery 
Act. The stated goal was to produce a computerized expert system to facilitate the 
prediction of the health and ecological effects of organic chemicals based on certain 
sub-structural molecular features and selected properties. The system was to make 
predictions for both human and non-human biota, and provide qualitative estimates of 
toxicokinetic activity and toxicity levels for the investigated compound. Further, the 
system was to contain the ability to identify expected metabolites of an organic 
structure and provide an indication of their expected toxicity. 

The final version of the system presented to the EPA summarized both 
toxicodynamic and toxicokinetic effects. The evaluation of toxicodynamic effects 
was based on a substructure search of the investigated compound, utilizing the 
substructures set out in the EPA interim report. Toxicokinetic effects are estimated 
primarily on the basis of the hydrophobicity of the compound, but molecular weight 
and pKa are also considered. These effects are further modified by considerations of 
dosage and means of administration, and fuzzy logic is employed to estimate the 
validity of the final prediction. This means, in effect, that each substructure in the 
knowledge base has been graded by a panel of experts for both the level of expected 
toxic effect (high, medium, or low) and for the validity of the initial prediction of 
toxicity ( the accepted values are surely true, possibly true, uncertain, less probable, 
not probable) and each of these values has been set for each species group for which 
evaluation can be carried out. 

Final results are displayed graphically on two different screens. The first of these 
emphasizes the actual prediction, on the left detailing the toxicokinetic effects and on 
the right outlining the specific toxicodynamic effects anticipated. The second screen 
displays the integrated prediction, with the final qualitative prediction (using the 
terminology set down in the EPA report), as well as the display of the arguments for 
and against the prediction. (True positive, false positive, true negative, false negative.) 
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HazardExpert - A Commercial Product 

CompuDrug intends HazardExpert to be used as a quick and easy evaluation of 
expected toxicity. In-depth toxicological studies will never be replaced by the system, 
however we believe that, by continually updating the knowledge of the system based 
on toxicological investigations, reasonable results can be obtained at minimal cost, 
both monetarily and in terms of time. 

The commercial product contains some key advances over the original EPA 
product. The knowledge bases have been expanded, and individual modules, including 
the metabolic prediction module and that for the calculation of hydrophobicity have 
been improved upon. As the product is still early in the development cycle, continuous 
improvements to the system are being made, and feedback from users is continually 
bringing the system closer to the demands of industrial users. Recently, user feedback 
resulted in the addition of an option permitting the user to override the logP and pKa 
data calculated by HazardExpert with the user's own experimental data. Current 
development involves a complete restructuring of the calculation of pKa, as well as the 
ability of the user to modify and/or rewrite the algorithms used in the final analysis of 
the data. Thus, while the scientists from the EPA had a solid idea of the algorithms 
which should be employed in the interpretation of their data, most industrial users 
require the flexibility to reinterpret data as well as to simply modify it. Current 
developments should lead to a situation in which the system as a whole could be 
tailored in-house to fit the needs of a variety of users across industrial boundaries. 

The Heart Of HazardExpert - The Knowledge Bases 

A l l of CompuDrug's rules are based on the principal of QS A R - Quantitative Structure 
Activity Relationship. Thus, each rule ~ whether toxic, metabolic, or hydrophobic -
- contains both a sub-structure and an activity. For convenience, these rules are coded 
in CompuDrug ' s linear notation format MolNote, based on the following simple rules: 

1. Heavy atoms are entered with unique indices written after their symbols (i.e., 
C I , Br 13). Hydrogen atoms are generally added automatically. 

2. The symbol X may stand for any heavy atom, ΧΑ, X B , etc. are atomic 
variables, and must be followed immediately by a list of possible values, (i.e., 
X A = C,N,0) 

3. Carbon atoms may be written as an index without chemical symbol (i.e., 2 or 
C2) 

4. The following are the bond types: 
Single 

= Double 
# Triple 
* Aromatic 
? Any bond 

5. Bonds are placed between atoms. An unbroken chain containing different 
bonds may be written on one line, or on several consecutive lines. 
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6. An unbroken chain of similar atoms connected by the same type of bond is 
represented Ai.<b>.Aj where A i is the first atom in the chain, Aj the last, and 
b the bond type (i.e., N1.-.N3 = N1-N2-N3). For rings, this notation is 
preceded by an "R". Thus, Rl.*.6 is benzene. 

Metabolism And Its Role In Predicting Toxicity 

One of the major advantages of HazardExpert over any other system for toxicity 
assessment is the ability of HazardExpert to offer a prediction not only for the 
suspected toxin, but also for its metabolites. With the metabolic generation module 
of HazardExpert, it is possible to assess the risk of an entire system, from the time a 
compound enters the organism until it is excreted. Without the aid of metabolic 
prediction, potentially dangerous reactions may be overlooked, and the danger of a 
compound severely underestimated. 

Metabolic transformation rules contain the following four main parts: 
Active Bonds which are broken. 
Replacing Bonds which are created. 
Positive Conditions necessary for the reaction to occur. 
Negative Conditions which inhibit the reaction. 

In the example in Figure 1 (Para-hydroxilation), the benzine ring and the bond 
binding it to the rest of the molecule form the positive condition (Structure). Oxygen 
bonded to the para position forms the replacing substructure (Activity). Bonds at any 
position except the primary position would inhibit the reaction, as outlined in the 
negative conditions. 

Toxicokinetic Effect Calculation Rules 

In comparison with metabolic or toxic rules, these are rather simple, with the structure 
being directly related to a specific additive value (Activity). When examining the two 
rules presented in Figure 2, make note of the following: 

- Segment type may be Basic or Acidic for pKa calculations and Fragment or 
Interaction for logP calculations. 

- Standard deviation is given for logP, whereas separate positive and negative 
deviations may be entered for pKa. 

- Hydrogen atoms may be entered just as heavy atoms in logP segments, as 
required by Rekker's fragment set. 

Toxicodynamic Effect Calculation Rules 

While the rules governing toxicodynamic effects contain more information, they are 
really no more complicated than those for the calculation of toxicokinetic effects. 
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HazardExpert version 1.13 CompuDrug USA, Inc. 

COCAINE 84 METABOLITE 

Ο 

F l : help FIB: print ESC: return 

ACTIVE 

Reac: B47 PARA-HYDROXYLATION I I . 

4-07 
REPLACING ,— POSITIVE COND 

R1.*.6 
1-X8 

ι— NEGATIVE COND 
2-X9 
X10 
X11 
X12 

6-X13 

Figure 1. Metabolic transformation. 
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Name:TERTIARY AMINE 1 

p K A 
COCAINE 

1-N2-2. 
N2-4 

Ο 

I Segment type: Basic 
Functional group: 2 

I Estimated pKa value: 10.7 
Pos. deviation: 1 
Neg. deviation: 1 
Reference : 2 

Name:H3C- GROUP 

logP 
COCAINE 

X1-2-H3 
H4-2-H5 

ο 

Segment type: Fragment 
Enabled atoms: 

I Estimated logP value:0.701 
Deviation :0.008 

Figure 2. pKa and log Ρ segment rules. 
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Toxicodynamic rules consist of a segment (the structure) and two "effects groups". 
The first of these sets the relative specific toxicodynamic effects, while the second 
governs species sensitivity to the segment. 

In the example in Figure 3, the diagram presents both the raw toxicodynamic effect 
(solid lines), as well as the weighted version which has been altered to account for 
species sensitivity and dosage (filled area). 

Lock Into The Future, Not Into The Past. 

In comparison with traditional toxicity studies, HazardExpert is both fast and inex
pensive. However, me rnainbenefitof HazardExpert, andm^ 
expert systems, is not simply speed and ease of use but predictive ability. By its very 
nature, a database is focused on the past. A l l of the information is set, unchangeable 
facts uncovered in the past. If one's needs are primarily the retrieval of information 
previously available, a database will certainly be a better choice than an expert system. 
Expert systems, on the other hand, focus on the future. The true application of 
HazardExpert and any of CompuDrug's other expert systems is to predict future 
results on the basis of the knowledge available today. Thus, today's expert system 
predictions may become tomorrow ' s database entries. Scientists working on advancing 
the limits of our current knowledge - those adding to our existing databases - can utilize 
expert systems as valuable tools. 

HazardExpert - The Range Of Possible Uses 

Product Development. HazardExpert provides a means for research chemists 
working in the early stages of product development in many industries to give potential 
products a "trial run" before significant resources are devoted to it. While still in the 
early stages of design, not only the toxicity of the actual product can be assessed, but 
also the toxicity of any potential metabolites. Comprehensive use of HazardExpert 
can significantly decrease the amount of resources devoted to "dead end" products, 
freeing these resources for more profitable ideas. 

Environmental Auditing. The predictive abilities of HazardExpert make it a 
valuable tool in the initial stages of any environmental audit. The quick and 
inexpensive estimates provided by the system can be used as the basis of bids 
submitted as well as in the formulation of the initial hypotheses of the audit once a 
contract is awarded. 

Environmental Protection Groups. In general, environmental protection groups 
lack the resources to undertake comprehensive environmental impact studies of their 
own. The low price per estimate of HazardExpert provides a means through which 
these groups can accurately assess toxicity in the environment - an ability which is in 
the best interests of everyone. 
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T o x i c i t y based on the EPA report: 

Oncogenicity Mutagenicity Teratoaeniclty Membrane I r r i t a t i o n . Other Chronic T o x i c i t y Acute T o x i c i t y Neurotoxicity 

3 3 3 40 41 3 3 

1 1 1 20 16 1 1 

t o x i c i t y * ! 

20-

Comgpund 
Ain L n i s t r a t i o n Toxic segment Molecular weight logP pKS 

COCAINE Mammals Oral BENZOIC ACID 315.35 1.111+-0.484 Basic:10.7 

COCAINE 

Name:BENZOIC ACID 

I Enabled atoms: 7,1,6,5,4,3, 
Reference: 1 

Τ ox. dinamial e f f . 
Oncogen 
Mutagen 
Terratogen 
Membran i r r i t a t i o n 
Other chronic 
Acute 
Neurotoxic 

3% 
3% 
3% 

40% 
41% 
3% 
3% 

Species s e n s i t i v i t y 
Microbes 
Algae 
Plants 
Aquatic invertabres 
S o i l invertabres 
Fishes 
Birds 
Mammals 

100% 
100% 
100% 
40% 
40% 
40% 
40% 
40% 

Figure 3. Toxic segment rule and application. 
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Conclusions 

HazardExpert is one of several expert systems developed by CompuDrug Chemistry 
Ltd. for use in the prediction of the results of potential scientific studies. The program 
is not a database based on past results, but rather a knowledge base system drawing 
upon knowledge available today to predict the results of tomorrow, in a manner similar 
to that of an expert in the related field. With proper maintenance of the knowledge 
contained in the system, HazardExpert is a valuable tool to a variety of scientists and 
laymen with differing needs for similar information across a wide variety of industries. 
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Chapter 20 

Using the Menu Census Survey To Estimate 
Dietary Intake 

Postmarket Surveillance of Aspartame 

I. J. Abrams 

M R C A Information Services, 2215 Sanders Road, Northbrook, IL 60062 

M R C A has been tracking the actual consumption of Aspartame by individuals from 
their diets since its approval in 1981. This monitoring was mandated by The Food & 
Drug Administration (FDA) as a condition of its approval of Aspartame as a food 
additive, as published in the Federal Register on July 24, 1981. One objective of this 
tracking was to compare the actual use with the maximum projected consumption 
level of 34 milligrams per kilogram of body weight of the eater, per day, at the 99th 
percentile for the total sample. This estimate was computed by M R C A in 1975, using 
foodconsumption data from the Menu Census Survey of 1972-73, and the concentrations 
of Aspartame that were proposed by General Foods Corporation in packets for table-
top use, in various powdered mixes, and in several liquid products including carbonated 
soft drinks. It was included in the petition which was submitted to FDA by General 
Foods Corporation in March 1976. Thus, M R C A ' s work in estimating the intake of 
Aspartame began over fifteen years ago. 

The methodology for using food consumption data from Menu Census Surveys to 
estimate the intake of substances from the diet was originally developed, in the early 
1970's, by the National Academy of Sciences GRAS Review Committee Phase I. It 
has been refined substantially since then, in continued work with The Food & Drug 
Administration, with the National Academy of Sciences GRAS Review Committee 
Phase II and Phase III, and with many commercial organizations. Over these years, 
the Menu Census Surveys were used to estimate the frequency distributions of the 
intake of close to 2,000 substances from the diet. In order to understand this 
methodology, it is necessary to describe in detail the Menu Census Surveys. 

The Menu Census Surveys 

The Menu Census Surveys provide an in-depth continuing record of food and beverage 
preparation and consumption by U.S. households and individuals. Although the 
primary use of these data is for marketing and product development, a growing use has 
developed in the past 20 years for estimating the intake of direct and indirect food 
additives, by both The Food and Drug Administration and by commercial organiza-

0097-6156/92/0484-0201$06.00/0 
© 1992 American Chemical Society 
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tions, in order to meet FDA's regulatory and review requirements. In addition, these 
data have been used by commercial organizations to estimate the intake of vitamins 
and minerals from the diet, in order to support nutritional claims, or to explore new 
product opportunities. Some of their key applications, and typical user groups, are 
shown in Table 1. 

M R C A has been tracking all food preparation and consumption at-home and 
away-from-home through the Menu Census Surveys since 1957. These surveys were 
conducted once in five years from 1957 to 1977, and then continuously from 1980 
forward. A l l foods are reported, except the use of table salt, pepper, and tap water. 
The surveys are currently based on nationally representative rotating samples of 500 
households per quarter, or 2,000 households per year, containing about 5,500 mem
bers. Each household reports all food preparation and consumption, daily, by mail, in 
14 consecutive daily diaries as summarized in Table 2. The households are distributed 
uniformly throughout the year, with about five or six new households starting their 
two-week reporting period each day of the year. A l l diaries are completed by the 
homemakers, who are also long-term members of M R C A ' s National Consumer Panel 
(NCP), the Weekly Purchase Diary Panel, who are therefore experienced in reporting 
their purchases of food products, in great detail, via diaries by mail. 

Diets, Psychographics, and Household Demographics. A separate questionnaire, 
administered following the 14th day of reporting, provides, for each household 
member, detail information on age, sex, pregnancy status, weight, height, special diets 
followed, reason for the diet, foods encouraged or discouraged from eating, use of 
table salt, and the consumption of vitamin and mineral supplements, including kind, 
potency, amount and frequency. Another questionnaire, completed only by the 
homemaker, covers attitudes, awareness, and interests in a wide range of subjects 
dealing with lifestyle, food preparation, cooking skills, nutrition, food additives or 
preservatives, low-calorie products, sugar substitutes, and the use of information 
shown on the labels. In addition, an extensive set of demographic classifications is 
available for each household, obtained as part of their participation in NCP, the 
Weekly Purchase Diary Panel. 

Intake Surveys. An intake study for a given substance usually includes Frequency 
Distribution Reports of the Daily Intake of the Substance by Individuals in several age 
groups, in milligrams (MG) and in milligrams per kilogram of body weight (MPK) of 
the eaters. Also provided are the corresponding Sources of Mean Intake Reports, 
which show the contribution of each specific food to the total overall mean intake of 
the substance, by the same age groups. 

The intake study for a given substance is based on a detailed listing of all the foods 
which contain the substance, or which the manufacturer plans to include in the petition 
to F D A for the use of this substance. This list is prepared using the detail Menu Census 
food classification code book. At the same time, the manufacturer also provides the 
actual or the proposed concentrations of the substance in each food item on the list. 
The amount of the substance consumed by eating any food item on the list is computed 
by multiplying the concentration of the substance by the quantity of the food eaten 
(Table 3). 
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Table 1. Menu Census Survey: Typical Applications and User Groups 

Applications Users 

National Food Trends Top Management 
Mergers & Acquisitions 

Defining the Marketplace: 
• Market Size Estimates Product/Marketing Management 
• Competitive Framework Advertising Management & 
• Product Positioning Agencies 
• Copy Theme Development Legal Department 
Managing Brands: 
• Line Extension Product/Marketing Management 
• Recipe Ideas Advertising Management & 
• Tie-In Promotions Agencies 
• Ad Themes Nutritionists/Home Economists 
Evaluating New Product Opportunities: 
• Define Markets & Segments New Product Development 
• Estimate Potential 
• Target Audiences 
Forecasting: Strategic Planning Groups 
• Long & Short Range Marketing Management 
• Detect Trends - Early On Product Management 
Intake Studies: 
• Nutrition Food Development & 
• Food Additives Technology 

Regulatory Affairs 
Government Agencies 
Nutritionists 
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Table 2. The Daily Diary 

Each daily diary provides the following information: 
1. A detail description of each dish eaten, and items added to it at the table 
2. At-home or away-from-home 
3. At breakfast, lunch, or dinner meals; or at morning, afternoon, evening, 

or bedtime snack eating occasions 
4. The position of the dish in the meal 
5. Which household members ate the dish, and each item added to it at the 

table 
For all dishes eaten at-home, information is provided on: 

1. The number of guests who ate it, by children vs. adults 
2. First time vs. leftover serving 
3. Method of preparation and appliance used 
4. Brand names of commercially prepared products 
5. Form as obtained, such as fresh, frozen, canned, etc. 
6. Packaging material in contact with the food 
7. For homemade dishes, the reporting includes a detail description of 

every product used as an ingredient, fats and oils used as agents for 
frying, or flour for dusting breadboards. For each ingredient, the diary 
provides the brand name, form as obtained, packaging material, and 
whether the ingredient was itself a leftover. 

8. Who ate the meal together, at what time, and if it was a special occasion 
F or foods eaten away-from-home, information is provided on: 

1. The type of place, such as at friends, school, restaurant, lunch counter, 
etc. 

2. The name of the food service facility 
3. If from a vending machine 
4. If eaten at the place where it was obtained. 
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Quantities of Food Eaten. Note that the 14 daily diaries provide only the incidence 
of eating each food product by an individual, but not the quantity eaten by each person, 
since reporting quantities for 14 days would be too burdensome to the homemaker. 
Instead, the average grams per eating occasion have been calculated from the most 
recently available USDA National Food Consumption Survey (NFCS) of 1977-78, for 
persons grouped by age and sex, using a linear "smoothing" procedure on these 
estimates when needed. 

Since the USDA Survey provides grams of foods for end dishes as-eaten, these 
estimated average amounts per eating occasion are used only to quantify dishes as-
eaten, such as milk when consumed as a beverage, or sugar when added to coffee or 
tea, or oil used as a salad dressing. When the products are used at-home as ingredients 
or frying agents, in preparing other foods, the amounts consumed are computed as 
percentages of the corresponding amounts of the end dishes in which they were used. 
These percentages are based on estimates obtained from standard recipes. 

Intake Amounts. The quantity of the substance consumed by a given individual, from 
a single eating occasion of a given item of food on the list, is thus calculated by 
multiplying the average grams per eating occasion of that food, for an individual of that 
age and sex group, by the concentration of the substance in that food. It is displayed 
in Table 3, in the case of Aspartame. 

Table 3. The Estimated Total Intake of Aspartame by a Given Person, in a 
Given Day, is the Sum Over AU APM Containing Food Items Eaten that Day, 

by that Person, by the Multiplication of the Following Three Terms 

Number of times an Average number of Number of milligrams of 
A P M containing item * grams per eating * APM per gram of that 
of food was eaten on occasion of that food food as eaten 
that day by that person for a person of that age 

and sex group 

These estimated intakes of the substance are then aggregated for all eatings of that food 
item by that same person, separately for each day, and in total for all 14 days 
combined. Corresponding sub-totals are accumulated for the intake of the substance 
from each food sub-category, and from the total diet, separately for each person, and 
for each day, treating each day for each person as an independent observation, to 
provide estimates of intake on a Person-Day Basis. Intakes are also accumulated for 
each person over all 14 days combined, to provide estimates on a 14-Day Average Daily 
Basis. 

Intake Study Reports. Frequency distributions of the average daily intake of the 
substance are then tabulated by age groups, in five percentile increments, for the eaters 
only, and separately for the total sample of eaters plus non-eaters, from the lowest to 
the highest, with finer breakouts for the heavier eaters of the substance above the 95th 
percentile, usually showing the 97.5th, the 99th, the 99.5th, and the 100th percentiles. 
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Separate reports show these intakes in milligrams (MG), vs in milligrams per kilogram 
(MPK) of the body weight of the eater. Reports are usually produced for the intake 
of the substance from individual food sub-categories; from cumulative food groups; 
and from all foods combined. 

Multiple reports are frequently produced, separately on a Person-Day Basis vs. on 
a 14-Day Average-Daily Basis, as needed to differentiate analyses of the potential 
"acute" effects from the "chronic" effects of the consumption of the substance. 

Corresponding reports are provided for the Sources of Mean Intake, which break 
out the contributions to the mean intake, by age groups, of each specific food included 
in the original list of concentrations of the substance. 

Concentrations by Brand and Flavor. In addition, since the Menu Census Surveys 
identify the brands of each commercial product, reports can be produced tracking the 
"actual intake" of a food additive, once it is approved and introduced into the market, 
and as it expands its distribution over time; instead of the "prospective intake" of the 
substance, which is estimated when the petition is first prepared. This is the case, for 
example, with the Post Marketing Survey Phase II of Aspartame, in which M R C A has 
been tracking the intake of A P M since April 1984, using its actual concentrations in 
each brand, as reported by their manufacturers. 

Nutrition Surveys. The intake of any nutrient in the food is estimated using 
essentially a similar procedure, with the concentrations coming from a standard 
nutrient composition database. For this purpose, each food in the Menu Census 
Survey is assigned its corresponding code in the nutrient composition database, and 
the associated amount of the nutrient per 100 grams of the food is treated as the 
appropriate "concentration". 

The reports for nutrition studies usually show the contributions of each food 
category and sub-category to the total daily intake of each vitamin or mineral, for 
individuals classified by age and sex groups. Additional reports distribute the intakes 
of nutrients by meal occasion or by some other food consumption patterns. These 
intakes are usually reported by age and sex groups, in absolute quantities, or as 
percentages of the Recommended Daily Allowances for the corresponding nutrient. 

Special Diets. Since the Menu Census Study contains information on any special diets 
which a person may follow, reports are also produced comparing the intake of food 
additives, or of vitamins and minerals, by persons who are, for example, on a diet to 
reduce weight, to avoid cholesterol, or to control diabetes, etc. 

Homemaker's Attitudes. Using the responses of the homemakers to the attitudes, 
awareness, and interests questionnaire, which has been administered to all Menu 
Census households since 1972, M R C A has been able to classify these homemakers by 
their concern about low-calories, nutrition, food additives, prepared foods, etc., and 
then correlate these classifications with the frequency of consumption of various food 
categories by individuals in the same households. Using the same classifications, it 
is possible to trend the nutrient intakes by the homemakers, and by other household 
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members, over the past 18 years, a period during which interest in proper nutrition has 
substantially grown. Similar trends can be produced for selected food additives whose 
consumption may be correlated with specific homemaker's attitudes, such as towards 
fat or cholesterol, sugar, low-calorie sugar substitutes, caffeine, preservatives, and the 
like. 

The Post Marketing Survey of Aspartame - An Intake Study Example 

As stated earlier, the Post Marketing Survey (PMS) of Aspartame, PHASE I, was 
begun in January 1982. It was designed to track the percentage of children under 13 
years old who consumed any food containing added Aspartame during an average 14-
day period. PHASE I was to continue until the level of about 30% was reached, 
corresponding to the previously existing level of exposure by children to Saccharin 
containing products. PHASE II would then begin, in which the frequency distribu
tions of the "actual" amount of Aspartame consumed through the diet will be tracked 
on a quarterly basis. 

Phase I - Exposure by Children 0-12 Years Old. Figure 1 displays the growth in the 
exposure of children to Aspartame containing products from April 1982 through June 
1984. For the first year, less than 2.1% of children 0-12 years old consumed any 
products containing Aspartame in an average two-week period. Beginning with April 
1983, the exposure to Aspartame grew rapidly, and reached a level of about 24% by 
June 1984. In fact, the percentage of children 2-5 years old consuming added 
Aspartame reached 30% by June 1984, thus initiating the Post Market Survey Phase 
II. 

Phase Π - Intake by Children 6-12 Years Old. Figure 2 shows the 90th percentile 
of the 14 day average-daily intake of Aspartame, for eaters only, in milligrams per 
kilogram of body weight of the eater, for children 6-12 years old vs. the total sample. 
Note that this corresponds to the estimated "high" chronic level of intake of Aspar
tame, since it is based on the average intake in 14 days, including days in which 
Aspartame was not consumed, as well as those in which it was consumed by each 
individual. 

As can be seen, the 90th percentile of intake for the 6-12 year old children has 
grown from a low of about 1.6 M P K in 1984 to 3.6 M P K in the first two quarters of 
1986, with a single "extreme value" of 5.3 M P K in the first quarter of 1985. Note that 
such a variation in the estimates can be expected since it is based on a relatively small 
number of eaters, in this particular case on only 29 children in this quarter. 

As is typical in these distributions, the intake in milligrams per kilogram of body 
weight by children is higher than that by adults, and thus the corresponding intake by 
the total sample is below that for children 6-12 years old. As can been seen in this 
figure, the 90th percentile of intake by the total sample has grown from 1.2 M P K in 
the first two quarters to about 2.0 M P K in the last three quarters on the figure. 

An estimate of the "acute" intake of Aspartame for "eaters only" is shown in Figure 
3. It is based on computing the estimated intake of Aspartame separately on each day, 
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Figure 1. Growth in exposure of children 0-12 years old to aspartame in a 14-day 
period. 

Figure 2. Aspartame intake by children 6-12 years old, 90th percentile of 14-day 
average daily intake. 
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Figure 3. Acute levels of daily aspartame intake by children 6-12 years old. 

for each individual, and excluding from the analysis all days in which no Aspartame 
containing products were consumed by the individuals. As can be seen from this 
figure, the 90th percentile of the intake of Aspartame per person-day, based on eaters 
only, in milligrams per kilogram of body weight, for children 6-12 years old, has 
increased from about 7 M P K during the third quarter of 1984, to about 9 M P K during 
the second and third quarters of 1985, jumped to 17 M P K in the fourth quarter, and then 
returned to about 7 M P K in the first two quarters of 1986. 

As in the previous figure, the 90th percentile of intake per person-day for the total 
sample was well below that for the 6-12 year old children, and essentially remained 
constant over this entire period at about 5 M P K per day. 

Note that all of these estimates, including the extreme values, are well below the 
FDA guideline for the Acceptable Daily Intake (ADI) of Aspartame on a "chronic" 
basis. 

Phase III - Intake by Children 2-5 Years Old, by Reducers, and Diabetics. Figures 
4 through 9 compare the "chronic" and the "acute" 90th percentile intakes, of eaters 
only, for children 2-5 years old, and for persons on a diabetic or on a reducing diet, vs. 
the corresponding intakes for the total sample. 

Note that the intakes, in M P K , of children 2-5 years old are usually higher then 
those of children 6-12 years old. This, again, is due to their higher food intake relative 
to body weight. 
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Figure 4. Aspartame intake by children 2-5 years old, 90th percentile of 14-day 
average daily intake. 

Figure 5. Acute levels of daily aspartame intake by children 2—5 years old. 
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Figure 6. Aspartame intake by persons on a diabetic diet, 90th percentile of 14-
day average daily intake. 

Figure 7. Acute levels of daily aspartame intake by persons on a diabetic diet. 
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Figure 8. Aspartame intake by persons on a reducing diet, 90th percentile of 14-
day average daily intake. 

Figure 9. Acute levels of daily aspartame intake by persons on a reducing diet. 
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As may be expected, a substantially higher percentage of persons on a reducing or 
on a diabetic diet consume Aspartame containing products than those in the total 
sample. Nevertheless, their levels of intake of Aspartame are in general similar to 
those of the total sample. 

Conclusion 

The Menu Census Survey has proven over the years to be a very effective instrument 
for estimating the intake of food additives from the diet for both "chronic" as well as 
"acute" levels of exposure. The richness of the database has supported the extreme 
demands of estimating intake from foods which are "ready-to-eat", as well as from 
those which are used by the homemaker only as ingredients for preparing other dishes. 
The extended 14-day period of observation is indispensable in estimating the long-
term average intake of nutrients from the diet; the "chronic" exposure to direct food 
additives; to food animal drug residues; as well as to contaminants in the food, such 
as naturally occurring lead, or that which migrates into the food from sodered cans. 

Furthermore, once a substance has been approved by FDA, the same Menu Census 
database has frequently been used to set priorities for the introduction of the product 
into different food categories, to define the segments of the prospective market, to 
estimate trends, to explore for new uses in additional food items, and for various other 
market research and marketing purposes. 

RECEIVED August 15,1991 
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Chapter 21 

Dietary Exposure Assessment in the Analysis 
of Risk from Pesticides in Foods 

Michele Leparulo-Loftus, Barbara J. Petersen, Christine F. Chaisson, and 
J. Robert Tomerlin 

Technical Assessment Systems, Inc., 1000 Potomac Street, NW, 
Washington, DC 20007 

Pesticides are sometimes called "beneficial poisons." The judicious use of these 
chemicals has improved our standard of living and controlled some of our worst public 
health threats. Their benefits do not alter the fact, though, that pesticides are poisons. 

Pesticide residues occur in our foods as a result of pesticide treatment of crops in 
the field, treatment to seeds, and post-harvest treatment of crops and processed foods. 
Secondary residues occur in meat, milk and eggs from the pesticide residues in 
livestock feeds. Primary residues in meat, milk and eggs occur as a result of direct 
treatment of livestock. 

Some pesticides are "acutely toxic," i.e., the adverse effect occurs as a result of one 
or a few days of exposure. These effects may be headache, eye and skin irritation, 
breathing distress, severe nervous system interference, or birth defects. 

Some pesticides may not cause acute effects, even in rather large doses, but they 
can cause serious health problems as a result of persistent exposure. They may cause 
cancer or liver and kidney disorders after a long duration of low-level exposure. Such 
adverse effects are referred to as "chronic effects." 

In all these cases, the critical parameters which determine whether or not a 
pesticide will cause any adverse effect are (a) the intrinsic biochemical activity of the 
chemical; (b) the level of exposure to the chemical; and (c) the duration of exposure 
to the chemical. No matter what the intrinsic toxicological properties of the chemical, 
the level and duration of exposure are critical elements in assessing the potential risk. 
In this paper, the exposure component in the risk assessment of pesticides in our foods 
is discussed. 

The exposure level of a chemical in a food is determined from the magnitude of 
the chemical in the food item and the amount of consumption of that food item. 

Exposure = Residue Level X Consumption 

An exposure assessment strives to obtain the most accurate estimate of the 
magnitude of the residue in the food and the consumption of that food. Exactly what 
type of number is used for the estimate of the magnitude of the residue and the 

0097-6156/92/0484-0214$06.00/0 
© 1992 American Chemical Society 
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consumption in the exposure equation is driven by the nature of the risk. The question 
must first be asked, "What is the adverse health effect?" "Is the adverse effect due to 
a long-term exposure (a chronic effect) or to one or a few critical exposures (an acute 
effect)?" Estimation of the first element in the exposure equation, the magnitude of 
the residue, is discussed in the first section of this chapter. Estimation of the second 
element, consumption, is discussed in the second section. Combining the two 
elements to obtain the estimate of the exposure is discussed in the third section of this 
chapter. 

Estimates of the Magnitude of the Residue 

Exposure assessments based on tolerances — the theoretical maximum residue 
contribution (TMRC)—dramatically overestimate potential exposure from pesticides 
in foods. In the past, even though the exposure was dramatically overestimated, 
exposure assessments were routinely carried out using tolerances or the T M R C . Either 
more realistic residue data were not available, or when such data were available, they 
were not incorporated into the risk assessments conducted by regulators. That is no 
longer the case. Now the U.S. Environmental Protection Agency (EPA) not only uses 
such results in risk assessments, but also requires that marketplace monitoring be 
conducted by pesticide registrants. 

Nature of the Residue. Before determining the residue level in food from use of a 
pesticide, the question must first be asked: "What is the residue?" This question must 
be answered before the magnitude of the residue can be determined. To obtain a 
registration allowing use of a pesticide on a crop, EPA requires crop metabolism 
studies to be conducted (7). 

The nature of the residue in foods is determined by plant and animal metabolism 
studies. In plant metabolism studies, the pesticide is labelled with a radioactive atom, 
usually ^ C , and is applied to the crop in a manner simulating actual use. To avoid 
loss of radioactivity, the study is usually conducted in the greenhouse. At plant 
maturity, or sometimes prior to plant maturity, the crop is harvested and the radioac
tivity in the plant parts used as food or feed are extracted and separated into various 
fractions. The chemicals comprising the radioactivity are identified to the extent 
possible (2). 

If residues of a pesticide result in the feed or if the pesticide is directly applied to 
livestock, animal metabolism studies are required by EPA to delineate the residue in 
meat, milk and eggs. Typically, lactating goats are used to represent ruminants and 
laying hens are used to represent poultry. If the metabolism profiles in ruminants and 
poultry are different, studies in swine may also be required (i). 

Depending on the route of exposure, the animals are dosed either orally or dermally 
with the radiolabelled pesticide. Milk and eggs are collected and the animals are 
sacrificed within 24 hours of the last dose. The level of radioactivity in the edible 
tissues (muscle, fat, kidney and liver), milk and eggs is measured. If the level is 
significant (> 0.01 ppm), EPA requires the radioactivity to be characterized (3). 
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The metabolism studies should determine the total terminal residue. The total 
terminal residue is the sum of the parent compound and its degradation products, 
metabolites (free or bound), and impurities. Not all components of the total terminal 
residue are necessarily regulated. Only those components which are considered to be 
"toxicologically significant" are regulated. 

Once the total terminal residue in the plant and animal tissues, milk and eggs are 
determined, the "total toxic residue" or "toxicologically significant residues" is 
defined by EPA. The term total toxic residue is used by EPA to describe the sum of 
the parent pesticide and "toxicologically significant" metabolites, degradation prod
ucts and impurities (2). The tolerance expression is defined by the total toxic residue. 

Residue Analytical Methods. The residue analytical method should determine the 
total toxic residue. The sensitivity necessary for the analytical method depends on the 
purpose of the analysis. If the purpose of the analysis is to enforce a tolerance, the 
method usually does not need to be as sensitive as one to conduct an exposure 
assessment; for enforcement, the limit of quantitation of the analytical method only 
needs to be as low as the tolerance level. 

Residue Estimates-Tolerances. When a pesticide is registered for use on a particular 
crop by U.S. EPA, a tolerance is set on the basis of the results of controlled field studies 
(7 ). In controlled field studies, the crop is treated with the formulated pesticide product 
according to the maximum use allowed on the proposed label and typical cultural 
practices. The field trials represent a wide range of climatic and geographic 
conditions. The residue data from the study result in a distribution of residues with a 
median in the low residue range. The outliers in the high residue range are given 
considerable weight when setting tolerances. The tolerance is the maximum con
centration of total toxic residue (the active ingredient and toxicologically significant 
metabolites, degradation products and impurities) of a pesticide which is legally 
allowed on a particular food. If a metabolite is more potent than the parent compound, 
a separate lower tolerance may be set for the more potent metabolite. A typical 
example of the distribution of residue data from a crop field study and its comparison 
to the tolerance is shown in Figure 1. 

If residues result in the feed or if dermal treatments are registered for use, 
tolerances for meat, milk and eggs are established on the basis of animal feeding 
studies (7). In these studies, cattle and poultry are dosed at three different levels with 
the pesticide and metabolites for at least 30 days and are sacrificed within 24 hours of 
the last dose. The residue data from the feeding studies are adjusted to reflect a dose 
based on tolerance-level residues in the feeds. 

The purpose of the tolerance is to enforce proper use of the pesticide. If the 
tolerance is exceeded, the presumption is that the use directions on die label were not 
followed. The U.S Food and Drug Administration (FDA) is charged with enforcing 
the tolerances. F D A accomplishes this by taking samples of crops "at the farmgate" 
and analyzing the crop to determine whether the crop has any illegal residues of 
pesticides. Illegal residues are residues in which the tolerance for the particular crop 
has been exceeded or has not been established. If illegal residues are found, the crop 
is labelled "adulterated" and not allowed to move in commerce. 
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Since the purpose of a tolerance is to prevent misuse, it greatly overestimates 
exposure. Although tolerances overestimate exposure, EPA often uses tolerances to 
calculate the Theoretical Maximum Residue Contribution (TMRC), an estimate of 
exposure to pesticides that assumes that tolerance level residues are in or on all foods 
for which a tolerance is proposed or established. 

Residue Estimates—Anticipated Residues. A more refined approach to estimating 
the residue level is the "anticipated residue" concept (4). The anticipated residue is 
a more realistic residue estimate than the tolerance. The anticipated residue can be 
determined from controlled studies or from monitoring data. 

Anticipated Residues from Controlled Studies. The types of controlled residue 
studies which can be used to determine the anticipated residue are crop field trials, 
processing studies, livestock feeding studies, food preparation studies and storage 
degradation studies. Except for very old chemicals, residue data from the first three 
types of controlled studies are usually available because such data are required by EPA 
to set a tolerance. The controlled studies used to establish the tolerance are reevaluated 
to obtain an anticipated residue for a particular food. In addition, market share data 
can be incorporated into the analysis for further refinement of the residue estimate. 

As discussed above, crop field trials designed to set tolerance levels reflect the 
most extreme case. The trials reflect the maximum number of treatments and the 
maximum application rate. In addition, early maturing crop varieties are better 
represented in crop field studies as compared to actual cultural practice. Thus, a large 
portion of the residue data reflect short times between the last treatment and harvest 
allowed by the pesticide label. 

Even though residue data generated to set tolerances provide an exaggerated 
residue estimate, these residue data can be evaluated to determine a more realistic 
residue estimate than the tolerance. Of course, residue data from field trials reflecting 
typical use patterns can be generated. Although EPA does not require such data to 
establish tolerances, i f the data are submitted with documentation that the data reflect 
typical cultural practice, EPA will use these data to estimate the anticipated residue. 
From controlled crop field studies, a mean or an upper ninety-fifth percentile can be 
calculated from the residue data. Typically, the mean value is used forrisk assessment 
of a chronic effect and the upper ninety-fifth percentile is used for risk assessment of 
an acute effect. 

Examining the effects of processing is the next step towards obtaining a more 
realistic estimate of the residue in foods as eaten. The level of residue in processed 
foods may differ considerably, higher or lower, from the raw agricultural commodity 
(r.a.c). Processing studies are often available because EPA requires certain processing 
studies to be conducted for many crops (7). In these studies, the treated crop is 
processed into various byproducts and the residue in the byproduct is determined. If 
the residue in the byproduct is greater than that in the raw agricultural commodity 
(r.a.c), a separate tolerance for the byproduct is established. If the residue in the 
byproduct does not exceed that in the r.a.c, a separate tolerance is not established. 
Although EPA requires processing studies to determine the concentration of residue, 
these data can be used to determine the reduction in residue, as well. An example of 
reduction in residue from processing is shown in Figure 2. 
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Figure 1. Residue data for chemical "Y" i n sampled 
potatoes 1979-1984. 
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Figure 2. Comparison of residue data of raw 
ag r i c u l t u r a l commodity from crop f i e l d t r i a l s to 
residue data of processed by-products from 
processing study. 
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Food preparation and storage degradation will also have an effect on the level of 
residue in foods as eaten. Studies investigating the effect of food preparation and 
storage on the magnitude of the residue can also be conducted. Typically, food 
preparation and storage result in reduction of residue. An example of storage 
degradation which may occur in the chains of commerce is the residue data for 
acephate in head lettuce from field to supermarket, presented in Table 1. 

Table 1. Summary of Acephate Residues on Crisp Head Lettuce 

Residues^ 
(Acephate & % Reduction 

Location Methamidophos, ppm) of Residues 

Field 0.32 
Field to Cooler 

(Head & Cap Leaf) 0.05 84 
Cooler to Distributor 

(Head & Cap Leaf) 0.06 81 
Distributor to Supermarket 0.04 87.5 
Supermarket to Shelf 0.03 91 

lOne ground application (0.56 lb Al/A) plus one aerial application (1 lb AI/A) 
harvested 21 days after last application. 

A reduction in residue during food preparation and storage is not always the case, 
though. For example, when Alar-treated produce is cooked, the metabolite 1,1-
(unsymmetrical dimethylhydrazine), U D M H , increases, as compared to that in the raw 
agricultural commodity. U D M H , a moiety much more potent than the parent 
compound (daminozide), increases during cooking via degradation of the parent 
compound. 

When market share data are available, the residue estimates can be further refined 
to reflect the acreage of the particular crop which is treated. For example, if usage data 
indicate that 20% of a food is treated with a given pesticide, the assumption is that over 
the long term, 20% of that food eaten by the typical person contains pesticide residues. 
One drawback, though, in refining the chronic exposure assessment for usage data is 
that pesticide usage changes from year to year, depending on the population of the 
pests and the weather conditions. However, if enough data are available, a running 
average may be used to compensate for annual variation. In spite of the necessity to 
periodically update usage data, it is more reasonable to use the available percent crop 
treated data than to assume that 100% of the crop is treated. 

The anticipated residue in meat, milk and eggs can be determined from livestock 
feeding studies by comparing the livestock dietary burden to the results of the feeding 
study. Livestock feeding studies are required by EPA when pesticide residues may 
occur in the feed or when direct treatment to livestock is proposed. To obtain the 
anticipated residue in meat, milk and eggs for a chronic toxic effect, the livestock 
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dietary burden is often determined from the mean residue levels of the pesticide in the 
feeds, corrected for the percent crop treated. For an acute effect, the livestock dietary 
burden typically reflects the upper ninety-fifth percentile of the pesticides in the feeds. 

Anticipated Residue from Monitoring Data. The anticipated risk can be 
determined by residue monitoring data. Residue data from monitoring is distin
guished from residue data from controlled field trials in that the samples are obtained 
from a "real life" situation using "real" cultural practices; i.e., the treatment rate, 
number of treatments and schedule of treatments for monitoring samples were chosen 
to obtain protection from a specific pest or to regulate the growth of the plant. In 
controlled field studies, the treatment regimen and cultural practices are not chosen to 
protect the crop but to provide data on the magnitude of the residue, usually under the 
most extreme conditions, in order to set tolerances. Figure 3 compares the anticipated 
residue from controlled studies, uncorrected for percent crop treated, and the tolerance 
with monitoring residue data for captan on grapes. 

Many types of monitoring data are gathered for a variety of purposes. The 
treatment history of the sample may or may not be known. Monitoring programs 
include surveillance by regulatory agencies, residue monitoring by private industry 
for quality control/quality assurance, monitoring by special interest groups, and 
statistically representative food surveys. There are many focal points for food 
monitoring: at the farmgate, the food processing plant, the wholesaler, the port of entry 
and the supermarket. 

For surveillance, the FDA samples at the farmgate and the port of entry. CDFA 
(California Department of Food and Agriculture) typically samples at the wholesaler 
and farmgate, but also collects samples at the processing plant. The objective of 
monitoring for surveillance enforcement activity is to prevent misuse of pesticides by 
catching violators. The monitoring data from surveillance activity can present a 
residue picture which is exaggerated as compared to overall food supply. The data 
may be quite adequate for the intended purpose, but usually cannot be used for 
quantitative risk assessment. 

Private industry may conduct residue monitoring or screens for their own quality 
assurance. Likewise, "independent surveys" may be conducted by special interest 
groups. The monitoring may be focused (treatment history is known) or general 
(treatment history is not known). The studies may or may not be statistically valid. The 
data may be quite adequate for a specific commercial brand or region of the country, 
but are not necessarily representative of the whole food supply. Sometimes, question
able analytical methodologies are used which erroneously detect the chemical or, 
conversely, are too insensitive to measure residues, if present. Such independent 
monitoring studies should be carefully evaluated before using the data to estimate the 
anticipated residue. 

Statistically valid market basket surveys or national food surveys are becoming 
more prevalent. National food surveys are difficult to design and expensive to 
conduct, but, when carefully designed, present the most accurate picture of residues 
in food as eaten by the public. 

To obtain the most realistic snapshot of the magnitude of the residue as consumed, 
the sampling location usually must be as close to the consumer as possible. In most 
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cases, the grocery store is the sampling site that is closest to the consumer. Samples 
collected at the grocery store take into account the effect of commercial washing and 
storage of foods on the magnitude of the residue. However, if residue levels are not 
expected to change, sampling may be more efficient at earlier stages in the food 
production process. 

The food survey should be tailored to specific issues and commodities. The 
population at risk should be considered when selecting foods to be monitored. A l l 
available residue data should be used to focus the survey on the foods constituting the 
most exposure to the relevant population subgroup. Foods that will have the greatest 
impact on the overall exposure assessment should be selected. This will depend on the 
consumption profile of the population at risk, as well as on the differences expected 
between the magnitude of the residue determined from controlled studies versus 
monitoring at the grocery store. Later in this chapter, in the section on Estimating 
Dietary Exposure, examples are provided which show how consumption can affect the 
exposure assessment. 

The food survey should be designed to be statistically representative for criteria 
such as geography, urbanization, and store size. The best available information on the 
universe of sampling locations should be used for selecting the samples. Another part 
of the survey design is to determine the number of sampling locations. The number 
is determined by the desired level of precision. The best available residue data should 
be used for this purpose, in combination with information on market share and 
dynamics. A pilot survey will provide the best guidance in designing the study. 

Another question to ask is what part of the sample to analyze. For enforcement 
purposes, FDA analyzes the whole fruit because the tolerance is set based on the 
residue in the whole fruit. In many cases, though, the whole fruit is not consumed. For 
example, only the inner flesh of melons is consumed. A decision whether to analyze 
the whole fruit or inner flesh should be made. If the pesticide in question is systemic 
(throughout the whole fruit), it will not make much difference whether the whole fruit 
or the inner flesh only is analyzed. However, if the residue is a surface residue, there 
will be a large difference between the results of the analysis of the whole fruit versus 
the inner flesh only. For a case such as a surface residue on melons, the residue 
estimate for the food as consumed would be exaggerated i f the whole fruit were 
analyzed. 

Consumption Estimates 

In response to the need to more realistically estimate exposure to pesticide residues in 
food, EPA developed the Tolerance Assessment System to estimate exposure to 
pesticides for tolerance petitions, registration standards, and special reviews (5). Since 
the Tolerance Assessment System could do much more than assess tolerances, it was 
renamed the Dietary Risk Evaluation System (DRES). DRES combines the U.S. 
Department of Agriculture's (USDA) food consumption data, EPA's tolerance 
listings, EPA summary toxicology summary information, and statutory requirements 
into a mainframe-based system for analyzing food consumption data and assessing 
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dietary intake. Technical Assessment Systems, Inc. has created the EXPOSURE 
Series, a microcomputer version of DRES (6). 

The dietary estimates used in DRES and in the EXPOSURE Series were derived 
from the 1977-78 nationwide survey of individual food consumption conducted by the 
USDA (7). In this survey, three-day dietary records of 30,770 individuals were 
collected representing the four seasons. The records were collected via an interview 
in which the amount of each food item consumed and the weight of the individual were 
specified. Each person's food record in the USDA survey was accompanied by 
demographic and socioeconomic information about that person, and this information 
was incorporated into DRES and the EXPOSURE Series. 

That the USDA food survey recorded information on the demographic and 
socioeconomic background of the individuals is important. Different age groups and 
ethnic groups may consume vastly different amounts of any given commodity. For 
example, children consume much more milk than adults. Asians consume much more 
rice than the rest of the population. Even if two people consume the same amount of 
a certain commodity (e.g., apples), they may consume it in different forms. One group 
may eat a great deal of raw apples (e. g., adults) and another may eat a great deal of apple 
sauce (e.g., infants). The geographic location of a person also will have an impact on 
the relative amounts of foods consumed. As compared to the entire U.S. population, 
Southerners, for instance, consume more greens while Californians consume more 
alfalfa sprouts. 

Tolerances are established by EPA in or on foods as they enter commerce; i.e., in 
or on the raw agricultural commodity (apples, corn, milk), and only on a few processed 
foods. The USDA data was reported in terms of the consumption of food as eaten (e.g., 
apple pie). In DRES and the EXPOSURE Series, each of the 3734 individual food 
items reported in the USDA survey was broken down into its constituents (e.g., apples, 
wheat, etc.) to be compatible with the EPA tolerance-setting system (8). Standard 
recipes were devised according to the percentage of the raw agricultural commodity 
in the dish. The "EPA foods and feeds" are described by a crop to food map shown 
in Table 2. 

Table 2. Example From the Crop-To-Food Map 

Crop RACs Food 

Apples 
Food 
Apples Apples, fresh 

Apples, dried 
Apples, juice 

Feed 
Apple, pomace Meat, milk 
dried poultry, eggs 
apples, pomace Meat, milk 
wet & dry poultry, eggs 
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The food consumption data from the 1987-88 USDA are now available (9). 
Unfortunately, the 1987-1988 survey is smaller and has been criticized for its low 
response rate (10). Technical Assessment Systems has incorporated the 1987-88 
consumption data into the EXPOSURE Series, and EPA is considering various 
options. However, updating the database is important because dietary patterns 
change. For example, since 1978, consumption of apple juice by children has 
increased significantly, while consumption of red meat by the population as a whole 
has decreased. 

Estimating Dietary Exposure 

E X P O S U R E 1. EXPOSURE 1 in the EXPOSURE Series is a dietary analytical 
system used to assess chronic exposure. As discussed before, the function of chronic 
exposure analysis is to estimate exposure over an extended period of time, presumably 
a lifetime. The annualized mean daily consumption for the U.S. population and 22 
subgroups is used in this analysis. 

The exposure from a particular food is calculated by multiplying the annualized 
mean daily consumption by the residue level in the food. The total exposure is 
calculated by summing the exposures for the individual foods. The exposure is 
expressed in terms of mg chemical/kg body weight/day and as a percentage of the 
Reference Dose (RfD) of a given chemical for the U.S. population and 22 subgroups. 
The Reference Dose is the No Observed Effect Level (NOEL) from a chronic study 
divided by a safety factor, usually 100 for a chronic study. 

The best estimate for the residue level in the exposure equation should be used, and 
will depend on the available residue data. For older chemicals that have not been 
reregistered, the paucity of available data sometimes precludes the use of the 
anticipated residue for the residue estimate, and tolerances must be used. For the 
typical pesticide, though, residue data from controlled studies are available, and 
anticipated residues can be estimated. The best estimate for the anticipated residue of 
a food in chronic dietary exposure assessment is usually the mean residue obtained 
from controlled study residue data corrected for market share data (percent crop 
treated). If statistically valid monitoring data are available, the best estimate for the 
magnitude of the residue often is the mean residue from monitoring data. 

E X P O S U R E 4. EXPOSURE 4 in the EXPOSURE Series is a dietary analytical 
system used to assess the distribution of acute exposure. A chemical which is acutely 
toxic is one in which the adverse effect occurs after a very short duration, possibly after 
one critical exposure. For this reason, in contrast to EXPOSURE 1, the daily 
consumption data in EXPOSURE 4 are not annualized. The EXPOSURE 4 consump
tion database consists of the individual daily food consumption data. When combined 
with the magnitude of the residue in foods, EXPOSURE 4 characterizes the distribu
tion of dietary exposure among individuals in the population. The results can be 
summarized as percentiles of the population with exposure above specified levels, as 
a ratio of the No Observed Effect Level to the calculated exposure estimate (also 
known as the margin of safety), or in a graphic format. Analyses can be tailored to a 
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selection of population characteristics (e.g., age, sex, seasons, region of the country, 
ethnic group). 

EXPOSURE 4 characterizes the distribution of exposure in the following way. 
Assume that residues of a Wonderchem occur on apples at 5 ppm and potatoes at 1 
ppm. EXPOSURE 4 loads the consumption data for person-day #1, multiplies his 
consumption of apples by 5 ppm and his consumption of potatoes by 1 ppm, then sums 
the two estimates to produce an estimate of the daily intake of the Wonderchem by 
person-day #1. Person-day #1 is individual #1 in the USDA Nationwide Food 
Consumption Survey on the first day that consumption data is recorded for individual 
#1. This analysis is repeated for each of the person-days in the USDA Survey results. 
Individuals consuming neither apple nor potatoes drop out of the analysis. Examples 
of the distribution of the total dietary exposure for "Wonderchem" are shown in Figure 
4a for the U.S. population and in Figure 4b for non-nursing infants. 

Once again, the best estimate for the magnitude of the residue should be used in 
the dietary exposure assessment. The anticipated residue from controlled residue 
studies or statistically valid monitoring data, versus the tolerance, should be used as 
the best estimate when such data are available. However, the anticipated residue for 
acute effects is usually a different number, as compared to the anticipated residue for 
chronic effects. For acute effects, the anticipated residue for a food is usually the 
ninety-fifth percentile of controlled study residue data or, when available, the ninety-
fifth percentile of statistically valid monitoring residue data (compare with mean, 
corrected for market share data, used for chronic effects). 

As discussed in the first section, the residue profile for a particular food can be 
described by a distribution of residue values in a population of samples of that food. 
A refinement of EXPOSURE 4 can be performed where the distribution of the residue 
can be used as the anticipated residue. In this computation of the exposure, the 
distribution of the consumption per unit body weight is multiplied by the distribution 
of residues per unit of commodity. 

Dietary Exposure Assessment and National Food Surveys. National food surveys 
are very expensive. For that reason, resources should be focused on the foods 
contributing the most to the dietary exposure of the populations at risk. When planning 
a national food survey, one should first determine what population is at risk. The 
available residue data should be evaluated to obtain the best estimate of the magnitude 
of the residue in the exposed foods. Then, an exposure assessment for the populations 
at risk should be conducted using the best estimate of the residue from the available 
residue data. The foods which contribute the most to the exposure of the populations 
at risk are the foods which should be monitored in the national food survey. Figures 
5,6 and 7 illustrate the importance of the population subgroup and the particular food 
on the exposure assessment. 

The total dietary exposure of a pesticide in all treated foods is plotted in Figures 
5,6, and 7. The graphs demonstrate that refinement of the residue estimate for some 
foods will have a greater effect on the exposure assessment as compared to other foods. 
The graphs also show that the exposure assessment is dependent on the population 
subgroup. 
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in foods for U . S . population. 
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CHEMICAL NAME: Uonderchen 
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18 χ ng/kg body weight/day 

Figure 4b. Distribution of exposure from Wonderchem 
in foods for non-nursing infants. 
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F i g u r e 5. The e f f e c t o f s u b s t i t u t i n g a p p l e j u i c e a n d 
m i l k t o l e r a n c e s w i t h a n t i c i p a t e d r e s i d u e d a t a on t h e 
t o t a l d i e t a r y e x p o s u r e u s i n g t o l e r a n c e l e v e l 
r e s i d u e s f o r a l l t r e a t e d c o m m o d i t i e s . 

F i g u r e 6. The e f f e c t o f s u b s t i t u t i n g b r o c c o l i 
t o l e r a n c e s w i t h a n t i c i p a t e d r e s i d u e d a t a on t h e 
t o t a l d i e t a r y e x p o s u r e u s i n g t o l e r a n c e l e v e l 
r e s i d u e s f o r a l l t r e a t e d c o m m o d i t i e s . 
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F i g u r e 7. The e f f e c t o f s u b s t i t u t i n g h ops t o l e r a n c e s 
w i t h a n t i c i p a t e d r e s i d u e d a t a on t h e t o t a l d i e t a r y 
e x p o s u r e u s i n g t o l e r a n c e l e v e l r e s i d u e s f o r a l l 
t r e a t e d c o m m o d i t i e s .  J

ul
y 

15
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

14
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
48

4.
ch

02
1

In Food Safety Assessment; Finley, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



21. LEPARULO-LOFTUS ET AL. Dietary Exposure Assessment 229 

Figure 5 compares the dietary exposure for infants, children under 6 years, and 
adult men using tolerances for the residue estimate for the various treated foods to the 
dietary exposure of these same population subgroups using the anticipated residue for 
apple juice and milk and tolerances for the remaining foods. The estimate of the 
dietary exposure of all three population subgroups declines by the substitution of the 
tolerance for apple juice and milk with their anticipated residues. The degree of 
reduction is greatest for infants because their consumption of apple juice and milk is 
highest as compared to the other subgroups. It must be emphasized that exposure has 
not changed, only the accuracy with which we estimate exposure has changed. Figure 
6 presents the same sort of refinement of the residue estimate for broccoli. Substituting 
the anticipated residue for broccoli for the tolerance does not change the dietary 
exposure assessment for any of the three subgroups. In Figure 7, the refinement of the 
residue estimate is made for hops. Only the dietary exposure assessment for adult men 
is affected, demonstrating the importance of determining the population subgroup at 
risk when selecting the foods to be monitored. 
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Chapter 22 

Current Concerns in Food Safety 

R. V. Lechowich 

National Center for Food Safety and Technology, Bedford Park, IL 60501 

Consumers are concerned about the safety of their food supply. Their major concerns 
are identified as food additives, pesticide residues, food processing aids, and pre
servatives. This is in direct opposition to the relative priority placed upon food safety 
concerns as evaluated by food microbiologists and the U . S. Food and Drug Ad
ministration who rank microbiological hazards as the major food safety issue. For at 
least the past fifteen years a regulatory priority assessment has ranked food safety 
issues in descending priority as shown in Table I. 

Table 1. Relative Risks of Food Safety Issues 

1. Microbiological Hazards 
2. Nutritional 
3. Natural Toxicants 
4. Environmental Contaminants 
5. Pesticide Residues 
6. Food Additives 

While microbiological problems can and do appear in our food supply, these problems 
arise from infrequent breakdowns in the food production, processing, storage, dis
tribution and final handling of our foods. These situations are the exception rather than 
the rule when we consider the more than 250 billion meals that are prepared and eaten 
in the U. S. each year. 

Summaries of annual foodborne illness outbreaks reported in the U.S. have a lag 
time of several years and may not reflect the latest outbreaks. In 1988 there were more 
than 107,000 cases of reportable foodborne diseases according to the Centers for 
Disease Control (1) (Table 2.). 

Many public health authorities feel that the number of cases of foodborne illness 
are substantially under-reported and the Centers for Disease Control has estimated that 
there are possibly more than six million cases of foodborne illness involving 9,100 
deaths each yearin the U. S. (2). The ratio of reported cases to estimated cases of illness 
has been reported by several authorities including Archer and Kvenberg (3) to range 
from 1:10 to 1:25. Todd (4) has stated that the number of cases of foodborne disease 

0097-6156/92/0484-O232$O6.00/0 
© 1992 American Chemical Society 
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Table 2. Cases of Reportable Foodborne Illness in the U. S., 1988 

Illness No. of Cases 

Salmonellosis 49,000 
Shigellosis 30,000 
Hepatitis A 28,500 
Trichinosis 45 
Botulism 28 

in the U . S. could be as high as five million per year with an attendant annual cost of 
$ 1 to $ 10 billion associated with medical costs, loss of productivity, and product loss. 

Food poisoning microorganisms can originate from animal or plant products due 
to the wide distribution of microorganisms in nature or because of agricultural 
practices. Everyone in the food chain, from the farmer or rancher to the consumer, has 
responsibilities in maintaining the safety of our foods. Many factors influence the 
relative safety of our foods; the type of food itself, how and where it is grown, 
harvested, processed, packaged, distributed, and stored. The most critical step in 
prevention of foodborne illness is the ultimate preparation step as carried out in the 
home, restaurant, hospital, or food service establishment. 

The major factor contributing to all foodborne illness is mishandling of food in 
final preparation steps which results in microbiological problems. The media and 
educational institutions should emphasize consumer education concerning safe food 
handling practices to prevent these outbreaks rather than "sensationalizing" relatively 
minor hazards like small amounts of pesticide residues in apples. 

An extensive review of foodborne illness reported in the U . S. from 1977 to 1984 
was published by Bryan (5) (Table 3). He tabulated the major food categories and 
frequency of involvement in more than 1500 food poisoning outbreaks that were 
reported during this eight-year period. 

Table 3. Foods Implicated in U . S. Foodborne Illness Outbreaks 1977-84 

Food Group Frequency (%) 

Seafoods 24.8 
Meat 23.2 
Poultry 9.8 
Salads 8.8 
Vegetables 4.9 
Chinese Foods 4.9 
Mexican Foods 4.9 
Milk and Dairy Products 4.2 
Baked Goods 3.3 
Beverages 2.3 
Other Foods <5.0 

SOURCE: Reproduced with permission from ref. 5. Copyright 1988 
Journal of Food Protection. 
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Animal protein products were by far the most commonly implicated foods in 
foodborne outbreaks accounting for 57.8% of the outbreaks. 

Hooper (6) tabulated the factors that contributed to foodborne outbreaks (Table 4) 
over a six-year period. 

Until the 1970's, the major food poisoning microorganisms were Staphylococcus 
aureus, Salmonella, and Clostridium botulinum with fewer problems caused by 
Shigella and Bacillus cereus. 

Clostridium perfringens was recognized in the late 1970's as a cause of food 
poisoning and was joined by several of the Vibrio species (V. parahemolyticus, V. 
vulnificus and V. mimicus) and by Listeria monocytogenes, enteropathogenic 
Escherichia coliOlSliHl, Campylobacter jejuni, and Yersinia enterocolitis as more 
recently recognized causative agents of food poisoning. In about 15 years, we have 
gone from dealing with about five food poisoning microorganisms to having to deal 
with 13. Aeromonas hydrophila is also a microorganism that has been reported to 
cause food poisoning in certain areas of the world. 

The microorganisms associated most generally with foodborne illness include 
Salmonella, S. aureus, and C. perfringens. The percent of total reported confirmed 
foodborne outbreaks caused by specific microorganisms reported by the Centers for 
Disease Control over the six-year period of 1977 to 1982 are shown in Table 5. The 
three top rnicroorganisms accounted for 74% of the bacterial outbreaks. 

Campylobacter, Yersinia, and Listeria have been only recently recognized as 
microorganisms which can cause food poisonings in humans. The data in Table 5 do 
not currently reflect their present frequency of involvement in foodborne illness. 
Additionally, Listeria is quite widely distributed màListeria and Yersinia can survive 
and grow at common refrigerator temperatures (about 38°F, 3.3°C) which increases 
their risk potential. 

Salmonella 

Salmonella is the generic name of a group of about 2,000 related bacteria. These 
bacteria are reported to have caused 37% of confirmed foodborne outbreaks during 
1977-82. Foods of animal origin are the main sources in the U . S. with beef, turkey, 
and homemade ice cream the most frequently reported. Fresh tomatoes were recently 
implicated as a source of Salmonella javania. Other outbreaks include a Cheddar 
cheese outbreak in Colorado in 1976 that involved between 28,000 to 30,000 cases, 
a number of cases from 1976 to 1984 from consumption of improperly pre-cooked 
roast beef and another Cheddar cheese outbreak in Canada in 1984. A spécifie S. 
typhimurium strain was reported to be involved in the largest Salmonellosis outbreak 
in U . S. history. This outbreak involved 16,000 cases of residents of six states who had 
consumed two different brands of 2% lowfat milk processed at one dairy in Chicago 
(7). Post-process contamination of the pasteurized milk was suspected as the cause. 

Salmonella enteriditis foodborne outbreaks that cause severe illness have been 
increasing in the U . S. In 1989, there were 49 outbreaks with 1,628 cases and 13 deaths. 
From 1985 through 1988, there were 140 outbreaks with 4,976 illnesses (896 
hospitalized) and 30 deaths. Grade A shell eggs were the implicated vehicle in 65 
(73%) of the 89 outbreaks involving contaminated food. As a result of concern about 
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Table 4. Factors Which Contribute to Foodborne Outbreaks 
CDC Five-Year Summary 1980 - 1985 

Factors % of Outbreaks 

Improper cooling 46 
Time lapse between preparing and serving 21 
Infected persons touching food 20 
Inadequate processing, cooking 16 
Improper hot storage 16 
Inadequate reheating 12 
Contaminated raw food 11 
Cross-contarnination 7 
Improper cleaning 7 
Use of leftovers 4 

Table 5. Confirmed U . S. Foodborne Outbreaks Caused by 
Specific Microorganisms, 1977-1982 

Bactena Number of Outbreaks % of Total 

Salmonella 290 37 
S. aureus 181 23 
C. perfringens 110 14 
C. botulinum 85 11 
Shigella 40 5 
B. cereus 31 4 
C. jejuni 17 2 
Vibrio parahemolyticus 15 2 
V. cholera 6 0.8 
E. coli 4 0.6 
Yersinia 4 0.6 
Listeria* 0 0 

*Listeria not reported as foodborne during this period. 
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Salmonella enteriditis, health authorities have advised consumers, especially the i l l 
and elderly, to avoid consuming raw or partially cooked eggs or dishes containing 
them as ingredients. 

Salmonella are heat sensitive and are destroyed by ordinary heating and pasteur
izing procedures. Most outbreaks are the result of mishandling, inadequate cooking, 
improper processing, improper cooling, and cross contamination from raw to cooked 
product. Both Salmonella and Listeria are infective types of food poisoning micro
organisms and any cells detected in a food render them "adulterated." 

S. aureus 

S. aureus food poisoning has been estimated to be the second most common cause of 
foodborne illness in the U . S. (8). The microorganism is commonly found in or on the 
nose, throat, hair, and skin of 50% of healthy people. Discharge from infections, 
sneezes, and coughs of food workers can be sources of additional contamination. Any 
food which requires post-heating worker handling can become contaminated. 

Cooked protein foods (such as meats, fish, or poultry), dairy products, salads 
(ham, chicken, and potato), custards, and cream-filled bakery items best support the 
growth of staphylococci. Keeping foods below 40°F (4°C) or above 140°F (60°C) will 
sufficiently limit growth to prevent food poisoning problems. 

C. perfringens 

C. perfringens is widely distributed in nature, and has often caused foodborne illness 
due to preparing, holding, and serving large quantities of food as in institutional food 
service operations. Improperly cooked, cooled, held, or stored foods of animal origin 
and rehydrated dry mixes that were improperly stored are frequently involved. 

C. botulinum 

C. botulinum causes the very serious disease of botulism and has been largely 
associated with improperly processed home-canned foods. Between 1899 and 1976, 
home-processed foods accounted for 72% of the outbreaks while commercially-
processed foods accounted for 8.6% of the outbreaks. 

Several botulism outbreaks occurred due to foods improperly handled in food 
service establishments. Potato salad prepared from leftover foil-baked potatoes, salsa 
sauce, sauteed onions, cold smoked uneviscerated fish (kapchunka), and chopped 
garlic were the foods involved. An improperly handled commercial chopped garlic/ 
olive oil product was also involved (9). 

Because of the widespread distribution of this organism and its substantial 
resistance to heat, food industry scientists are concerned about the potential risks of 
botulism (as well as listeriosis) from the many extended shelf life, minimally 
processed, refrigerated food products that are available (10). 

 J
ul

y 
15

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 F
eb

ru
ar

y 
14

, 1
99

2 
| d

oi
: 1

0.
10

21
/b

k-
19

92
-0

48
4.

ch
02

2

In Food Safety Assessment; Finley, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



22. LECHOWICH Current Concerns in Food Safety 237 

Emerging Pathogens 

The terms "new" or "emerging" pathogens are currently used to describe a group of 
microorganisms that were identified by scientists years ago but only recently shown 
to be causes of foodborne illness. New methods of food analysis developed in the last 
five years uncovered the presence of these "emerging" pathogens in food products. 
One particularly disturbing characteristic of the "emerging" pathogens is their ability 
to grow to significant populations at normal refrigerator temperatures. We all have 
experienced the growth of spoilage bacteria at refrigerated temperatures as we discard 
leftover food items kept too long in the refrigerator. But, evidence of the growth of 
disease-producing bacteria at refrigerator temperatures is a new and serious concern 
for food safety specialists. 

Listeria 

Listeria was first recognized as a human and animal pathogen in the 1920's. It is 
widely distributed in soils, water, animal species (more than 40), including man, birds, 
fish and shellfish, and vegetables. This wide distribution, coupled with its ability to 
survive for long periods under adverse conditions (such as when dry or in high salt 
concentration), its low temperature growth ability, and serious pathogenicity for 
immunocompromised individuals, renders it a foodborne pathogen of great concern 
(Table 6). 

Table 6. Listeriosis 

Symptoms in Symptoms in At-Risk* Populations 
Normal Population 

Fever Serious infection 

"Flu-like" symptoms Inflammation of the brain and surrounding tissues 
Abortion 
Death of newborn 
Overall mortality, 25% 

* At risk: Infants, pregnant women, elderly, patients on chemotherapy, organ 
transplant patients, AIDS patients, and other immune-compromised 
persons. 

Documented outbreaks implicating Listeria monocytogenes (Table 7) occurred in 
Nova Scotia in 1981 with 39 individuals i l l and an overall fatality rate of 41%. The 
food implicated was coleslaw made from farm contaminated cabbage (77) Pasteur
ized milk was responsible for a listeriosis outbreak in Boston in late 1983 involving 
49 individuals (42 immunocompromised and 7 infants). The mortality rate was 29% 
of those i l l from drinking a specific brand of whole or 2% fat milk. No deficiencies 
in pasteurization were found but the herds supplying this dairy were 12% positive for 
Listeria. The most serious listeriosis outbreak occurred in 1985 when 142 cases were 
found in people consuming fresh cheese (Queso Fresco) manufactured by one plant 
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Table 7. Foods Implicated in Listeriosis Outbreaks 

Food Cases 
Fatality 
Rate(%) Place, Date 

Coleslaw 39 41 Nova Scotia, 1981 
Pasteurized Milk 49 29 Boston, 1983 
Fresh Hispanic-type Cheese 142 30 Southern Calif., 1985 
Turkey Frankfurter 1 - Texas, 1989 
Cheeses recalled but no reported or documented illnesses: 
Liederkranz Cheese - - Ohio, 1985 
French Brie and Camembert - - At import sites, 1986 

in Southern California. More than half of the patients were mother-infant pairs, with 
an overall mortality rate of 30%. The microorganism was isolated from patients, 
cheese, and almost every environmental sample from the manufacturing plant. The 
most probable cause of listeriosis was a mixture of raw milk added to the pasteurized 
milk during cheese manufacture (72). 

Campylobacter 

Campylobacter^^ first recognized about 10 years ago as an animal pathogen causing 
abortion in sheep. Subsequently, it has become recognized a a major cause of human 
food poisoning (13) Foods involved have included raw milk, pasteurized milk, 
poultry, raw beef, clams, cake (contaminated by a food handler), municipal water 
systems, and undercooked chicken (Table 8). 

The microorganism is not likely to be found in processed foods heated to 
pasteurizing temperatures, and is most often found on and transmitted by raw 
refrigerated products. 

Table 8. Foods Implicated in Campylobacteriosis Outbreaks 

. Raw Milk 

. Pasteurized Milk 

. Undercooked Chicken 
• Raw Beef 
• Clams 
. Cake 
. Untreated Municipal Water Supplies 
. Fresh Retail Mushrooms 

NOTE: More than 6,000 documented cases since 1979. 

Yersinia 

Yersiniosis is an infrequent cause of a severe foodborne illness that causes intense 
abdominal pain that resembles appendicitis, especially in children. Yersiniosis may 
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rarely produce a subsequent arthritis, systemic infection, or meningitis in serious 
cases. Yersiniosis outbreaks from 1976 to 1982 resulted in 222 illnesses from 
chocolate milk, 239 from reconstituted dry milk and chow mein, and 87 from tofu 
packed in contaminated spring water. 

Yersinia is found in foods due to poor sanitary practices. Like Listeria and 
Aeromonas, it is able to grow at refrigerator temperatures to significant populations 
at 44.5°F (7°C) within 10 days (14). 

Vibrios 

Consumption of seafood contaminated with four species of Vibrio including V. 
cholera, V. parahemolyticus, V. vulnificus, and V. mimicus have been responsible for 
about 3% of foodborne outbreaks. A l l of the disease producing vibrios occur naturally 
in the marine environment and are naturally occurring contaminants of seafood. They 
are also linked to potential pathogenicity of aquaculture products (75). Proper control 
of vibrios is achieved by refrigeration to prevent growth and by proper cooking and 
prevention of recontamination of cooked seafoods (76). 

Enteropathogenic E. coli 

The first reported major outbreak of enteropathogenic Escherichia coli 0157:H7 
occurred in 1971 from mold-ripened French cheese. Since 1982 several outbreaks due 
to this microorganism occurred from consumption of contaminated hamburger from 
a fast-food company, causing 26 cases in Oregon and 21 cases in Michigan. French 
Brie cheese caused illnesses in five states in 1983, and 53 illnesses and 12 deaths were 
reported in 1985 in residents of an Ontario nursing home after they ate contaminated 
sandwiches. Another Ontario outbreak occurred in 1986 that involved 43 of 62 
children who consumed raw milk during a visit to a dairy farm. Serious gastrointestinal 
illness also occurred in 40 school children in Minnesota from eating hamburgers in 
1988. One form of illness produces bloody diarrhea and a serious urinary tract 
infection. This latter infection is found almost exclusively in children and can be a 
leading cause of acute kidney failure. 

Consumer Trends Concerning Foods 

Consumers currently favor foods that claim to be preservative and additive free, 
minimally processed, natural, and of low-salt content. Many of the traditional 
processes that render foods safe microbiologically are rejected by consumers as 
unnatural and undesirable. Radiation is a food preservation method that has been 
subjected to decades of research and found safe. It is approved for use in a number of 
countries, including the U . S., for treatment of chicken. Consumer activist groups are 
adamantly opposed to irradiation of foods, which could tremendously increase the 
microbiological safety, as well as the shelf life, of many foods. 

Studies show that consumers have inadequate knowledge about basic food 
microbiology. Only one-third of consumers knew that raw meat and poultry contain 
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living microorganisms and these same consumers also incorrecdy identified food 
processing plants as the most likely place for food safety problems to occur. They 
chose the home and the farm as the least likely sources of food safety problems, when 
in fact, the kitchen is the most likely source of food abuse (77). 

Control Measures 

The food processing industry uses a number of methods to control the safety and 
stability of foods. Control or destruction of microbial cells and spores (the heat 
resistant form) is achieved by heat sterilization, pasteurization, cooking, refrigeration, 
freezing, moisture control, acidification, fermentation, vacuum or modified atmosphere 
packaging, or use of preservatives. Extensive use of these quality control procedures 
has maintained the low-risk status of our food supply. 

However, the new generation of minimally processed, fresher, preservative and 
additive-free foods, an example of which are the "new generation refrigerated foods," 
have less resistance to spoilage and pose greater risks of food poisoning if abused. 
While these food products have not been implicated in increased food poisoning, the 
potential for problems is great. 

Food processors are dealing with this situation by developing hazard analysis 
systems for critical control points (HACCP) in their food production plants. H A C C P 
was pioneered about 20 years ago by Pillsbury and there has been considerable food 
industry interest in this procedure. H A C C P procedures consider the potential risk of 
raw materials or ingredients to every handling and heating step in the process. 
Documentation of what is occurring at each critical step in the process allows the 
processor to determine the exact number of critical control points and their effect on 
eventual product safety. Most recently, H A C C P procedure systems are being 
developed by the U . S. Food and Drug Administration jointly with the National Marine 
Fisheries Service for HACCP programs for processing of seafood products and by the 
U.S.D.A. for meat processing systems. 

The use of H A C C P procedures will permit the processing and distribution of 
perishable products while maintaining the excellent public health safety of such 
products. 

Food Industry Safety Concerns 

The food industry and the F D A recognize the safety issues (Table 1) addressed in the 
priority assessment previously described. They are dealing with these issues on an 
individual company basis as well as through research conducted at academic-industry 
research centers. 

I would like to describe the food safety research priorities established by a new and 
unique consortium - the National Center for Food Safety and Technology (NCFST). 

The National Center is a consortium of the Illinois Institute of Technology (ΙΓΓ), 
the ΙΓΓ Research Institute, the University of Illinois at Urbana-Champaign, the food 
science research laboratory of the U.S.Food and Drug Administration (the former 
Cincinnati lab), and 30 food-related companies which are food processers or suppliers 
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to the food processing industry. The NCFST was formed to exchange scientific 
information leading to a better understanding of the science and engineering behind 
food safety decisions and to conduct the research upon which future food safety 
decisions will be based. 

The NCFST is concerned with the effects of advanced food processing and 
packaging technologies upon food safety. Safety areas include formation of poten
tially detrimental compounds, detoxification of naturally occurring toxicants, nutrient 
losses, and adequacy of processing methods. Research will also be conducted on new 
foods and food ingredients produced through biotechnology. Research will be 
conducted to define hazard analysis of critical control points (HACCP) procedures for 
products and processing, packaging, and distribution systems. 

The ten founding member companies that determine the overall policy and 
operation of the NCFST, together with the additional seven affiliate member companies 
who make up the Technical Advisory Committee that determine research project areas 
and project priorities have determined that the NCFST should begin its food safety 
research by focusing upon six initial project areas. These research areas have been 
determined to be in order of descending priority (Table 9): 

Table 9. Six Highest Priority Research Topics in Four Major 
Areas of NCFST 

1. Recycling of food-grade plastics 
2. Development of a Moffett Food Safety Index for shelf-stable foods 
3. Package/Seal Integrity 
4. Sensor/Biosensor Technology 
5. Food Process Automation 
6. Modified Atmosphere Packaging 

The NCFST's Technical Advisory Committee (TAC) has recently received project 
proposals from both the academic and FDA arms of the NCFST, and the T A C is 
currently reviewing, evaluating, and determining the research direction that will take 
place at the NCFST. This is an exciting concept in food safety research, and this 
cooperative program should produce research results that will considerably improve 
U. S. food safety. 
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Chapter 23 

High-Technology Approaches to Microbial 
Safety in Foods with Extended Shelf Life 

Myron Solberg 

Center for Advanced Food Technology, New Jersey Agricultural Experiment 
Station, Rutgers, The State University, New Brunswick, NJ 08903 

The target for food processors and consumers that remains off in the 
distance is the shelf stable "chef-like" and "fresh-like" food which is ready 
to heat and eat. The interim goal is the extended shelf-life refrigerated 
product which, after reheating, will have quality attributes equivalent to 
food freshly prepared by a master chef. The first steps toward the identified 
objectives are manifest in supermarket and food service operations today. 
The supermarkets of England and Finland have far more space dedicated 
to refrigerated modified atmosphere packaged precooked entrees than to 
frozen foods. In the USA, the refrigerated shelf space is increasing as 
precooked items, in many cases prepared within the store but in some 
situations brought into the store, continue to fill the demand for quick to 
prepare and "fresh" which is important to the two income with or without 
children families. The food service sector is now introducing the sous-vide 
entree. This precooked vacuum packaged refrigerated entree has had a few 
years of success in France and has now entered into the U.S. menu. At least 
one manufacturer has elected to distribute the product frozen in the U.S. 

The prerequisite for any food item is safety. Chemical and microbial considerations 
cannot be subject to compromise. Safety has traditionally been assured by sacrificing 
aesthetic quality. Military commanders have traditionally preferred a battle ready 
soldier griping about the overcooked food to one who is incapacitated, albeit 
temporarily, due to microbially induced food-borne illness. A similar approach is the 
" 12D" thermal process concept which yields overcooked but safe shelf stable canned, 
jarred or pouched food. 

Freezing of foods may also be looked upon as overprocessing. Concern for safety 
takes precedence over quality, which is often seriously affected by the thawing 
process. 

Transfer of the " 12D" thermal process concept to sterilization of food by ionizing 
irradiation is another overprocessing treatment which limits applications due to 
quality and has perpetrated a host of health related concerns. Physical approaches 

0097-6156/92/0484-0243$06.00/0 
© 1992 American Chemical Society 
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have been used to improve heat transfer through conversion of the package from a 
round "tin" can to a flat tray or pouch. The increased surface area tends to even out 
the process and reduce the overprocessing. The product quality is improved but 
remains overprocessed in the name of microbial safety. 

There is a striving toward the aseptic processing of particulate containing food 
systems. This process permits efficient heat transfer in small diameter or thickness 
heat exchangers followed by aseptic transfer of the commercially sterile food into 
presterilized containers. This system has the potential to reduce the overprocessing to 
a greater extent than the reconfigured packages described previously, but the over
riding microbial safety need again demands overprocessing. 

Still another approach is the seldom used direct steam injection under pressure 
aseptic systems which overcome the problems of particulate flow systems since the 
product is in a confined space, eliminating the variable flow rate and therefore heat 
transfer concerns. In these systems, vacuum cooling prior to sealing the container 
removed the steam condensate which was added to the container during the direct 
steam injection heating. This seemingly most effective treatment system still produces 
highly overprocessed food relative to the amount of cooking which would take place 
in home, restaurant or food service establishment preparation. The overprocessing is 
demanded in the name of microbial safety. 

Attempts to reach the interim goal of extended shelf-life refrigerated products 
have relied upon minimal processing approaches. Thermal treatment is almost always 
the basis underlying these products. Some use of the hurdle concept (1) approach has 
been implemented. Lowered pH, incorporation of water immobilizing ingredients, 
and antimicrobial spices and condiments contribute to the progress toward the interim 
goal. 

A l l of the approaches mentioned thus far, may be considered as "sledgehammer" 
in nature. They consist of processes or systems which are interactive with every 
molecule of the food system and therefore result in considerable change from the fresh 
unprocessed food. The degree of change is often far greater than that which would be 
effected by home or food service establishment food preparation. 

There is a need to define the problem before solutions may be proposed. The 
microbial problems are similar for both the ultimate goal products which are shelf 
stable, "chef-like" and "fresh-like" and the interim goal products which are refrigerated, 
extended shelf-life, "chef-like" and "fresh-like." 

The primary target organism in all case is Clostridium botulinum. The objective 
is to prevent outgrowth and toxin production. It is now clear that the non-proteolytic 
C. botulinum types Β and Ε may grow and produce toxin at temperatures just slightly 
above 3°C and that time in the growth supporting temperature range tends to be 
cumulative (2). It is also clear that the potential for growth in an organic substrate of 
this strictly anaerobic organism in the presence of oxygen is possible due to the 
existence of anaerobic microenvironments within the system (3). 

Among the secondary target organisms are two pathogens capable of growth at 
refrigerator temperatures. These are Yersinia enterocolitica and Listeria 
monocytogenes. Among the room temperature growing mesophilic pathogens are the 
familiar Salmonella species, Staphylococcus aureus, Clostridium perfringens, and the 
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less well known Bacillus cereus and Campylobacter jejeuni. The discouraging truth is 
that there are pathogens of concern in both the refrigerated and the shelf stable 
products. There are also spoilage causing microorganisms which cause quality losses 
and need to be controlled if success is to be achieved. The quality losses of concern 
include texture, color, flavor and nutritional value. 

The quality losses described are attributable to chemical changes within the food 
system. The rates at which the chemical reactions occur can be increased by the 
presence of active enzymes. Intrinsic properties of the food such as acidity, moisture, 
salt and free radical moderators as well as extrinsic factors in the food environment, 
such as temperature, gaseous environment, light, and humidity; can regulate the 
chemical reactions. 

The problem may be reduced to preventing microbial growth, enzymatic activity 
and chemical reaction, including changes of physical state within a food system after 
it has reached an optimum state of quality which may be described as "chef-like" and 
"fresh-like." The key question relative to microbial safety is, "why do we need to 
overprocess the food?" The answer is that since we have no way of knowing how many 
of what type of microorganisms are present, we are unable to design a system with a 
precise effect. The treatments used have excessive safety factors built into them so as 
to err on the side of caution. The result is highly overprocessed food. 

There are two approaches which appear obvious and probably many more which 
are obscure. The first approach is to devise, design and develop a non-destructive, 
non-invasive system for on-line identification and enumeration of microorganisms. 
Such information could be fed to a computer which would determine the minimum 
safe treatment time and choice of end products for which such treatment could be used 
with the expectation of quality required. The computer integrated manufacturing 
system would determine which of the suitable products was needed for inventory and 
would drive the production toward the product. 

The second approach is "magic bullet" based. The objective is to attack the 
microorganisms without affecting the food. Energy, specifically targeted to a relatively 
unique and critical site of an enzyme key to all microbial life, would be a possibility. 
A substance which could be added or produced from a precursor in the product which 
would specifically interact with microbial membranes to prevent transport of key 
components through the membranes thus terminating cell viability (3) is another 
possibility. Other similar cell mobility disrupting scenarios can be imagined. 

Let us examine the present state of the art with respect to detecting microorganisms 
so as to estimate the time frame for real time identification and enumeration. There 
is no need to discuss the traditional selective media approaches which require one or 
more days. The furthest advanced methods emanating from the new biotechnology 
are those which depend upon monoclonal or polyclonal antibodies or upon D N A 
hybridization. These identification devices are linked to detectors which may be 
enzymes, fluors, or radioisotopes. The challenge to which these systems have been 
directed is specific organism detection by genus or specie. The developed techniques 
do this task well but are lacking in sensitivity. Thus, there is a need for large 
concentrations of the specific microorganism to be present for detection to be effected. 
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The time to detection is short, generally a few hours at most; the time to reach a 
detectable level is as long as several days if there are only a few organisms present 
initially. 

If the antibody or hybridization techniques are to be useful in defining process 
requirements, they will need to be made very sensitive, quantitative and capable of 
broad as well as specific interaction with microorganisms. One scenario might be a 
cocktail of antibodies with differing detectors which would simultaneously indicate 
the presence of a variety of microorganisms. There is a potential biotechnology 
approach using both the antibody and hybridization techniques. Antibodies could be 
used to "fish" out specific cells from a production slip stream. The D N A of the cells 
could be amplified quickly using a polymerase chain reaction (PCR) (4). An enzyme 
linked D N A probe could then be used for identification. Such a system would identify 
a microorganism in 3 or 4 hours from the capture of a single cell. Problems that remain 
include quantification and the inability to determine whether the cell originally 
recovered was dead or alive at the time of capture. An approach to quantification may 
be possible by fixing the number of available capture sites, controlling the D N A 
amplification rigorously and measuring relative enzyme catalyzed response quanti
tatively. Every living cell and only living cells contain adenosine triphosphate (ATP) 
which when released from cells can be reacted with the enzyme luciferase to produce 
luminescence. The relatively new technique of photon counting imaging in combi
nation with an optical microscope is able to directly visualize bioluminescence in a 
single cell (5). If such a system could be integrated with the antibody capturerPCR 
D N A amplification system previously described it would indicate whether the 
captured cell was dead or alive at the time that its D N A was released for initiation of 
the PCR process. 

Another biotechnology based microorganism identification and enumeration 
scheme utilizes bacteriophages which are bacteria specific virus like systems. The lux 
gene which causes bioluminescence can be inserted into the genome of a bacteriophage 
(6). When this phage infects a bacteria it becomes amplified and utilizes the bacterial 
ATP to make the bacteria luminescent. This event occurs within 30-50 minutes and 
the light emission intensity is directly related to the number of bacterial cells available 
for infection. Standard bioluminescence measuring technology is capable of detecting 
emissions representing a few hundred cells (5) and improved reagent systems can 
detect ATP from as few as 10 cells (7). The possibility of combining this phage system 
to the previously described photon counting imaging microscope system could 
increase the sensitivity dramatically. 

Although all of the described systems are existent, there is considerable research 
and development needed before any one of them will be ready for commercial 
application within a broad range of food products. It does seem reasonable to believe 
that the 1990's decade will see some of these advanced methods in use. 

Predictive mathematical models of microbial growth and survival in foods could 
permit quality, shelf life and stability judgments to be made (8). Such predictions are 
critical as a processor moves toward perceived freshness via minimal processing or 
to reduced salt or preservative formulations to make foods which will be perceived as 
more healthful. This approach could be applied on an interim basis through two 
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systems. The first would be dependent upon real time detection and enumeration of 
microorganisms followed by predictive modelling of product life. A second approach, 
one which is closest to application, would be to assure conditions within the product 
through ingredient and environment control which would insure, beyond any doubt, 
the prevention of growth or toxin production by the more difficult to destroy 
organisms. These would include the sporeforming bacilli and Clostridia. Processing 
could then be done on a traditional probability basis to reduce the more susceptible 
organisms to an essentially zero level without significant loss in "chef-like" quality. 

Predictive mathematical modelling is dependent upon experimental definition of 
combined effects of various factors affecting microbial growth and survival. Tradi
tionally such data collection has been very difficult and time consuming involving 
standard microbial methods of incubation and plate counting or turbidity measure
ments when clear broths are used. Recent development of automated systems such as 
the Lab Systems Bioscreen machine, which can examine up to 200 cultures simul
taneously using optical density for measurement, has simplified the model medium 
part of the data collection. The establishment of a more useful data base appears 
feasible. The combination of the data base with high speed computerized curve fitting 
(9) will permit some application of predictive modelling in the near future. 

Next, let us consider the state of know-how relative to "magic bullet" approaches 
to selective inhibition of microorganisms and chemical reactions. 

Availability of high-power pulsed lasers with output frequencies in the ultraviolet 
region as well as broadly tunable infrared color center lasers provide a range of high 
intensity stable energy sources which may interact uniquely with proteins and thus 
control enzyme activity and microbial viability (10). Although still far from eco
nomically feasible, even tunable monowavelength X-ray lasers are available and offer 
opportunities to exert closer control over irradiation processes by conferring some 
specificity of interaction (77). These outgrowths of the "Star Wars" program yield an 
opportunity for specific targeting of finely tuned energy which may result in 
excitation of molecular regions which could inactivate enzymes and microorganisms. 
The end result is not completely dependent upon the total energy input but may be in 
part dependent upon the vibrational mode established by the laser. The approach is to 
utilize ultra short pulses of high energy so that molecules are made to vibrate with 
ensuing bond disruptions prior to the energy being dissipated as heat (72). Successes 
to date are limited but the concept is intriguing. 

The availability of high pressure hydrostatic based process equipment with 
working volumes as large as 1 liter, for use in the cold isostatic pressing of ceramic 
powders, opens possibilities in food processing (13). High pressure unfolds proteins 
and disrupts membrane structure. These two events, occurring simultaneously result 
in inactivation of enzymes and loss of viability in microorganisms. The question 
remaining is in specificity. Is the pressure required for enzyme inactivation one at 
which structural protein will be left intact? Is the pressure which disrupts the microbial 
membrane one which will also disrupt plant or animal cells? The Japanese formed a 
Research and Development Association for High Pressure Technology in the Food 
Industry within the past year (13). Answers to many questions should emanate from 
this four year program which is funded with $1.0 million in its first year. 

American Chemical Society 
Library 

1155 16th St., N.W. 
Washington, D.C. 20036 
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An approach of high interest is through molecular biology and biotechnology. The 
ability to transfer genes into plants and animals and have them express anti-microbial 
substances which become part of a food system is an exciting prospect. The elements 
of such a scenario could include a substance like chitosan, a deacetylation product of 
chitin. Chitosan is a polycation which probably affects the permeability of cell 
membranes. Other substances which would fit the scenario are the bacteriocins. These 
are substances produced by microorganisms which specifically inhibit other micro
organisms. Some bacteriocins are active against C. botulinum, the primary target 
microorganism previously mentioned. Other bacteriocins are active against L. 
monocytogenes, a low temperature growing pathogen which was previously cited 
among the secondary target microorganisms. It is possible that a unique bacteriocin 
exists which would be active against both of these bacteria and possibly others as well. 

The present day approach is to add the antimicrobial substance or to have the 
producing bacteria grow in the food system to produce it. The goal is to identify the 
genetic components responsible for production of the antimicrobial, whether it be 
bacteriocin or chitosan or some other substance. Insert those components into the 
animal or plant so that the substance is produced at the proper time and in the proper 
amount. The result would be the elimination of the primary and secondary threats thus 
permitting minimal processing and extended storage without microbiological concerns 
for safety. 

The potential for utilizing some of the presented approaches in combination could 
yield the desired results. The combined effects of "magic bullet" control and on-line 
real time detection would provide a potentially ideal system leading to a fulfillment 
of our desires. These desires include not only wholesomeness, healthfulness and 
freshness but also life-extension or adding years to our existence, satisfaction and 
pleasure or enjoyment in our eating. The additional factors of timeliness representing 
quick to prepare, availability all through the year and variety to satisfy our whims at 
any moment round out the list of desires represented by the terms "chef-like" and 
"fresh-like." 
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Chapter 24 

Predictive Microbiology 
Mathematical Modeling of Microbial Growth in Foods 

Robert L. Buchanan 

Microbial Food Safety Research Unit, Eastern Regional Research Center, 
Agricultural Research Service, U.S. Department of Agriculture, 600 East 

Mermaid Lane, Philadelphia, PA 19118 

One of the basic precepts of modern food microbiology is that the growth of 
microorganisms is a function of the food as an environment. The species most capable 
of dealing with the environment that a particular food represents will thrive and 
predominate. Each environment can be considered the integration of a finite number 
of factors that influence a microorganism's physiological responses. Theoretically, 
the large number of factors that influence the growth of bacteria in foods could be 
quantified so that specific information on the growth characteristics of individual 
foodborne microorganisms would be available for each food. However, consideration 
of the thousands of different foods eaten worldwide and the high level of biological 
variation within single foods quickly leads to the realization that such a goal is virtually 
impossible. Luckily, in most foods the number of factors that are the primary 
determinants of growth for foodborne microorganisms is limited. If microorganisms' 
responses to these variables could be derived, their behavior in foods could be 
estimated. This is the underlying goal of predictive microbiology, a rapidly growing 
subdiscipline of food microbiology. This includes a primary objective of overcoming 
the need for an infinite amount of data by determining quantitative relationships 
between microbial growth or survival and identified primary determinants. The 
general approach involves the acquisition of data derived under controlled conditions 
and the use of that information to establish mathematical relationships that can depict 
the effects and interactions of the variables. The mathematical models derived can 
then be used to predict how microorganisms are likely to behave in a range of foods 
based on physical measurements of the primary determinants. 

Historical 

Most successful research on modeling the effects of multiple variables on the growth 
or survival of foodborne microorganisms has been achieved during the past decade, 
particularly the development of models related to the growth of pathogenic bacteria. 
There are a number of reasons for this recent burst of activity, not the least of which 
is the ready availability of increasingly sophisticated personal computers. However, 

This chapter not subject to U.S. copyright 
Published 1992 American Chemical Society 

 J
ul

y 
15

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 F
eb

ru
ar

y 
14

, 1
99

2 
| d

oi
: 1

0.
10

21
/b

k-
19

92
-0

48
4.

ch
02

4

In Food Safety Assessment; Finley, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 
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attempts to understand and mathematically describe the interactions of various factors 
have been made throughout the history of microbiology. Much of the early work with 
microbiological modeling had an emphasis that was not pertinent to conditions 
associated with foods. There has been extensive modeling of conditions that occur 
during various industrial fermentations, including the development of a body of 
equations, such as those introduced by Monad (7), that describe the impact of variables 
on yield. Fermentation models seldom considered many of the variables of concern 
with foodborne microorganisms. Further, these models assume a nutrient-limited 
system that has already reached stationary phase or a steady state, a condition not 
generally pertinent to the growth of bacteria in food matrices. 

The acquisition of data for elucidating the interactions of multiple variables 
associated with food systems has been underway for several decades, particularly in 
relation to the determining how the activity of antimicrobials is affected by other 
parameters. Research characterizing the effectiveness of nitrite in model and cured 
meat systems was an area of early emphasis due to interest in controlling nitrosamine 
formation without loss of antibotulinal activity. Nitrite's antimicrobial activity is 
dependent on its interaction with temperature, pH, water activity, oxygen availability, 
iron content, etc., and accordingly required the consideration of multiple variables (2-
7). Studies of this type provided an understanding of the relative importance of 
multiple variables, and demonstrated the desirability of modeling techniques. For 
example, in one of the early applications of response surface analysis techniques to 
food microbiology, Schroder and Busta (8) demonstrated that only four of sixteen 
ingredients in a soy-based ground meat analog had a significant impact on the growth 
of Clostridium perfringens. However, little of this earlier research extended beyond 
limited research applications due to a lack of sufficient databases or effective 
modeling techniques. Farber (9) has provided an excellent review of the various 
modeling approaches that were investigated during that period. 

The various models that have been developed to describe the growth of foodborne 
bacteria can be subdivided into two major approaches: probability-based models and 
kinetics-based models. The choice of approach is largely dependent on the type of 
bacterium being considered and the impact of growth on the safety of the product. 
Probability-based models have been usually employed with endospore forming 
bacteria, particularly Clostridium botulinum, where any growth is considered hazard
ous. Kinetics-based models have been employed more often with non-endospore 
forming pathogens, particularly those where the microorganism is not considered 
hazardous until there has been some degree of growth. 

Probability-Based Models 

Much of the work on probability-based models is similar to that pioneered by 
Hauschild (10) who attempted to estimate the probability that a single spore of 
C. botulinum would germinate and produce toxin in a food. This approach takes into 
account the strong effect that cultural conditions have on the germination of bacterial 
spores. For example, Montville (77) reported that almost all C. botulinum spores 
germinated in a medium with 0% added NaCl and a pH of 7.0, whereas only 1 in 
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100,000 spores germinated when the salt level was 2% and the pH was 5.5. If the 
number of spores in a product is low and conditions for germination are non-optimal, 
the probability that a population of spores includes one that is capable of initiating 
growth has a large impact on any model for predicting product safety. Other 
investigators (12-18) have systematically estimated the effects and interactions of 
various variables on the probability of germination, outgrowth, and toxigenesis of 
C. botulinum. Various forms of regression analysis have been used to model the 
individual contributions of the variables, providing a series of mathematical expressions 
that could be used to predict the bacterium behavior in foods. For example, 
Genigeorgis et al. (17) modeled the effects of temperature, inoculum size, and % brine 
on the lag time to toxigenesis (which includes time for sufficient growth to yield toxin 
formation) for non-proteolytic C. botulinum types Β and Ε in cooked turkey, deriving 
the relationship 

Log 1 0 LP = 0.625 + 6.710(1/T) + 0.0005(I*T) - 0.033(T) + 0.102(B) - 0.102(1) 

where, L P = Lag to toxigenesis; Τ = temperature; I = inoculum size; and Β = % Brine. 
This model achieved an acceptable degree of agreement between predicted and 

observed values (Table 1), though the authors concluded that a larger database was 
necessary for enhanced confidence levels. 

The limiting factor for probability based models has been their adaptation for use 
by non-research personnel. One of the key questions is what is a realistic probability 
of failure that one should be willing to accept, particularly in relation to potentially 
fatal intoxications such as those that could occur with C. botulinum. Other issues include 
the level of spores that one could anticipate in products, and translation of the 
probabilities into values that can be used to set the safe shelflife of a product. This 
latter question is increasingly being addressed using an integration of probability- and 
kinetics-based models similar to that employed by Genigeorgis et al. (17) which ad
dressed both the probability of germination and the time to achieve sufficient growth 
to yield toxin formation. 

Kinetics-Based Models 

The second major class of models depict the effects of cultural parameters on the 
growth kinetics of a microorganism, particularly its lag and exponential growth 
phases. The complexity of the models have varied with the complexity of target food 
system. Although a variety of factors can influence the growth kinetics of foodborne 
pathogens, in many instances growth is overwhelmingly dependent on a single prime 
determinant. For example, the primary determinant of microbial growth in a highly 
homogenous food such as fluid milk is temperature. 
Various models have been developed to depict the effect of incubation temperature on 
exponential growth rates and/or lag phase durations including the "square root" (79, 
20), "linear Arrhenius" (27, 22), and "non-linear Arrhenius" (23-25) models. The 
"square root" model has been studied extensively, particularly for refrigerated foods. 
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Table 1. Comparison of representative predicted versus observed "lag to 
toxigenesis" for cooked turkey inoculated with spores of 

Clostridium botulinum 

Temp(°C) Inoculum 
(Log cfu/g) 

Lag to Toxigenesis (days) 

Observed Predicted 

30 3 0 0.5 0.3 
1 0 0.5 0.5 
2 1.5 0.5 0.6 

20 0 0 2.5 2 
3 1.5 1.8 1.3 
1 2.2 2.5 2.5 

16 4 0 1 1.2 
2 1.5 2 2.8 
0 2.2 7 5.4 

12 2 0 5 4 
0 1.5 9 9 
4 2.2 7 4 

8 3 2.2 16 12 
2 0 8 10 
1 1.5 14 17 

4 3 1.5 110 101 
0 0 >180 149 
4 2.2 120 95 

SOURCE: Based on the probability models of Genigeorgis et al., (76).  J
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For the temperature range below a microorganism's optimum, the relationship is 

(r)0.5 = b ( T - T o ) 

where r = growth rate constant, b = slope of the regression line, Τ = incubation 
temperature in °K, and T Q = notational minimal growth temperature in °K. The latter 
term is derived by extrapolating the regression line to zero (79). The function is very 
easy to use once the linear relationship between growth rate and the square root 
temperature function has been established. Above an organism's optimum growth 
temperature, its rate of growth declines, and a more complex equation is required (20). 
This technique has been used successfully to describe the relationship between storage 
temperature and the microbiological safety or quality of various refrigerated foods 
(26-30), particularly dairy products. Using a large database depicting Lactobacillus 
plantarum growth in a microbiological medium over a wide range of temperatures, 
Zwietering et al. (57) assessed various models for describing the effect of temperature 
on microbial growth. They concluded that two modifications of the Ratkowsky 
equations were most effective for modeling growth rates and maximum population 
densities, whereas a hyperbolic function was more effective for lag phase duration. An 
integrated combination of the three equations was used in conjunction with the 
Gompertz function to develop a model for predicting the organism's growth curve 
over its entire temperature range. 

Several investigations have extended this approach to develop models describing 
the combined effects of temperature and water activity (32). A modification of the 
square root function was used to model the effect of cooling schedules on the potential 
growth of C. perfringens in a meat product (33). 

While the above models have been effective in relatively simple food systems, 
attempts to model more complex systems that are dependent on the interaction of 
multiple variables have generally used a polynomial or response surface analysis 
approach (34-38). These approaches employed non-linear regression techniques to 
generate "best-fit," multidimensional response surface equations that describe the 
effects and interactions of the variables. This approach to kinetics modeling has been 
greatly enhanced by coupling it to model equations, such as the logistics and Gompertz 
functions (35,39), that can be used to depict growth curves mathematically. Used in 
conjunction with curve fitting computer routines, these sigmoidal functions allow the 
growth curve to be described mathematically as a series of coefficients. For example, 
the Gompertz function describes a growth curve as four values 

Ut) = A + C e - e ( - B ( t - M » 

where, L(t) = Log count of bacteria at time (in hours) t; A = Asymptotic log count of 
bacteria as time decreases indefinitely (i.e., initial level of bacteria); C = Asymptotic 
amount of growth that occurs as t increases indefinitely (i.e., number of log cycles of 
growth); M = Time at which the absolute growth rate is maximal; and Β = Relative 
growth rate at M . 
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The Gompertz function has been the one most extensively used due to the combination 
of its relative simplicity and overall effectiveness (39). Once sufficient databases have 
generated, the coefficients (or suitable transformations of the coefficients) of the 
sigmoidal functions are fitted against the independent variables using either quadratic 
(36, 38) or cubic polynomial models (37) (Table 2). When effective models are 
developed, the predicted values of the sigmoidal functions can be used to calculate 
parameters such as predicted generation times, lag phase durations, or time to reach 
a designated population density. Fits between predicted and observed values have 
been satisfactory, providing reasonable estimates of an organism's growth kinetics. 
For example, a comparison of representative data from Gibson et al. (36), who 
modeled the effects of temperature, pH and NaCl content on the growth of Salmonella 
(Table 3), indicates that the model provides reasonable predictions of the 
microorganism's growth rate over a wide range of variable combinations. A similar 
effectiveness was reported by Buchanan and Phillips (37) who modeled the effect of 
temperature, pH, sodium chloride content, sodium nitrite concentration, and oxygen 
availability on the growth kinetics of Listeria monocytogenes. 

Most response surface models that have been released have been based on 
experimental data generated in microbiological media (36-38), wherein variables could 
be controlled rigorously. Although specific databases could be generated for indi
vidual commodities, the media-derived, Gompertz-based response surface models 
provide reasonable "first estimates" of the behavior of foodborne pathogens in a 
variety of food systems. This is demonstrated in Table 4 which compares predicted 
values forL. monocytogenes (37) against reported values for different commodities. 
The ability to use media-derived models to predict behavior in foods is an important 
advantage considering the experimental effort required to acquire sufficient data to 
generate accurate models when dealing with three or more variables. 

Once developed, a key to the successful use of multi-variable models is reducing 
the calculations to a "user-friendly" form. The USDA/ARS Microbial Food Safety 
Research Unit (40) recently developed application computer software to demonstrate 
the potential usefulness of predictive microbiological approaches. The program, 
which automates the use of response surface models for Salmonella spp. (36), 
L. monocytogenes (37), Staphylococcus aureus (Smith et al., in preparation), 
Shigellaflexneri (Zaikaetal., in preparation), Aeromonas hydrophila (38), and 
Escherichia coli 0157:H7 (Buchanan et al., in preparation), has been distributed 
widely to food microbiology laboratories in industry, government, and academia. 
Similar applications software are being developed by researchers in Europe. The 
development of computer programs of this type must be an integral part of predictive 
microbiology. 

Concluding Remarks 

There is a great deal of excitement among researchers in predictive microbiology as 
new techniques and findings appear almost weekly and as international teams of 
scientists begin to share their knowledge and databases. It seems reasonable to predict 
that the next five years will see the introduction of increasingly more comprehensive 
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Table 2. Cubic models for the effects and interactions of temperature (T)(5 - 37 °C), 
initial pH (P)(4.5 - 7.5), sodium chloride content (S)(5 - 50 g/1), and sodium nitrite 
concentration (N)(0 - 1000 mg/1) on the aerobic and anaerobic growth of 
Listeria monocytogenes Scott A, using Ln(M) and Ln(B) transformations (37) 

Aerobic 
Ln(M) = 37.657 + 0.0135T - 13.7331P + 0.4013S + 0.0713N + 

0.00372T2 + 1.9759P2 -0.000667S2 - 0.000007051N2 -
0.083TP+0.000842TS -0.000214TN-0.1155PS -
0.0167PN - 0.000125SN + 0.0000292T3 - 0.0935P3 
0.00000328S3 + 0.000286TPS + 0.0000315TPN + 
0.00000014TSN + 0.0000175PSN - 0.000384T2p -
0.00000855T2S - 0.00000043T2N + 0.00731TP2 -
0.000044ITS2 + 0.00672P2S + 0.000968P2N+ 
0.000294PS2 + 0.00000062ΡΝ2 - 0.00000016S2N 

Degrees of freedom = 308 
R2 = 0.967 

Ln(B) = -47.709 + 0.1631T + 18.6861Ρ - 0.3609S + 0.01N -
0.00161T2 - 2.7074Ρ2 + 0.00623S2 - 0.0000863N2 + 
0.0242TPS - 0.000906TS + 0.000594TN + 0.0671PS -
0.00715PN + 0.000337SN - 0.0000648T3 + 0.1276T>3 -
0.000029S3 - 0.000551TPS - 0.0000733ΤΡΝ -
0.00000033TSN - 0.0000431PSN + 0.000189T2p + 
0.0000549T2S - 0.00000047T2N - 0.00222TP2 + 
0.0000459TS2 - 0.00000002TN2 _ 0.0007781P2S + 
0.000777P2N - 0.000872PS2 + 0.0000112PN2 -
0.00000038S2N 

Degrees of freedom = 308 
R2 = 0.942 

Anaerobic 
Ln(M) = 89.9195 - 0.5378T - 38.8065P + 1.735S + 0.2175N + 

0.00284T2 + 5.9583P2 + 0.00962S2 - 0.000186N2 + 
0.1063ΤΡ - 0.00159TS + 0.000397TN - 0.567PS -
0.0574PN + 0.0000813SN - 0.0000321T3 _ 0.3024p3 -
0.000107S3 - 0.0000148TPS - 0.0000468TPN -
0.00000118TSN - 0.0000143PSN + 0.000397T2P -
0.0000126T2S - 0.00000184T2N - 0.00964TP2 + 
0.0000487TS2 + 0.0000001TN2 + 0.0436P2S + 
0.0038P2N - 0.000461PS2 + 0.0000247ΡΝ 2 + 
0.00000123S2N - 0.00000001SN2 

Degrees of fireedom = 211 
R2 = 0.974 

Ln(B) = 78.2567 + 0.7928T + 34.3598Ρ - 0.913S - 0.4437N + 
0.00218T2 - 5.3119P2 - 0.00394S2 + 0.000233N2 -
0.2134ΤΡ - 0.00174TS -0.00094TN + 0.3002PS + 
0.1272ΡΝ - 0.00015SN + 0.0000274T3 + 0.2693Ρ3 + 
0.0000493S3 + 0.000442TPS + 0.0000985ΤΡΝ -
0.00000047TSN + O.00003O4PSN - 0.00104T2P+ 
0.00000175T2S + 0.00000584T2N + 0.0194TP2 -
0.0000318TS2 - 0.00000011TN2 + 0.0238P2S -
0.00911P2N + 0.000215PS2 - 0.0000298PN2 -
0.00000068S2N - 0.00000003SN2 

Degrees of freedom = 211 
R2 = 0.944 
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Table 3. Comparison of representative predicted versus observed times 
to achieve a 1000-fold increase in the numbers of salmonellae in tryptone 
soya broth 

Time (hr) 
Temp (°C) %NaCl Initial pH Observed Predicted 

10 0.82 6.22 176 180 
4.56 6.02 394 372 

15 1.33 6.13 41 45 
3.75 5.95 85 70 

20 0.77 6.50 14 17 
4.50 5.90 36 38 

25 1.32 6.20 11 9 
4.06 6.02 16 17 

30 1.32 6.20 10 7 
4.5 5.99 14 17 

SOURCE: Based on the response surface models of Gibson et al. (36). 
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computer-based models and expert systems applicable for a range of food products. 
These techniques should be a boon to food microbiologists, allowing them to quickly 
explore the microbiological impact of varying conditions within a food. This new area 
of research will undoubtedly provide a powerful set of new tools that will allow us to 
get one step closer to the long term goal of being able to design microbiological quality 
and safety into a product, instead of attempting to infer these attributes after the fact 
using end product testing. 
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Chapter 25 

Mycotoxins in Foods and Their Safety 
Ramifications 

Garnett E. Wood and Albert E. Pohland 

Division of Contaminants Chemistry, U.S. Food and Drug Administration, 
200 C Street, SW, Washington, DC 20204 

Mycotoxins are toxic metabolites produced by certain fungi in/on foods 
and feeds. These toxins have been associated with various diseases 
(mycotoxicoses) in livestock, domestic animals and humans throughout 
the world. The occurrence of mycotoxins is influenced by certain 
environmental factors; hence the extent of contamination will vary with 
geographic location, agricultural and agronomic practices and the suscep
tibility of commodities to fungal invasion during preharvest, storage and/ 
or processing periods. Mycotoxins differ widely in their chemical and 
toxicological properties. The aflatoxins have received greater attention 
than any of the other mycotoxins because of their demonstrated potent 
carcinogenic effects in susceptible laboratory animals and their acute 
toxicological effects in humans. Many countries have attempted to limit 
exposure to aflatoxins and other selected mycotoxins by imposing regu
latory limits on commodities in commercial channels. Recent FDA 
monitoring data generated on mycotoxins will be discussed. 

Mycotoxins are toxic metabolites produced by certain fungi that may grow on foods 
and feeds under favorable conditions of temperature and humidity. These metabolites 
can exhibit acute, subchronic and chronic toxicological manifestations in humans and 
susceptible animals. Some mycotoxins have proven to be teratogenic, mutagenic and/ 
or carcinogenic in certain susceptible animal species and have been associated with 
various diseases (mycotoxicoses) in domestic animals, livestock and humans in many 
parts of the world. The occurrence of mycotoxins in foods and feeds is unavoidable 
and influenced by certain environmental factors; hence the extent of mycotoxin 
contamination is unpredictable and may vary with geographic location, agricultural 
and agronomic practices and the susceptibility of commodities to fungal invasion 
during preharvest, storage and/or processing periods. Contamination of milk, meat 
and eggs can result from the consumption of mycotoxin-contaminated feed by farm 
animals. It has been estimated by the United Nations ' Food and Agriculture Organization 

This chapter not subject to U.S. copyright 
Published 1992 American Chemical Society 
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(FAO) that at least 25% of the world's food crops are affected by mycotoxin 
contamination. Within the United States (U.S.) the incidence of mycotoxin contami
nation of a particular food crop has been noted to vary not only from region to region 
but also from year to year. 

Mycotoxins can enter the food chain by one of two major routes — (1) direct 
contamination resulting from the growth of toxigenic fungi on the food item itself and 
(2) indirect contamination resulting from the use of a food component contaminated 
with mycotoxins. In regard to humans, direct exposure is more likely to be a problem 
in tropical areas and certain underdeveloped countries where the consumption of 
moldy food may be unavoidable because of shortages of good quality food and/or 
proper storage and processing facilities. In developed countries, foodstuff is usually 
discarded or fed to animals if it appears to be visibly moldy; hence, indirect exposure, 
resulting from prepared or processed foods or from the consumption of animal 
products, becomes more significant. 

There are many reports in the literature with respect to the occurrence of 
mycotoxins in foods and feed. Unfortunately many of the reports dealing with the 
incidence and levels of contamination leave much to be desired. A major concern is 
the accuracy of the data. In most developed countries the levels of mycotoxins in 
human foods are quite low, frequently lying in the ng/g (ppb) and sub-ng/g range. It 
is a tenet of analytical chemistry that the data variation (coefficient of variation or C V) 
becomes greater as the analyte concentration decreases. As an example, the 
interlaboratory C Vs for analytes at the μg/g [parts per million (ppm)] level are usually 
about 16%, whereas at the ng/g [parts per billion (ppb)] level, the CVs are invariably 
in the range of 45-50% (i). There are at least 3 types of errors associated with 
obtaining an accurate estimate of the true concentration of a component in a given lot 
of foodstuff, they are: (1) sampling, (2) sample preparation and (3) analysis (2). Of 
these, the largest relative errors encountered are associated with sampling, followed 
by the analytical procedure (3). It is indeed difficult to obtain an analytical-sized 
sample from large nonhomogeneously contaminated lots of any particular food or 
feed that accurately represents the concentration of the lot. Specific sampling plans 
have been developed and rigorously tested for only a few commodities, such as corn, 
peanuts and tree nuts; sampling plans for some other commodities have been modeled 
after these. In a study designed to determine the magnitude of the relative errors 
associated with an analytical result, it was calculated that the sampling variability, 
using the sampling plans currently in use for aflatoxins, was 55% for peanuts and 
100% for cottonseed for a lot containing 20 ng aflatoxins/g; these variations were 
obtained by using well-developed sampling plans (3,4). In addition to this sampling 
variability, consideration must also be given to subsampling variability and the 
analytical variability. An overview of sampling and sample preparation for the 
identification and quantitation of natural toxicants in foods and feeds was published 
recently (5). 

Errors may be associated with some of the analytical data presented in the 
scientific literature on mycotoxins. Of the hundreds of analytical methods published 
for mycotoxins, only a few have been subjected to a formal interlaboratory (col
laborative) study. Survey data obtained by use of analytical procedures that have not 
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been evaluated by an interlaboratory study are often reported. In some cases, even the 
limit of determination of the method is not given; hence the reader cannot determine 
the meaning of negative samples or samples labeled "trace." Even when a well-
studied method is used, one is frequently troubled by the lack of a suitable confirma
tion of identity of the analyte. This is particularly true of most of the data that are 
generated by the increasingly popular immunoassay techniques. Various organiza
tions have tried to improve data quality through check sample programs in which a 
sample of known contamination level is sent to each laboratory for analysis by the 
method routinely used in that laboratory. The results obtained enable the laboratory 
director to judge the capability of the analysts in his laboratory and to identify 
problems which may be otherwise unnoticed. Examples of such check sample 
programs are the International Aflatoxin Check Sample Program administered each 
year by the International Agency for Research on Cancer (IARC), and the Smalley 
Check Sample Series sponsored by the American Oil Chemists' Society (AOCS). In 
both series the interlaboratory coefficient of variations (CVs) at the 20 ng/g level were 
> 45%. In the 1989 IARC survey, the CVs for total aflatoxin in corn were about 55%; 
most interestingly, with aflatoxin M in milk at the 0.3 ng/ml level, 17% of the 
participants found no aflatoxin, while 14% of the results had to be excluded as 
statistical outliers (Friesen, Μ., IARC, personal communication). Therefore, although 
there is no doubt about the worldwide occurrence of mycotoxins in foods, there is 
considerable doubt about the accuracy of the levels reported for various mycotoxins 
in foods. 

The mycotoxins found to occur significantly in naturally contaminated foods and 
feeds include the aflatoxins, ochratoxin A , some trichothecenes, zearalenone, citrinin, 
patulin, sterigmatocystin, penicillic acid, cyclopiazonic acid and the fumonisins 
(Table 1). The crops that may be affected by these mycotoxins include corn, peanuts, 
cottonseed, tree nuts, cereal grains (wheat, barley, rice, oats) dried beans and apples. 

Background exposure data, along with toxicological evaluation are essential in 
order to establish the need for formal regulatory control programs. Past concerns by 
the Food and Drug Administration (FDA) of mycotoxins such as patulin, zearalenone, 
deoxynivalenol, ochratoxin A and penicillic acid have resulted in surveys of susceptible 
commodities for these mycotoxins. From the results of these surveys and the available 
toxicological data, no formal regulatory programs were warranted. However, because 
of the random, unpredictable contamination of food by mycotoxins, the control of 
these toxins is expected to be a difficult task; therefore it is not logical to envision a 
food supply that can be guaranteed to be "mycotoxin-free." Continuous efforts are 
being made by the F D A to minimize the levels to which consumers may be exposed 
to mycotoxins. 

For most mycotoxins, there is only limited information available regarding their 
natural occurrence, stability in foods and feeds, toxicity and carcinogenicity to 
humans. Our knowledge of mycotoxins is biased by the emphasis placed on 
carcinogenic mycotoxins, in particular the aflatoxins. A review of the mycotoxin 
literature reveals that information on aflatoxin contamination far exceeds that for all 
other mycotoxins. The aflatoxins have received greater attention by scientists 
because of their demonstrated potent carcinogenic effect in susceptible laboratory 
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animals and their acute toxicological effects in humans. In view of this, the rest of this 
presentation will focus on measures that have been taken to ensure that our food 
supply is relatively safe and free from aflatoxin contamination; hopefully this will 
stimulate similar measures to be taken regarding other mycotoxins as more information 
about them becomes available. 

The worldwide occurrence of the aflatoxins (B 1 ? B 2 , G j , and G 2 ) is well docu
mented in the literature (6-10), with the major contamination occurring in areas of 
high moisture and temperature. The aflatoxins are the only mycotoxins currently 
being regulated in the U.S. From a regulatory viewpoint, the aflatoxins are considered 
to be added poisonous and unavoidable contaminants because they cannot be 
completely prevented or eliminated from food or feeds by current good agronomic 
and manufacturing practices. Many countries have attempted to limit exposure to 
aflatoxins and other selected mycotoxins by imposing legal restrictions or regulatory 
limits on food and feeds in domestic and commercial import channels (77). The legal 
basis for regulating poisonous substances in food in the U.S. is the Federal Food, 
Drug, and Cosmetic Act which prohibits the entry of adulterated food into interstate 
commerce. A food is considered adulterated if it contains "any poisonous or 
deleterious substance which may render it injurious to health" [sec 402(a)(1)]. The 
F D A has enforced limits on the aflatoxin content of foods and feeds involved in 
interstate commerce since 1965. The industries are routinely monitored by F D A 
through compliance programs to ensure adherence to the limits (action levels) that 
have been established for aflatoxins in various commodities. The monitoring effort 
includes both a formal Compliance Program and exploratory surveillance action. 
This presentation combines data generated by 3 compliance programs (Aflatoxins in 
Domestic Foods, Import Foods and Animal Feeds) for the fiscal years 1987,1988 and 
1989. 

The strategies used by FDA for implementing compliance programs have been 
published elsewhere (72) and are only briefly summarized here. The three objectives 
of the compliance programs are: 

(1) collect and analyze samples of various foods and feeds to determine the 
occurrence and levels of aflatoxins; 

(2) remove from interstate commerce those foods and feeds which contain aflatoxins 
at levels judged to be of regulatory significance; and 

(3) determine awareness of potential problems and control measures employed by 
distributors, manufacturers and/or processors. 

Each F D A District involved is provided with a list of commodities known to be 
susceptible to aflatoxin contamination, a sampling plan (including product sample 
size) used by F D A in the regulatory control of mycotoxins in foods and feeds (2) and 
a quota of samples to be collected. Sampling of corn, corn-based products, milk, 
peanuts, peanut products and animal feeds is stressed. Previous incidence data 
obtained from surveys of small food grains such as soybeans, barley, oats, rye and rice 
indicated that these grains were not a significant source of aflatoxin exposure unless 
they were abused in storage or after preparation (13). A l l samples are analyzed for 
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aflatoxins by the official collaboratively studied methods specific for each product 
(14) at the F D A Mycotoxin Analytical Laboratory in New Orleans, L A . The limit of 
determination using the A O A C procedures, is 1 ng/g for aflatoxins in grains, nuts and 
their products and 0.05 ng/ml for aflatoxin M in milk. 

Regulatory actions are directed in accordance with existing compliance policy 
guides. The guides specify that legal actions are to be recommended when the level 
of total aflatoxins (Bi , B2, G i , and G2) in all foods and feeds for dairy cattle or 
immature animals exceeds 20 ng/g (300 ng/g for cottonseed meal used as a feed 
ingredient for beef cattle, swine and poultry) and other identifying or restricting 
criteria are met. The action level for aflatoxin M in milk is 0.5 ng/ml. The following 
action levels apply to corn designated for specific animal species: 100 ng/g for 
breeding cattle, breeding swine and mature poultry; 200 ng/g for finishing swine ( > 
100 lb) and 300 ng/g for finishing beef cattle (Table 2). FDA announced in 1988 (Fed. 
Regist. 53:5043,1988) that its current action levels are not binding on the courts, the 
public (including food processors), or the agency. The current action levels do, 
however, represent the best guidance available on chemical and other contaminant 
levels that F D A would consider to be of regulatory interest; the agency intends to 
initiate notice and comment rule-making proceedings to amend certain of its regulations 
in the very near future. 

Results and Discussion 

The monitoring data obtained over the years in general show that in the U.S. aflatoxin 
is a frequent and major contaminant of corn, peanuts and cottonseed and an occasional 
contaminant of almonds, pecans, pistachio nuts and walnuts. Initially it was feared 
that aflatoxin contamination of animal feeds might result in significant human 
exposure to aflatoxin and/or its metabolites in meat, milk and eggs, although 
transmission studies had indicated a very low potential for contamination of the edible 
tissues in this way. When the corn crops in 1977 and 1980 were heavily contaminated 
by aflatoxin because of adverse weather conditions, a study of swine, beef and chicken 
livers from slaughter houses and egg-cracking plants was conducted, using methodology 
capable of determining B i and M i at levels as low as 0.05 ng/g; no aflatoxin was 
detected in 1453 samples that were almost equally divided among the four sample 
types (10). In the follow-up survey of 1980 of swine (251) and turkey (114) livers, 
again no aflatoxins were found. The only case in the U.S. of aflatoxin in eggs was 
documented in an early FDA survey (1977) of eggs collected from cracking plants in 
the southern U.S.; only one of 112 samples contained aflatoxin (0.06 ng/g) (75). On 
the other hand, aflatoxin M i has been found on occasion in milk, particularly in the 
Southeast where aflatoxin is a frequent contaminant of corn, and in the Southwest 
where cottonseed used in feed is frequently contaminated. In these areas, strong state 
supervision and control have effectively limited human exposure to aflatoxin M i . 

Monitoring data obtained for the years 1987-1989 are tabulated in Tables 3 to 11. 
These data highlight the unpredictable occurrence of aflatoxins in foods and the 
relatively low continuous levels present in certain commodities. These data are biased 
in the sense that the samples collected under compliance programs target those areas 
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Table 1. Mycotoxins identified as natural contaminants 

Mycotoxin Food or feed contaminated 

Aflatoxins Com, cottonseed, peanuts, milk, tree nuts 
Qtrinin Barley, oats, rice 
Cyclopiazonic acid Com, peanuts, cheese 
Deoxynivalenol Com, barley, rye, wheat 
Ergot alkaloids Wheat, rye, oats 
Fumonisins Com 
Nivalenol Com, barley, wheat 
Ochratoxin A Com, barley, wheat, oats, green coffee beans 
Patulin Apples, pears 
Penicillic acid Com, dried beans 
Sterigmatocystin Cheese, green coffee beans 
T-2 toxin Com, barley, sorghum 
Zearalenone Com, wheat 

Table 2. FDA action levels for aflatoxins 

Commodity Level (ng/g) 

A l l products, except milk, designated for humans 2 0 
Milk 0.5 
Com for immature animals and dairy cattle 2 0 
Com for breeding beef cattle, swine and mature poultry 100 
Com for finishing swine 200 
Com for finishing beef cattle 300 
Cottonseed meal (as a feed ingredient) 300 
A l l feedstuff other than com 2 0 

NOTE: Compliance Policy Guides 7120.26,7106.10,7126.33. 

Table 3. Peanut products examined for aflatoxin and levels 

Determinable Aflatoxins 
Peanut product Year Totafi Percent of products Percent of products 

>lnglg >20nglg 

Peanut butter 1987 146 13.7 2.7 
1988 372 1.9 0.5 
1989 158 0.6 0.0 

Shelled, roasted 1987 63 3.2 3.1 
1988 357 2.5 0.5 
1989 243 0.0 0.0 

In-shell roasted 1987 15 0.0 0.0 
1988 80 1.2 0.0 
1989 52 0.0 0.0 

aTotal number of products examined. 
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Table 4. Domestic tree nut products examined for aflatoxin and levels 

Determinable aflatoxins 
Tree nut Percent of products Percent of products 
Product Year Totala >1 ng/g >20nglg 

Almond 1987 44 0.0 0.0 
1988 241 0.4 0.0 
1989 108 0.0 0.0 

Pecan 1987 73 12.3 8.2 
1988 225 0.4 0.0 
1989 212 0.5 0.5 

Pistachio 1987 27 22.0 3.7 
1988 56 10.7 5.3 
1989 104 1.9 0.9 

Walnut 1987 51 2.0 0.0 
1988 249 0.4 0.0 
1989 228 4.4 2.6 

a Total number of products examined 

Table 5. Aflatoxins in shelled corn designated for human consumption 

Determinable aflatoxins 
Percent of samples Percent of samples 

Area of US. Year TotaP >1 ng/g >20nglg 

Southeast 1987 105 30.4 20.9 
Com belt0 49 12.2 0.0 
Virginia-Maryland 5 0.0 0.0 
Arkansas-Texas-Oklahoma 49 14.2 2.0 
RestoflLS. 32 12.5 0.0 
Southeast 1988 299 9.0 7.0 
Com belt 100 1.0 1.0 
Virginia-Maryland 44 6.8 2.2 
Arkansas-Texas-Oklahoma 115 9.5 5.2 
RestofU.S. 224 0.0 0.0 
Southeast 1989 262 7.6 3.4 
Com belt 736 14.1 4.3 
Virginia-Maryland 8 0.0 0.0 
Arkansas-Texas-Oklahoma 252 19.8 12.3 
RestofU-S. 261 14.5 8.0 

aTotal number of samples examined b A L , FL, GA, L A , MS, NC, SC, TN. C IA, IL, 
IN, KS, MI, M N , MO, NE, OH, SD, WI. 
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Table 6. Aflatoxins in shelled corn designated for animal feed 

Determinable aflatoxins 
Percent of samples Percent of samples 

Area of US. Year TotaP >1 ng/g >20ng/g 

Southeastb 1987 17 47.0 35.2 
Corn belt? 75 8.0 0.0 
Virginia-Maryland 4 0.0 0.0 
Arkansas-Texas-Oklahoma 13 30.7 7.6 
Rest of U.S. 7 0.0 0.0 
Southeast 1988 74 13.5 8.1 
Corn belt 15 0.0 0.0 
Virginia-Maryland 28 3.5 0.0 
Arkansas-Texas-Oklahoma 78 29.0 25.6 
RestofUS. 71 0.0 0.0 
Southeast 1989 159 13.2 8.1 
Corn belt 784 15.0 3.4 
Virginia-Maryland 16 0.0 0.0 
Arkansas-Texas-Oklahoma 25 40.0 32.0 
RestofU.S. 28 0.0 0.0 

aTotal number of samples examined b A L , FL, GA, L A , MS, NC, SC, TN. C IA, IL, IN, 
KS, MI, M N , MO, NE, OH, SD, WI. 

Table 7. Aflatoxins in milled corn products 

Area of US. Year TotaP 

Determinable aflatoxins 
Percent of samples Percent of samples 

>1 ng/g >20 ng/g 

Southeast 1987 94 14.8 3.1 
Com belt5 45 4.4 0.0 
Virginia-Maryland 4 0.0 0.0 
Arkansas-Texas-Oklahoma 24 0.0 0.0 
RestofU-S. 52 0.0 0.0 
Southeast 1988 206 3.3 1.4 
Com belt 180 0.0 0.0 
Virginia-Maryland 40 2.5 0.0 
Arkansas-Texas-Oklahoma 40 2.5 0.0 
RestofU.S. 288 0.0 0.0 
Southeast 1989 155 1.0 0.6 
Com belt 112 3.5 0.0 
Virginia-Maryland 16 0.0 0.0 
Arkansas-Texas-Oklahoma 64 1.5 0.0 
RestoflLS. 435 9.4 0.0 
aTotal number of samples examined b A L , FL, GA, L A , MS, NC, SC, TN. C IA, IL, 
IN, KS, MI, M N , MO, NE, OH, SD, WI. 
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Table 8. Survey for aflatoxins in sweet corn in the ILS. (1988) 

Canned, Canned, Frozen, Number of Determinable 
whole cream whole samples aflatoxins 
kernel style kernel analyzed ng/g 

Arizona 6 0 0 6 0 
Arkansas 6 2 0 8 0 
Delaware 2 0 3 5 0 
Idaho 3 1 0 4 0 
Illinois 8 1 1 10 0 
Maryland 2 0 1 3 0 
Minnesota 6 6 0 12 0 
New York 4 2 4 10 0 
Oklahoma 1 0 0 1 0 
Oregon 3 3 2 8 0 
Pennsylvania 0 0 2 2 0 
Utah 1 0 0 1 0 
Washington 1 1 7 9 0 
Wisconsin 6 2 0 8 0 

Table 9. Cottonseed and cottonseed meal lots examined for aflatoxins 

Percent of lots Percent of lots Percent of lots 
Year TotaP >1 ng/g >20nglg >300 ng/gb 

Cottonseed 1987 0 0.0 0.0 0.0 
Cottonseed meal 
A Z . C A 3 0.0 0.0 0.0 
RestoflLS. 7 57.1 43.0 0.0 
Cottonseed 1988 
A Z . C A 56 7.1 0.0 0.0 
Rest of U.S. 20 5.0 0.0 0.0 
Cottonseed meal 
A Z . C A 16 25.0 6.2 0.0 
RestofU.S. 9 22.0 0.0 0.0 
Cottonseed 1989 
A Z . C A 8 12.5 12.5 0.0 
RestofU.S. 29 10.3 10.3 3.4 
Cottonseed meal 
A Z . C A 26 31.0 7.6 7.6 
RestofU.S. 1 0.0 0.0 0.0 
aTotal number of lots examined. bAction level for cottonseed meal as a feed ingredient. 
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Table 10. Fluid milk and milk products examined for aflatoxin 

Determinable aflatoxin 
Percent of Products Percent of products 

Year TotaP >0.05ng/ml >0 S nglml 

1987 67 0.0 0.0 
1988 155 9.0 0.0 
1989 632 43.5 1.1 

aTotal number of products examined 

Table 11. Miscellaneous imported food products examined for aflatoxins 

Determinable aflatoxins 
Percent of products Percent of products 

Product TotaP >lng/g >20ng/g 

Brazil nut 95 16.8 3.1 
Com meal/flour 54 22.2 1.8 
Crackers, nut 59 11.8 5.0 
Figs 92 2.1 2.1 
Melon seed 88 5.6 1.1 
Nutmeg 33 18.1 12.1 
Peanut butter 29 13.7 3.4 
Peanut candy 129 25.0 7.7 
Peanuts,shelled 67 10.4 5.9 
Pecans 56 7.1 3.5 
Pistachio 53 7.5 3.7 
Pumpkin seed 117 9.4 5.1 
Sesame seed 264 1.1 0.0 
aTotal number of products examined 
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and commodities where one is most likely to find contamination. Even with the bias 
limitation and the relatively small numbers of samples involved, it is still possible to 
find some useful trends in the data obtained. 

Peanut Products. A l l raw shelled peanuts in commercial channels in this country are 
marketed under a USDA/industry agreement that requires analysis and certification 
of each lot for aflatoxin content by the U.S. Department of Agriculture (USDA). This 
agreement forms the basis for a Memorandum of Understanding between USDA and 
F D A (Compliance Policy Guides 7155a. 11,7155a. 13 and 7155a. 14). The testing for 
aflatoxins in roasted shelled and in-shell peanuts, and in processed peanut products 
for consumer use is the responsibilty of FDA. The contamination of peanuts by 
aflatoxins has been noted in all peanut-growing areas of the U.S. In a study designed 
to highlight the uneven distribution of a few highly contaminated peanut kernels 
among a large number of uncontaminated ones in a given sample or subsample, 
aflatoxin concentration ranged from a trace to 1,100,000 ng aflatoxin Bi /g in indi
vidual kernels (76). The levels of aflatoxin contaminations in peanut butter and 
shelled roasted peanuts were high in 1987 but decreased in succeeding years (Table 
3). It has been generally observed over the years that when aflatoxin contamination 
occurred in peanut products, higher levels were usually noted in peanut butter and 
roasted shelled peanuts than in roasted in-shell (ball park) peanuts. Apparently the 
roasting process, coupled with the grade and cultivar used, keeps these peanuts 
(roasted in-shell) relatively free of aflatoxins from year to year. None of the peanut 
products analyzed in 1989 contained total aflatoxins above the action level of 20 ng/ 
g. 

Tree Nuts (Domestic). Measurable levels of aflatoxins were found in almonds, 
pecans, pistachio nuts and walnuts (Table 4). No aflatoxins were noted in any of the 
60 cashew, filbert and macadamia nut samples examined. Generally the levels of 
contamination were lower in almonds and walnuts than in pecans and pistachio nuts. 
Aflatoxin contamination in almonds has been attributed to kernel damage incurred 
before harvest. From a survey of California almond and walnut crops (77) it was 
established that the probability of aflatoxin contamination in almonds is one kernel in 
26,500 unsorted in-shell nuts from the field; in walnuts it is one in 28,250 nuts. 
Current techniques of removing visibly damaged nuts immediately after harvest, 
followed by cool, dry storage conditions, seem to be effective in controlling the extent 
of aflatoxin contamination of almonds and walnuts in commercial channels. The 
major cause of contamination of pecans has not been determined; however, data 
obtained from a 6-year survey of late-harvested pecans suggest that the incidence of 
contamination was greatly influenced by the prevailing orchard temperatures during 
the latter part of the harvest season (18). Domestic pistachio nuts have been com
mercially available since 1980; aflatoxin contamination has been observed consistently 
during the past 4 years. 

Corn. The grain most susceptible to aflatoxin contamination in the U.S. is corn. In 
most of the southeastern states (Alabama, Florida, Georgia, Louisiana, Mississippi, 
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North Carolina, South Carolina and Tennessee), aflatoxin contamination of com is a 
major concern each year. The incidence of aflatoxin contamination of com grown in 
other areas of the country may vary from year to year depending primarily on the 
weather conditions prevailing during the preharvesting and harvesting periods. The 
bulk of the com found in commercial channels in the U.S. is grown in the midwest 
(Iowa, Illinois, Indiana, Kansas, Michigan, Minnesota, Missouri, Nebraska, Ohio, 
South Dakota and Wisconsin). Data available from earlier surveys of aflatoxin in com 
indicated that this area was virtually aflatoxin-free (10). Unfortunately, in 1983 and 
more recently in 1988, this area along with other areas of the country experienced 
atypical weather conditions (severe drought and late rainfall) during the latter part of 
the growing season. Because of these conditions, it was expected that the harvested 
com would contain higher than usual levels of aflatoxin contamination. Since 
flexibility is one of the features of the FDA Compliance Programs, it was not a difficult 
task for F D A to shift its monitoring efforts and resources so that a larger than planned 
number of samples could be collected and analyzed for aflatoxin contamination. The 
data in Tables 5 and 6 show that the number of com samples collected and analyzed 
from the midwest or com belt states during 1989 significantly exceeded the number 
of samples processed in previous years. The bulk ofthe com from the 1988crop began 
showing up in commercial channels after the beginning of the 1989 fiscal year 
(October 1). The data in Table 5 show a significant increase during 1989 in the 
percentage of com lots designated for human consumption that contained aflatoxins 
at levels greater than 20 ng/g as compared with the years 1987 and 1988. The states 
of Virginia and Maryland were exceptions; however, because of the earlier harvesting 
season in those states, some samples were analyzed during the latter part of the fiscal 
year 1988. The data in Table 6 reflect a similar increase in levels and incidences of 
contamination in com designated for animal feed from the various areas. In the case 
of milled com products analyzed (Table 7), significant levels were observed only in 
samples collected from the Southeast, which was not unexpected. Studies have shown 
that two general methods for processing com (dry and wet milling) significantly 
reduce the level of aflatoxins that may be present in those fractions that are used for 
human consumption. For example, com starch derived from the wet milling process 
was found to contain only 1% of the aflatoxin level present in the raw com; grits, low 
fat meal and flour derived from the dry milling process contained only 6-10% of the 
original aflatoxin level (79,20). Heat processing and cooking are effective in reducing 
the aflatoxin content in foods (27). None of the 410 manufactured corn-based 
products (e.g., com chips, hush puppies, mixes, tortilla, breakfast cereals ready-to-eat 
and popcorn), collected from all over the country during the 3-year period, contained 
aflatoxin levels in excess of 20 ng/g. 

Aflatoxin contamination is not believed to be a problem in sweet com, that is 
"eating ears" or whole kernel com. Studies have shown that com is most vulnerable 
to invasion by aflatoxin- producing fungi during the late milk and early dough stages 
of development. Sweet com is usually harvested at the early milk stage of development 
and processed immediately; therefore, the possibility for invasion of sweet com by the 
aflatoxin-producing fungi is very remote. To confirm that aflatoxin contamination 
was not a problem in the 1988 sweet com crop, a limited survey was conducted. 
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Samples of sweet corn (canned whole kernel, canned cream style and frozen whole 
kernel) were collected in 14 states from packing plants or primary storage warehouses. 
The results of this survey are shown in Table 8. None of the 87 samples collected and 
analyzed contained observable levels of aflatoxins. The results obtained in this 
limited survey, when considered along with the negative results obtained from a larger 
survey (263 samples) conducted in 1976 and 1977 (22), suggest that concerns about 
the occurrence of aflatoxins in processed sweet corn are not warranted. 

Cottonseed and Cottonseed Meal. Cottonseed and cottonseed meal are used as 
ingredients in animal feed; therefore, contaminated cottonseed may pose a possible 
hazard to humans who ingest meat or milk from such animals. High levels of 
aflatoxins in the feed of dairy cattle can result in aflatoxin M in milk. The incidence 
and levels of contamination found from 1987 to 1989 are shown in Table 9. With the 
exception of the data for 1987, the higher percentage of cottonseed and cottonseed 
meal contamination were noted in the Southwest (Arizona-California). 

Milk. Aflatoxin M j is a metabolite of aflatoxin B, formed in the milk of mammals 
that have ingested aflatoxin Β in their feed. The ratio of conversion from aflatoxin Β 
in naturally contaminated feed to aflatoxin M in milk by dairy cattle has been reported 
by two independent laboratories to be 66:1 and 75:1 (23,24). Therefore, dairy cattle 
fedrationscontaining<20ng/gaflatoxinB should not have aflatoxin M Î concentrations 
greater than the action level of 0.5 ng/ml in their milk. The data in Table 10, showthat 
in 1989 only 1.1% of the samples analyzed contained aflatoxin M above the action 
level. 

Miscellaneous Import Food Products. In addition to the domestic monitoring 
program for aflatoxins, import foods that are susceptible to aflatoxin contamination 
are also monitored. The foods monitored included nut and nut products, edible seeds, 
spices and animal feeds. Products found to contain aflatoxin concentrations greater 
than the action level are denied entry into the country. The data in Table 11 show some 
of the import products examined between 1987 and 1989. 

Conclusions 

Mycotoxins are considered unavoidable contaminants in foods because agronomic 
technology has not yet advanced to the stage where preharvest infection of susceptible 
crops can be eliminated. The control of mycotoxins in foods and feeds is a constantly 
evolving process. In highly developed countries, acute toxic effects of mycotoxins are 
rarely observed because advances in processing technology and quality control 
programs prevent heavily molded food from entering the human food supply. From 
a public health viewpoint, there is concern regarding the health effects resulting from 
long-term exposure to low levels of toxins in foods. The possibility that aflatoxins 
specifically may be human hepatocarcinogens is still a matter of contention; however, 
efforts are being made to restrict their presence in foods to the lowest level practically 
attainable. 
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One way the safety of our food supply can be improved is by the use of effective 
monitoring techniques and the establishment of quality control safeguards for food 
processing operations. FDA's surveillance and regulatory programs are designed to 
keep aflatoxins in foods and feeds at the lowest levels consistent with maintaining an 
adequate food supply at a reasonable cost. By enforcing the Federal Food, Drug, and 
Cosmetic Act, FDA can remove from interstate commerce any food or feed found to 
be adulterated according to the provisions of the Act. The data obtained from 
monitoring a major commodity, like com, over a 3-year period show that the 
guidelines and policies of the compliance programs are flexible enough to cope with 
emergency situations that may be encountered within a given year. The emergency 
brought on by the 1988 com crop resulted in increased sample collection and analyses, 
as well as the enactment of new tiered action levels, so that large amounts of 
contaminated com could be used effectively as feed for certain animal species. F D A ' s 
efforts to ensure the safety and quality of foods and feeds are complemented by control 
programs carried out by the USD A , state departments of agriculture, and various trade 
associations. Based upon the levels of aflatoxins found in foods, human exposure to 
the aflatoxins has been estimated, human risk assessments have been made and 
government controls set in place in at least 50 countries. Five of these countries claim 
to have set regulatory levels on the basis of a risk analysis of some type. The wide 
range of regulatory limits put into effect in the various countries (0 to 50 ng/g for 
peanuts as an example) reflects the difficulty in coming to a conclusion about the risk 
resulting from low level exposure to carcinogens in foods; not only do the analytical 
data upon which the exposure is based have wide confidence limits, but the toxico-
logical effects of low level exposure are open to considerable debate. 

Current technology cannot prevent mycotoxin contamination of field crops before 
harvest. Research under way in several laboratories is aimed at controlling preharvest 
contamination of peanuts and com specifically through genetic manipulations and the 
use of various chemicals. In spite of the random, unpredictable pattern of contami
nation of foods by mycotoxins, continuous progress is being made to minimize the 
levels to which humans may be exposed since it is impossible to guarantee a 
"mycotoxin-free" food supply. Enforcement of current regulatory programs will 
continue at the current levels until breakthroughs in research and/or control procedures 
allow further reduction in the aflatoxin content of foods and feeds, or until the risk to 
man is better established. 
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Chapter 26 

Diet—Health Relationship 

Paul A. Lachance 

Graduate Program in Food Science, Rutgers, The State University, New 
Brunswick, N J 08903-0231 

Diet 

Diet can be defined as either "Food and drink regularly consumed in the habitual 
course of living" or " A prescribed allowance or regimen of food and drink with 
reference to a particular state of health". Given the diverse functions of food, the 
challenge is to reconcile the pleasure of food and drink with the promotion of optimal 
health. 

When food and drink are reduced to chemical terms, the pleasure is essentially 
absent. Since the number of chemicals which constitute food and drink is substantial 
and a minority fraction is essential for physiological health, the equivocal chemicals 
which impart sensory appeal must be distinguished from the chemicals that should be 
avoided. In all instances, (essential, equivocal, to be avoided) there is a determination 
of relative risk which must be made. 

Health 

Health is defined as "a continued state of soundness and vigor of body and mind". We 
have no direct measures of health and so we redefine health "as the absence of disease" 
but the disease state must be pathological to be recognized and indexed. Indicator 
conditions such as hypertension; or risk factors such as obesity; or risky practices such 
as smoking; "at-risk" environments such as considerable exposure to elevated ozone 
and other pollutant levels are invariably "silent" and idiopathic. Practices (dietary, 
exercise, ecological) which promote health are not a major domain of medicine, not 
only because the financial rewards to medicine are considerably inferior but because 
the connection to specialized diagnosis related (DRG's) disease categories are not 
specific and thus there are few legitimate categories for third party reimbursement. 

Diet-Health Association 

The association of diet with health (or disease) has been "in the news" since the 1969 
White House Conference on Food, Nutrition and Health. Asa result of the conference, 

0097-6156/92/0484-0278$06.00/0 
© 1992 American Chemical Society 
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26. LACHANCE Diet-Health Relationship 279 

nutrition labeling was instituted and is now in the final process of a major revision (7). 
Labeling now will be mandated for most foods rather than triggered only by 
advertising claims and otherwise being voluntary. The "Dietary Goals" which 
emanated in the dying gasps of the Senate Select Committee on Nutrition and Human 
Needs (2) eventually led to the current joint USDA/DHHS Dietary Guidelines. The 
documentation for the health benefits of such guidelines are to be found in the over 
5,000 scientific references cited in the 1989 Diet and Health report (3) of the National 
Academy of Sciences. These diet-health association pronouncements are also in part 
attributable to the yeoman lobbying and news media activity of the Center for Science 
and the Public Interest and related "Nader type" activists, as well as the peripatetic 
activities of the civil servants of the government agencies prodding and being prodded 
by zealous congressional legislative staffers. Both the major professional nutrition 
societies and the food industry provided debate, reaction and stabilizing inertia. The 
consumer "at best" has accomodated. 

Consumer Beliefs and Practices 

A Gallup survey of consumers conducted in December 1989 (commissioned by the 
International Food Information Council and the Am. Dietetic Association) revealed 
(with ±4% accuracy) that 95% of Americans "believe balance, variety and moderation 
are the keys to healthy eating" and further 83% recognized that what they eat may 
affect their future health"; but 67% mistakenly choose food based on "good food"/ 
"bad food" perceptions. In other words, Americans are more apt to opt for quick fixes 
and the latest health fads. For example, 52% of these (over 18) adult respondents 
reported increasing their consumption of oat bran but only 8% reported eating more 
vegetables and only 6% reported eating more fruit or fruit juices. Again "tunnel 
vision" nutrition is strong and well. Consumers believe one food or ingredient will 
prevent or maybe cure a disease! It rather fits the fact that Americans are the highest 
per capita users of over-the-counter and prescription drugs. We prefer and expect 
"quick fixes". Moreover, the diet-health connection translated into good food/bad 
food perception leads Americans to state they don't find eating apleasure because 56% 
worry about fat and cholesterol and 35% are unsure of the difference between food 
cholesterol and blood cholesterol! Fifty percent say they gain weight if they eat what 
they like and 35% believe high fat foods cannot be part of a healthy diet even if 
balanced with low fat foods. In a nation that has serious levels of functional illiteracy, 
maybe we cannot expect better performance when prerequisites to performance (e.g. 
poverty, literacy) are limiting. 

But Americans are healthier today than ever before in our history. We live longer. 
Since a peak in the '50'S, we now have a lower rate of coronary heart disease deaths 
and strokes. We have fewer dental cavities and other positive indicators of a lower 
morbidity yet we have only recently recognized the need to avoid sexual practices that 
promote AIDS; the need to avoid smoking that promotes both lung cancer and 
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coronary heart disease etc. There are certain types of information the average 
consumer fears because they do not understand and certain mismanaged public 
incidents have served to rationalize an attitude that is unscientific. 

A two day symposium at these ACS meetings is focusing on the realities of 
chemophobia (4). Abelson (5) states that "for most of the public, the word "chernicar 
elicits antipathy and fear". No doubt lack of and/or the poor quality of science 
education at all levels of our education system, even at the University level, can be 
implicated; however, there is no generic American consumer. If there were, the 
number of items in the supermarket would not have risen from 12,000 to 25,000 in the 
last 10 years in order to meet the demands of an increasingly segmented consumer 
market place. 

The need for market segmentation began when "Rosie" became the riveter during 
World War II and the double income family life style was born. It really did not 
flourish until more recently when marriage at a later age and planning on fewer 
children became the norm. By the year 2,000, more people in the USA will be over 
50 than under age 18. One reason is a significant increase in life span. 

In theory, the "balance" of the diet was better in 1900 but life span was 50 years 
or so. The discovery of vitamins, minerals and antibiotics and other rniracle drugs has 
shifted the causes of infirmities and death from infections and deficiency diseases to 
chronic diseases and decreased resistance to acute diseases. The decreased resistance 
is associated with the decreased integrity of aging organ systems. 

The household is smaller. Both the delay in marriage, and the increase in older 
Americans has produced more one and two person households (6). 

An unknown countervening force could be the yet to be fully established reality 
that the fastest growing segment of our population is Asian Americans followed by the 
already larger Hispanic-American population. A major variable contrasting these 
population segments is the initial educational level and goals of these two emerging 
population segments, both of which also have quite different food heritages and 
preferences. The realities of the foregoing facts are simply not challenging the 
scientific and medical communities. 

Disease-Health Practices Associations 

The report of the Surgeon General (7) and the Diet & Health report of the National 
Academy of Sciences (3) has gelled recognition by both the public health community 
and the scientific community of the medical establishment that many of today's major 
causes of mortality and morbidity are associated with clinical indicators (e.g.. obesity, 
blood pressure and blood lipid profiles) that are amenable to routine public health 
screening; and that certain modifiable practices of individuals (smoking, dietary 
choices) have significant effects in or on the pathogenesis of the diseases associated 
with the leading causes of mortality and morbidity. A listing of the chapter headings 
of the Diet and Health report (see Box) efficiently serves to identify the associations 
now recognized. 
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26. LACHANCE Diet-Health Relationship 281 

Diet and Health: Implications for Reducing Chronic Disease Risk 

Part III: Impact of Dietary Patterns on Chronic Diseases 

Chapter 19. Atherosclerotic Cardiovascular Diseases 
Chapter 20. Hypertension 
Chapter 21. Obesity and Eating Disorders 
Chapter 22. Cancer 
Chapter 23. Osteoporosis 
Chapter 24. Diabetes Mellitus 
Chapter 25. Hepatobiliary Disease 
Chapter 26. Dental Caries 

While few scientists now disagree with the associations that have emerged, 
considerable debate ensues relevant to the practical aspects of the recommendations 
made in the Diet and Health report. The Surgeon General's report is less controversial 
because it makes less judgemental conclusions. There is considerable agreement in 
both reports on the importance of the role of obesity, hypertension and smoking as 
clinical indicators but less agreement (and more complex scientific interactions and 
unknowns) on the role of type and quantities of dietary polyunsaturated fatty acids;the 
type and quantity of micronutrient intakes above levels needed to thwart deficiency 
diseases;the predictive value of total or H D L or lipoprotein (a) levels in clinical 
screenings etc. The Surgeon General's report (7) mentions the issues of microbio
logical food safety. Neither report considers the issues of chemical food safety. The 
fact is that the lack of an extensive body of human pathology attributable to naturally 
occurring food chemicals or food additives does not signal a lack of concern or 
knowledge or both. The beneficial and deleterious linkage between the chemistry of 
food and the pathogenesis of diseases are only now being explored. 

A considered approach until controversial recommendations can be clarified with 
more quantitative scientific insights is to apply the concept of "limiting" and accord
ingly to determine the most valuable strategy to pursue. I am of the opinion that the 
control of obesity should have the greatest priority relative to its strong association 
with atherosclerosis and thus coronary heart disease and stroke, and that the limiting 
and most valuable strategy would be to control saturated fat intake and increase 
exercise. Relevant to the second greatest cause of mortality, namely cancer, the 
limiting and most valuable strategy is to curtail smoking and sources of carcinogens 
(including food). The most valuable strategy available is to enhance the intake of dark 
green and yellow vegetables for factors such as beta carotene, ascorbic acid and other 
antioxidant food sources which are highly associated with lower risks of several major 
types of cancer. The necessary dietary strategy for both a decrease in saturated fat 
(animal fats)and an increase in plant foods has existed as a dietary guideline for more 
than two generations and can be readily communicated to and practiced by the 
consumer (Figure 1). It should supercede the current nebulous dietary guideline of 
"eat a variety of foods". The benefits of this simple "peace symbol" food array 
guideline is the concomitant assurance of low fat, low saturated fat, high fiber, high 
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carotenoid and a high nutrient density dietary without the need to account for 
individual nutrient or chemical components. 

Obesity 

The most prevalent indicator of chronic diseases today is obesity and the incidence 
increases (Figure 2). It is associated with diabetes, especially type II (adult onset), 
hypertension and heart disease. Obesity complicates physiological conditions such as 
pregnancy and increases the risk of several other common medical conditions such as 
cholecystitis and appendicitis, etc. 

The daily per capita grams of saturated fat in the food supply has not dramatically 
changed since about 1920 but the daily per capita grams of both monounsaturated and 
polyunsaturated fat has increased with PUFA essentially doubling since 1935 (Figure 
3). In the relatively same time period, per capita energy intake has dropped and the 
percent calories from fat has also dropped from 42% to 37% of calories. The food 
categories from which dietary energy has been derived has shifted substantially. 
Cereal grain products were a much more important contributor to the diet prior to 
WWII. With affluence came an increased consumption of higher quality (and more 
expensive) sources of protein. Balance in food group proportions began as a dietary 
goal circa post WWII, and these guideline proportions (the basic four) have remained 
the practical definition of balance, yet national surveys have repeatedly and consis
tently demonstrated that Americans fail to meet these proportions (Figure 4). A l 
though we "eat a variety of foods", we consume an expensive profile with emphasis 
on high quality protein entrees and inadequate quantities of cereal grain products and 
fruits and vegetables. 

The increase in the quality of foods per se coupled with the discovery, manufacture 
and utilization of micronutrient fortificants has permitted the lowering of energy 
intakes coupled to a less energy demanding environment, and the incidents of frank 
nutrient deficiency diseases so evident in the first half of the century are exceedingly 
rare. We now have an increasingly sedentary society that has shifted its caloric intake 
downward but not sufficiently to thwart obesity and other diet associated risk factors 
in the chronic disease causes of morbidity and mortality. 

Smoking 

Thirty percent of persons (in 1985) aged 18 and older were smokers, and the 
prevelance was equal for men and women under 30 years of age. Smoking is a risk 
factor for cancer and cardiovascular disease. An important but not frequently reported 
fact is that the food consumption patterns and dietary intakes of smokers and 
nonsmokers differ. Smoking is a marker for a poor diet. 

Whereas, a similar percentage (38%) of smokers and nonsmokers report eating 
snacks on a daily basis, 38% of smokers habitually skip breakfast in contrast to 18% 
of nonsmokers. In a study of career age women in 1985-86 women smokers consumed 
less fruits and vegetables and more coffee and alcoholic beverages than nonsmokers 
(5). NHANESII results showed that median vitamin C intakes were lower in current 
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Fruits 
/ and 

/ Vegetables 

Cereal 
Grain \ 

Products \ 

V Milk 
\ Products 

Protein - Rich , 
Foods / 

Meat / 
Legumes >S 

plant Food; 

Serving Quantity 
No Emphasis 

Serving Quantity 
Emphasized 

Figure 1. The basic four food groups required, remembering number of servings 
recommended per group, namely 4:4:2:2. A graphic representation immediately 
illustrates the proportions of the plate or day that should be allocated to each 
food group to promote balance. (Reproduced with permission from ref. 23. 
Copyright 1981 Food Technology.) 

OVERWEIGHT (1976-80 HANES II) 

MALE 
WHITE 

FEMALE 
BLACK 

Figure 2. The prevalence of obesity defined as a BMI > 27.8 i n 
male and >27.3 i n female p a r t i c i p a n t s i n the 1976-80 HANES II 
survey exceeds 25 percent i n whites, 30 percent i n black males 
and approaches 50 percent i n black females. Adapted from r e f . # 8. 
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-L J L ± 
1905 1915 1925 1935 1945 1955 

Year 
1965 1975 1985 

Figure 3. Per c a p i t a amounts of saturated, monounsaturated, and 
polyunsaturated fats i n the U.S. food supply: U.S. Food Supply 
Series, 1909-85. 

Basic Four Goal 
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NFCS (USDA), 1977-1978 
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(13.0%) 
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Products 
(24.0%) 

Cereal & 
Grain Products 

(24.0%) 

Animal & 
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(39.0%) 

Hanes (DHEW), 1971-1974 
Fruits & — ^ < r - - T - - - - ^ v ^ ~ — Cereal & 
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(30.0%) 
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CSFII (USDA), 1985 
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(24.0%) 
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(26.0%) 
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Figure 4. The Basic Four recommendation approximates the 
recommended 4:4:2:2 servings per day of key food groups. What 
Americans have been eating i s r e f l e c t e d i n the 1971-74 HANES 
data, the 1977-78 NFCS data, and the 1985 CSFII data. Rather 
than consuming 2 servings of plant derived food for each serving 
of animal derived food, as recommended by the Basic Four food 
guide concept, the consumer i s doing the opposite. 
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smokers than in nonsmokers (9). Thiamin and fiber intakes per 1,000 kilocalories in 
career age women were lower in smokers. 

Low birth weight (<2,500 grams) has become a bench mark (although not the most 
limiting) of a healthy outcome and is strongly associated with maternal nutrition. 
However, smokers have a substantially greater probability of giving birth to a low birth 
weight infant and whereas the probability does not increase with maternal age in 
nonsmokers, it nearly doubles in smokers (Figure 5). This phenomena is somewhat 
compensated by an increase in the mother's pregravid weight which means that 
smoking effects energy metabolism and nutrition (8). 

A compeling body of prospective and retrospective human studies, in addition to 
hundreds of animal studies, associate a decrease in the incidence of several cancers 
with increased dietary intakes of dark green and yellow vegetables, often inaccurately 
labeled as high vitamin A food intakes. One can calculate (70) that the recommended 
dietaries of both the USDA, for dietary guideline purposes, and the NCI, for cancer 
prevention purposes would provide over 5 mg of daily dietary beta carotene, yet the 
average adult intake is in the vicinity of 1.5 mg (a value that the 1980 RDA's would 
have considered a respectable contribution to total vitamin A intake). The epide
miological study of Shekelle et al (77) on the incidence of lung carcinoma in smokers 
and nonsmokers reveals a very significant lower incidence in individuals (even 
smokers) who consume 5 or more mg of beta carotene equivalent daily. 

Hypertension 

The occurence of hypertension increases with age and is higher for Black Americans 
(Figure 6). It is a major risk factor for both heart disease and stroke. 

Some individuals maintain normal blood pressure over a wide range of sodium or 
chloride intake, whereas others appear to be "salt sensitive" and display a decreased 
blood pressure in response to a decrease in sodium/chloride intake. Not all individuals 
are equally susceptable to the effect of sodium, but there is a lack of a practical 
biological marker for individual sodium sensitivity. The safe and adequate level of 
intake for adults is 1.1 to 3.3 grams per day, but the current intake ranges from 4 to 6 
grams per day. One third of the intake is in the control of the consumer in the form of 
added "table" salt. Another third of the intake of sodium is associated with processed 
foods, however, the intake of certain foods which utilize sodium chloride as a 
preservative or processing aid can be avoided by the consumer - namely fermented 
foods such as soy sauce, most cheeses, and cured meats such as salami, pepperoni, hot 
dogs, ham and bacon. 

Rates of both hypertension and diabetes are nearly tripled in persons 20 percent or 
more overweight. The rates for hypertension (except in white males) have been 
dropping. Whereas, both the consumer and manufacturers have decreased their use 
of sodium, the concomitant increases in obesity may be preventing further major 
decreases in hypertension. 
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Figure 5. Low b i r t h weight defined as < 2500 grams at b i r t h has 
a prevalence greater i n smokers than nonsmokers i n a l l maternal 
age groups. Adapted from r e f . # 8. 
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Figure 6. Hypertension defined as a s y s t o l i c pressure greater 
than 160 or a d i a s t o l i c pressure greater than 95 was most 
prevalent i n black males (29%) and le a s t prevalent i n white 
females (16%) i n the 1976-80 HANES II study. Adapted from 
r e f . # 8. 
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RDA's (RDI's) and Dietary Intakes 

The 1989 edition of the Recommended Dietary Allowances has emerged. The FDA 
is proposing to promulgate Reference Daily Intakes to replace the USRDA for a major 
nutrition labeling revision (7). A reality of both RDA's and RDF sand similar nutrient-
by-nutrient scientific acumen reflections is their complexity and lack of practical 
relevance to the consumer for arriving at a balanced and healthy diet. 

The dietary intakes of career age (19-50) women in the United States reveals a 
number of interesting insights. The mean caloric intake is at 1,517 kcal and ranges 
from 783 kcal to 2,431 kcal. On any given day fifty percent of these women are 
consuming less than the mean (Figure 7). The implications of low energy intakes upon 
nutrient status are potentially serious. The following are examples. Fully 70% of 
women (18-50) are consuming less than the RDA for Vitamin Ε (Figure 8), Vitamin 
B6 (Figure 9) and calcium (Figure 10). 

In the case of folacin, the RDA (1989) has been lowered to 180 micrograms (from 
400). It is noteworthy that a dietary based on the dietary USD A/NCI guidelines would 
afford 350-375 mg/day - the amount recommended to thwart neurological deformities 
(neural tube defects) during early pregnancy (72). Yet, (Figure 11) 45% of women 
ingest less than the RDA for folacin and practically all the women are in double 
jeopardy relevant to the role of folacin in fetal development and the recommendation 
that the intake at that time should be 400 micrograms (75). If one discounted the six 
percent of folacin intakes or B6 intakes that can be attributed to food fortification (14) 
one realizes that nutrition recommendations for optimal intakes would be enhanced if 
based upon dietary (food proportion) standards rather than numerical theoretical 
recommendations based on evidence for minimal needs to thwart deficiency states 
plus added margins. 

Oxidant Stress 

Oxidant stress, from both endogenous and exogenous origin, leads to degenerative 
processes and thus contributes to the development and exacerbation of cancer and 
chronic diseases. Increased exposure to such oxidants is an integral part of aging. 

Antioxidants and free radical scavengers (75,16), both those recognized as nu
trients and those which are not, have to be considered critical components to optimal 
nutrition. A dietary cannot be solely based upon an RDA/RDI etc philosophy. Nor 
should nutrition be divorced from food safety. Concerns with naturally occurring 
toxins, direct and indirect food additives, oxidation of lipids (77) and other chemical 
changes with food processing (18) and food preparation need to be counterbalanced 
with a better understanding of the chemoprevention role many natural chemicals exert. 
These properties often are labeled nutrient, or biochemical or pharmaceutical depend
ing upon the bias of the investigator. Again, the consumer would benefit from a 
practical dietary food proportion guideline that does not require technical training. 
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Figure 7. The mean energy intake of women 19-50 years of age 
was 1517 K c a l . More than 55% of these women consumed less than 
t h i s mean i n four non-consecutive days of the USDA Continuing 
Survey of Food Intakes by In d i v i d u a l s i n 1986. Adapted from 
r e f . # 8. 
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PERCENTILE OF INTAKES 
FOUR NONCONSECUTIVE DAYS 

Figure 8. Seventy percent of women 19-50 years of age f a i l e d 
to obtain the RDA for vitamin Ε on four non-consecutive days of 
the USDA Continuing Survey of Food Intakes by I n d i v i d u a l s i n 
1986. Adapted from r e f . # 24. 
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2.0 

RDA for WOMEN 1989 

PERCENTILE OF INTAKES 
FOUR NONCONSECUTIVE DAYS 

Figure 9. Seventy-five percent of women 19-50 years of age 
f a i l e d to obtain the RDA for vitamin B A on four non-consecutive 
days of the USDA Continuing Survey of Food Intakes by In d i v i d u a l s 
i n 1986. Adapted from r e f . # 24. 
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1250 1989 RDA FOR WOMEN 19-24 
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PERCENTILE OF INTAKES 
FOUR NONCONSECUTIVE DAYS 

Figure 10. N i n e t y - f i v e percent of women 19-24 and seventy-three 
percent of women 25-50 years of age f a i l e d to obtain the RDA 
for calcium on four non-consecutive days of the USDA Continuing 
Survey of Food Intakes by In d i v i d u a l s i n 1986. Adapted from 
r e f . # 24. 
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Table 1. Percentage contribution of selected food groups to total 
intake of selected food components for women aged 19-50 years, 

4 nonconsecutive days 

Total Fat Saturated Fatty Acids 
Food Group As Mixtures As Mixtures 

Reported Separated Reported Separated 

Meat, poultry, Fish 31 26 30 27 
Milk and milk products 15 19 25 33 
Eggs 4 4 3 3 
Legumes, nuts, seeds 4 4 2 2 
Grain products 22 9 20 6 
Vegetables 8 6 7 4 
Fats and oils 14 30 10 21 
Sugars, sweets 1 1 2 2 

SOURCE: Reference 20. 

400 η 
1984 NCI FOOD CHOICES (LACHANCE & FISHER) 

1981 USDA D.G. MENUS (LACHANCE & FISHER) 

_ 300 Η 

2 200 Η 

ioo Η 

0.0 
Τ 1 1 ρ 
0.4 0.6 

PERCENTILE OF INTAKES 
FOUR NONCONSECUTIVE DAYS 

Τ
Ο.8 

Figure 11. The mean folacin intake of women 19—50 of 193 micrograms per day 
approximated the 1989 R D A of 200 micrograms in only 55% of women in the 
USDA Continuing Survey of Food Intakes by Individuals of four non-consecutive 
days in 1986. None of the women received the folacin levels which would be 
delivered by the recommended dietaries of the USDA/DHHS Dietary Guidelines 
or of the National Cancer Institute as calculated by Lachance and Fisher. 
(Adapted from ref. 19.) 
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Disease Risk and Eating Patterns 

Nearly seventy two percent of deaths (1987) in the USA can be attributed to eight 
causes with a dietary association namely; heart disease, cancers, strokes, alcohol 
related accidents and suicides, diabetes, chronic liver disease (and cirrohsis) and 
atherosclerosis. The major risk factors for these diseases are obesity, high blood 
pressure, and pollutants especially cigarette smoking. The most prevelant morbidity 
conditions are osteoporosis and diverticular disease. Both of the latter have dietary 
associations, namely calcium metabolism and intestinal physiology as affected by 
dietary fiber respectively. 

It should also be self evident that placing emphasis on a disease (tunnel vision 
medicine) has no advantage over placing emphasis on an associated dietary parameter 
(tunnel vision nutrition). It is therefore far wiser to advocate dietary recommendations 
that provide for thwarting as many dietary associated diseases as possible. In order to 
avoid the politics of agricultural commodity group pressures, the dietary guideline 
"eat a variety of food" is practically worthless. It can be agreed that few Americans 
desire to live on one ration. "Away from home" eating practices as well as the 
increasing choices in the retail marketplace are realistic indicators that Americans 
demand and eat a variety of foods. What we need to do is define the proportions of 
the variety needed. It is interesting to note that appendices of the Surgeon General's 
report listed (a) the historical events of nutritional sciences (1500 B C to 1950) and (b) 
the Nutrition Policy Initiatives (1862-1988) without mention to the USDA dietary 
food groups beyond their first issuance in 1917! Americans are r M consuming the 
proper proportion of foods! Every recent national survey has observed this fact (14). 
The "first" dietary guideline needs to explicitly state that Americans should eat 2/3 of 
their daily food as "plant" foods and only 1/3 as "animal" food. In essence we must 
reverse the proportions currently consumed. A concomitant guideline -"avoid too 
much saturated fat"... needs to explicitly state that one serving per day of meat, poultry 
or dairy product is fully adequate to meet high quality protein needs. This practice will 
automatically curtail saturated fat intakes. Very low fat dairy products are important 
sources of key nutrients such as calcium. Consumers have decreased their intake of 
full fat milk but have increased their intake of high fat cheeses. 

"Dietary...saturated fat raises blood cholesterol" (7). The major dietary sources of 
saturated fat in the American diet (of women 19-50) are meat, poultry, fish (27%) dairy 
products (33%) and fats and oils (21%). Please note that eggs contribute only 3% of 
saturated fat a quantity analagous to the contribution of vegetables to saturated fat 
intake in the dietary (Table 1). 

Dietaries that follow food group proportions (Table 2) have been issued by both 
USDA and NCI. These dietaries provide for ( 1) low calorie combinations that satiate, 
(2) low saturated fat intakes, (3) high dietary fiber (complex carbohydrates), (4) high 
dark green/yellow carotenoid and antioxidant foods, and (5) high nutrient density. 
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Table 2. Health Factors of USD A/NCI Recommended Dietaries 

Recommended Diet Values 
Dietary Health Factor USDA<* HHS(NCIY> RDA(1989) Adult 

Calories 1695 1604 >1520 
Protein, gm 84 ±8 84 ±5 50-63 
Total fat, gm 59 ±6 52 ±6 Not specified 
Percent calories from fat 31% 30% 30% 
Polyunsaturated fat, gm 15 ±4 12 ±4 Not specified 
Saturated fat, gm 19 ±4 17 ±4 <10% of calories 
P/S ratio 0.8 0.8 Not specified 
Cholesterol, mg 238 ±97 188 ±33 300 
Total carbohydrate, gm 216 ±15 212 ±12 >200 
Fiber, gm 19.5 ±2.4 22.2±2.2 Not specified 
Total vitamin A activity, mg 9689 11183 800-1000 RE 
Preformed vitamin A , iu 919 1018 Not specified 
Provit A (carotine), mg 5.2 6.0 Not specified 
Percent Provit A (carotine) 90.5 90.0 Not specified 
Vitamin E, total 27 23 8-10 
Vitamin C, mg 225 217 60 
Thiamin (B^, mg 1.7 1.6 1.1-1.5 
Riboflavin (B2), mg 1.9 1.8 1.3-1.7 
Niacin (B3), mg 24 24 15-19 
Vitamin B 6 , mg 1. 1.3 1.6-2.0 
Vitamin B 1 2 , mg 3.2 2.9 2.0 
Folic acid, mg 353 381 180-200 
Calcium, mg 1004 1017 800 
Phosphorus, mg 1371 1420 800 
Sodium, mg 1887 1955 >500 
Potassium, mg 3464 3480 >2000 
Magnesium, mg 362 388 280-350 
Iron, mg 14 14 10-15 
Zinc, mg 13 13 12-15 

S O U R C E : Reference 21. 
bSouRCE: Reference 22. 
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Summary 

To thwart disease and enhance the quality of life, Americans do not need (1) tunnel 
vision medicine — Medicine is stuck in the financial benefit of specialization or (2) 
tunnel vision nutrition—Nutrition begins at the lips and the chemical we call nutrients 
are invisible because we eat food, not nutrients. 

Americans do need: (1) simple yet operable dietary (food type) guidelines which 
promote plant foods over animal foods and (2) simple health indices relevant to risk 
factors and thus how to best avoid and/or control risk factors and optimize health. 
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Chapter 27 

Diet and Carcinogenesis 

John A. Milner 

Department of Nutrition, The Pennsylvania State University, University 
Park, PA 16803 

Etiological relationships between dietary practices and the risk of cancer 
are supported by data obtained from a variety of sources. Extensive 
laboratory, epidemiological and clinical data support modification of the 
typical American diet as a means of reducing cancer risk. Experimentally, 
the dietary intake of several macro- and micro-constituents significantly 
alters cancer incidence and severity. Specific dietary constituents can alter 
the formation and bioactivation of carcinogens, modify the promotion of 
neoplastic cells, lead to variation in rates of tumor growth and modulate 
immunocompetence. In humans, variations in the relationship between 
dietary practices and cancer risk may relate to the numerous and complex 
interactions known to exist among dietary constituents and to the specific 
cancer examined. Research aimed at establishing the specific role and 
interactions of nutrients, and non-nutrients, in the carcinogenic process 
will assist in the identification of critical times for intervention and will 
lead to sound and accurate dietary advice that is tailored to individual 
needs. New or novel foods containing non-traditional quantities of 
individual nutrients and non-nutrients offer exciting opportunities for 
producers to develop additional food choices for the consumer. 

Diet and Cancer Risk 

Cancer is no longer viewed as an inevitable consequence of aging. Changes in death 
rates over a relatively short period of time point to significant environmental factors, 
rather than to genetic predisposition, as determinants of cancer risk. Environmental 
factors correlate with approximately 90% of all cancer cases. Within the environmen
tal factors, dietary practice is one which likely modifies cancer risk. Wynder and Gori 
(7) implicated food factors in 60% of cancers in women and in more than 40% in men. 
Geographic correlations of per capita intake of fat and selenium are examples of 
observed relationships between dietary components and cancerrisk (7 -5). While these 

0097-6156/92/0484-0297$06.00/0 
© 1992 American Chemical Society 
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and other geographical correlations of dietary intakes and cancer risk are insufficient 
to establish a causal relationship, they are nonetheless useful in the generation of 
testable hypotheses. Variability observed in detecting the significance of dietary 
practices on cancer risk is not surprising and is explicable, due to a number of 
environmental and genetic factors. Dietary relationships with cancer are not solely 
dependent on the presence or absence of carcinogens in the food supply, but likely 
depend on the impact of nutrients and non-nutrients on the complex and poorly 
understood cancer process. Given the multitude of complex interactions that are 
possible among dietary nutrients and non-nutrients, it is not surprising that inconsis
tencies exist in the relationship between dietary practices and cancer risk. Likewise, 
since all metabolic and phenotypic characteristics are determined by one's hereditary 
material, it is inconceivable that a simple change in diet will substantially alter the 
cancer susceptibility of all individuals. Additional information is desperately needed 
with regards to the interrelationships between genetics and diet. Such information 
should assist in tailoring dietary recommendations. 

Some of the strongest evidence supporting the role of nutrition in the development 
of cancer comes from studies of migrant populations (6-5). Generally, the cancer 
patterns of migrants shift from that of their native countries to that observed among 
residents of the host country. While these shifts could reflect environmental changes 
or lifestyles, it is generally concluded that pollution and food contaminations do not 
explain the observed differences in cancer incidence. Additional evidence that diet, 
rather than other environmental or genetic factors, is involved in the development of 
cancer risk comes from studies of homogeneous populations living and working in the 
same environment as their cohorts; though exposed to the same environmental 
pollutants, all have markedly different rates of cancer (9-/2). 

While it has long been recognized that dietary habits can alter the course of tumor 
formation and development, only in recent years have investigators actively examined 
specific dietary constituents for their impact on the cancer process. Table 1 indicates 
some of the dietary factors known to alter significantly carcinogenesis in experimental 
animals. During recent years considerable attention has been given to the influence 
of dietary intakes of macro-constituents as factors in cancer development. While these 
dietary constituents are likely suspects, much less attention has been given to nutrients 
and non-nutrients within the diet that are consumed in much smaller quantities. 
Although limitations exist in knowledge concerning the precise role of individual food 
constituents in carcinogenesis, the issue was addressed by in the recently released 
Surgeon General's Report Nutrition and Health and the National Academy of 
Science's report on Diet and Health. (77, 72). Continued examination of dietary 
constituents and their interactions will likely result in more specific dietary recom
mendations for the general population and indicate critical times where nutritional 
intervention may be most beneficial. 
This review will briefly summarize the impact of several major and minor dietary 
constituents on cancer risk. This review is limited to (1) those nutrients and non-
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Table 1. Incomplete List of Dietary Factors Known to Alter 
Experimental Carcinogenesis 

General Amino Acids Lipids Vitamins Minerals 

Calories Methionine Linoleic Riboflavin Calcium 
Lipids Cysteine Folic acid Zinc 
Carbohydrates Tryptophan Stearic B12 Copper 
Proteins Arginine Vitamin A , C Iron 
Fiber Vitamin D, Ε Selenium 
Alcohol Choline Iodine 

Niacin 
Pyridoxine 

nutrients about which sufficient information is available to verify an effect upon the 
process of carcinogenesis; and (2) generally to those dietary constituents in which 
possible mechanisms can be explored. The complex interrelationships existing 
between nutrients and non-nutrients in practical diets make it extremely difficult to 
generalize about the impact of specific dietary constituents on cancer risk. It must be 
emphasized that purified constituents are not consumed and that single nutrients must 
be considered as part of a complex diet. The continued examination of diet as a factor 
in cancer risk will hopefully result in the ability to make dietary recommendations 
tailored to an individual's dietary habits and needs. 

Nutritionists have long recognized that the quantity of a dietary constituent does 
not dictate relative importance in either disease prevention or treatment. Thus the 
consumption of several micronutrients and non-nutrients may be as significant on 
cancer incidence as the intake of the macro-constituents. Examination of the 
interrelationships among the various constituents of the diet should likewise assist in 
explaining some of the observed variation in cancer risk. 

The Carcinogenesis Process 

Cancers represent unique cell populations that have acquired the ability to multiply 
and spread without normal restraints. The two predominant theories of the cancer 
process are: (a) the initiation-promotion hypothesis (9) and (b) the electrophilic hy
pothesis (13914). The former proposes that carcinogenesis occurs in three, or more, 
discrete and distinct phases: (a) initiation; (b) promotion and (c) progression. The 
initiation phase represents an early, rapid and largely irreversible change in the 
hereditary material, culminating in a permanently altered cell. The promotion phase 
of carcinogenesis constitutes a more gradual process(es), during which an initiated cell 
is converted or transformed into a tumor cell. The spread of transformed cells, via the 
blood or lymph, to distant sites constitutes the progression phase of carcinogenesis. 
The electrophilic hypothesis of carcinogenesis concludes that metabolic activation of 
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most carcinogens occurs through reactive, electrophilic intermediates, which, by 
altering critical cell nucleophilic targets such as D N A , are directly responsible for the 
carcinogenic activity of a compound. Evidence for the involvement of free radicals 
in carcinogenesis is also available (75). The immune system is generally thought to 
influence the host ' s resistance to cancer, both prophylactically, by destroying neoplas
tic cells, and protectively, by retarding the growth of established tumors. 

The process of carcinogenesis may be separated both mechanistically and tempo
rally. Normally during the initiation phase some critical f actor(s) within the cell is(are) 
rapidly modified. While cells can frequently repair some defects, others are unable to 
remove the damage and, thus, either die or become transformed. For nutrients to 
impact this phase, they must modify the biological behavior of the cell prior to or 
concurrent with the time of modification. In contrast with the initiation phase's short 
duration, the promotion phase is a lengthier process which is considered to last decades 
in human beings. In this extremely complex phase, a variety of cellular changes occur. 
As discussed below, several nutrients can influence the early and late stages of 
promotion. Occasionally, early pathological changes appear to be reversed by some 
dietary constituents, such as ascorbic acid and the retinoids. However, it is unknown 
if these changes represent a complete reversibility to normalcy. To date little 
information is available on the effect of specific nutrients on the progression of 
malignant cells to cells with increasing invasive or metastatic properties. 

It is impossible to extrapolate data obtained with animal models to human risk, 
conclusively, due to problems in evaluating the influence of dosages, metabolism, 
physiology, etc. Nevertheless, there is overwhelming evidence that human cancers 
develop at the cellular level, with considerable similarity to those observed in 
experimental animals. These similarities became evident when agents known to cause 
cancers in humans were found to produce tumors in animals (3, 76). Similarities in 
the cancer process are also made evident by the presence of similar classes of 
oncogenes in tumors of rodents and human beings (77). Increased cell division in
duced by either external or internal stimuli appears to be a common denominator in the 
pathogenesis of cancer. 

Carcinogenic Exposure and Metabolic Activation 

Human beings are inevitably exposed to compounds which are not essential for life or 
not "natural," from the standpoint of evolution. These compounds may be acutely 
toxic or potentially toxic, following activation; or they may exhibit long-term effects, 
such as cancer development. The ability of the diet to modify the formation of 
potentially carcinogenic agents is indicated by studies demonstrating that vitamin C 
can reduce the formation of N-nitrosamines (18). Most N-nitrosamines are recognized 
as being capable of inducing tumors (79). While dietary ascorbic acid may signifi
cantly depress the formation of this class of carcinogen (20), other constituents may 
promote cancer development. Some phenols, such as ones present in vegetables, or 
thiocyanate and iodide, may enhance cancer development by stimulating nitrosation 
and, consequently, the formation of carcinogenic nitrosoamines (27). 
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Largely due to the pioneering work of Miller and Miller (22), substantial evidence 
exists that drug-metabolizing enzymes play an essential role in the bioactivation of the 
carcinogens to biologically reactive carcinogenic intermediates. Dietary nutrients 
may modify cancer development by modifying the formation of specific carcinogens, 
by altering the metabolic activation of carcinogens, or, possibly, by changing the 
occurrence of cocarcinogens or anticarcinogens. The ability of selective nutrients, 
such as vitamin A and selenium, to modify the metabolic activation of carcinogens is 
recognized and is discussed below. Similarly, several non-nutrients may shift the 
metabolism of carcinogens. The metabolism of benzo(a)pyrene by non-nutrients, 
such as butylated hydroxytoluene, has been found to lead to a reduction in cancer in 
experimental animals (23£4). Several minor constituents of commonly consumed 
plant foods, such as flavones, dithiothiones, thioethers, isothiocyanates, phenols and 
indoles, have also been reported to have the ability to alter carcinogens' metabolic 
activation and, consequently, tumor risk (24-27). The inverse association between the 
risk of cancer of the gastrointestinal tract and the consumption of selected vegetables, 
particularly the cruciferae, suggests a possible role for some of these non-nutrient 
dietary constituents in the bioactivation of carcinogens and, ultimately, in the risk of 
human beings to cancer. 

Mechanism of Action of Selective Nutrients and Non-nutrients 

Caloric Intake. Caloric restriction has long been recognized as a method of inhibiting 
or significantly delaying the formation and/or development of tumors (28-34). Caloric 
restriction inhibits both chemically-induced and spontaneous cancer, including can
cers of the skin, breast, lung, liver, colon, pancreas, muscle, lymphatic system, and 
endocrine systems. Generally, the degree of caloric restriction determines the 
magnitude of the depression of tumorigenesis. Tannenbaum proposed that a sigmoid-
like response best characterized the relationship between caloric restriction and 
tumorigenesis (31). In those pioneering studies, the latency period for tumor appear
ance was frequently delayed by rather modest caloric restriction. However, overall 
tumor numbers were not altered until restrictions became rather severe. Although the 
impact of caloric restriction depends on the type of tumor examined, a 50% decrease 
in food intake generally led to a depression in tumorigenesis and, frequently, to an 
increased longevity. 

Considerable evidence indicates the ability of caloric restriction to alter the 
promotion, rather than the initiation, phase of carcinogenesis (34). Although the 
mechanism by which caloric restriction inhibits tumorigenesis is unknown, a direct 
effect is unlikely. Changes in tumor development may result from marked physiologi
cal changes that occur as a result of inadequate caloric intake. Alterations in hormonal 
regulation and/or depressed tissue mitotic activity may account for the ability of 
caloric restriction to depress tumorigenesis (35-37). 

The ability of ad libitum feeding to increase the incidence of chemically or virally 
induced tumors has been ascribed to excess calories. It is clear that all animals, 
including human beings, do not consume the same quantity of calories when free 
choice of food is provided. Studies by Clinton and Visek (38) demonstrated that tumor 
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frequency in ad libitum fed rats, previously treated with a mammary carcinogen, was 
dependent upon total caloric intake, regardless of the diet's actual composition. 
Furthermore, in animal studies tumor development does not necessarily correlate with 
changes in body composition (57). Thus, considerable evidence suggests that subtle 
changes in energy metabolism may have a significant impact on tumorigenesis. In 
human beings the lowest overall cancer mortality is generally observed in individuals 
whose body weights ranged from approximately 10% below to 20% above the average 
for their age and height. While not particularly novel, it remains advisable to eat a 
variety of foods in moderation. 

Dietary Fat. Epidemiological studies reveal a significant, positive association 
between dietary fat intake and mortality from cancer at several sites (70, 39-42). 
However, liver and stomach cancers do not correlate with dietary lipid intake (43). The 
site of action of dietary lipids on the cancer process likely depends, at least in part, on 
the quantity and types of fatty acids esterified to glycerol. Laboratory investigations 
typically reveal that increased lipid intake is associated with an increased tumor 
frequency, regardless of the form consumed. Nevertheless, polyunsaturated fats tend 
to enhance tumor yields to a greater degree than does saturated fat (44). Interestingly, 
epidemiological data frequently reveal a strong positive relationship between cancer 
susceptibility and saturated fat intake, whereas they demonstrate little or no relation
ship between cancer susceptibility and unsaturated fat intake. This discrepancy 
between epidemiological and laboratory investigations may relate to the minimal 
quantity of unsaturated fatty acids required to enhance tumorigenesis. Furthermore, 
total caloric intake may be more important as a risk factor than the source of the 
calories. Recent findings with ω-3 fatty acids raise new issues about the over-
generalization of all unsaturated fatty acids as potentially detrimental (45,46). 

Consumption of a high fat diet was recognized more than 50 years ago as a 
promoter of skin tumors in mice, at a greater frequency than that occurring in animals 
fed a low fat diet. Since that time numerous studies have documented the synergistic 
ability of dietary fat to promote tumorigenesis, following treatment with a wide variety 
of carcinogens (44). Although the initiation phase of carcinogenesis has not been 
examined thoroughly, limited evidence suggests that this phase is altered by the 
quantity and type of lipid consumed. While the exact mechanism is unknown, changes 
in carcinogen metabolism or membrane fluidity are logical sites of modification 
induced by dietary lipids. Studies that have examined high fat diets while controlling 
caloric intake have generally detected an alteration in the promotional effect of lipid 
on tumorigenesis (44). Alterations in membrane fluidity, hormonal milieu, immuno-
competence, biologically active intermediates or formation of fatty acid metabolism 
by-products may account for lipid-induced carcinogenesis (47-49). 

Additional evidence for the ability of lipids to alter the promotion phase of 
carcinogenesis comes from studies of caloric restriction. While caloric restriction 
appears to inhibit all types of tumors, the inhibitory effect of restricting dietary fat 
appears to be more selective. Consumption of high fat diets has been reported to have 
little influence on the incidence of lung tumors or leukemia (28). 
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The influence of dietary cholesterol on cancer incidence is difficult, i f not 
impossible, to determine. While some studies suggest low plasma concentrations of 
cholesterol are a risk factor for cancer, it must be emphasized that plasma cholesterol 
reflects many factors, and not merely dietary intake. Considerably more information 
is needed before firm conclusions can be made about the relationship between cancer 
and either blood or dietary cholesterol levels. 

In view of the vast number of experiments that have examined the relationship 
between dietary fat intake and cancer risk, it is unfortunate that more specific 
recommendations cannot be made to the consumer. Reducing the contribution of fat 
to total caloric intake from the present day 38% to 30% or less appears to be prudent 
until additional information becomes available. A balanced intake of saturated, 
monounsaturated and polyunsaturated fatty acids also appears prudent until more 
precise information can be gained that assesses the long term benefits/risks of altering 
the proportion of dietary fatty acids. 

Protein. The impact of dietary protein or specific amino acids on the cancer process 
has received far less attention than has been given to several other dietary constituents. 
The interpretation of epidemiological studies suggesting that the intake of high protein 
foods positively correlates with cancer are generally complicated by the simultaneous 
presence of excess fat. The information that is available on the influence of protein 
and amino acids on cancer risk comes primarily from laboratory investigations. In one 
of the more detailed studies, increasing the dietary protein concentration from 9% to 
45% was found to have minimal effects on cancer, as indicated by the development of 
mammary, skin or skeletal muscle tumors (50). However, Silverstone andTannenbaum 
(57 ) observed that a low protein diet (9%) suppressed the development of spontaneous 
hepatomas. Studies that have examined the impact of dietary protein on chemically 
induced tumors have generally revealed that tumor formation and growth are de
pressed when diets contain limiting quantities of protein or essential amino acids. 
Changes in drug-metabolizing enzymes are proposed to account for the observed 
inhibitor effect of inadequate protein or amino acid intake on tumor induction (52). 

The impact of dietary protein likely depends upon its content of individual amino 
acids. While deficiency of an essential amino acid typically retards tumor growth, the 
specificity of this effect is questionable. The impact of supplemental amino acids on 
cancer risk has not been as thoroughly evaluated. Nevertheless, some amino acids 
have been shown to modify the incidence of chemically induced tumors or to modify 
the growth of transplantable tumors (53,54). A significant body of literature suggests 
that arginine supplementation reduces tumorigenesis in experimental animals (54). The 
mechanism by which arginine alters tumor growth is unknown, but it may relate to 
hormonal or immunological changes (54,55). 

Carbohydrates. The association between dietary fiber and cancer has received 
widespread attention in recent years. A variety of approaches has been used to address 
this relationship. Mixed results about the association between cereal consumption and 
several types of cancer have been reported, although the vast majority of studies 
indicated the protective effect of foods containing fiber (56). Likewise, animal studies 
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are equally inconsistent with regards to the impact of dietary fiber on colon cancer risk. 
At least part of the variation is explained by qualitative and quantitative differences 
in the fiber sources, animal strains examined, and duration of the experiment (57). Fiber's 
possible effect may be to reduce transit time in the bowel, thereby reducing the time 
the bowel is in contact with potential carcinogens; to alter the intestinal microflora; to 
bind potentially carcinogenic agents; or to dilute toxic compounds, by virtue of its 
hydrophilic property (56). 

Vitamin A . Interest in retinol has stemmed from several epidemiologic investigations 
that have observed an inverse relationship between vitamin A intake and cancer risk. 
It has been recognized, for many years, that vitamin A deficiency increases the 
susceptibility of experimental animals to some chemically-induced tumors; more 
recently, it has been recognized as increasing susceptibility to tumor incidence 
associated with viral induction (57-67). Carcinogen treatment in many cases mark
edly reduces liver stores of vitamin A . Marginal deficiencies may therefore become 
evident following carcinogen exposure and thereby facilitate cellular transformation. 
Interestingly, several studies have reported an inverse association between hepatic and 
plasma vitamin A concentrations with vitamin C levels. The cause of this increase in 
vitamin C is unknown but may relate the compensatory mechanisms needed to resist 
changes in metabolism, as indicated below. 

Retinoids is a term coined to refer to both natural and synthetic analogues of 
retinol. The vitamin A activity of the retinoids is known to depend on specific 
structural characteristics. Nevertheless, several retinoids are known to be effective in 
inhibiting chemical carcinogenesis in the skin, mammary gland, esophagus, respira
tory tract, pancreas, and urinary bladder of experimental animals, in some cases with 
compounds that do not possess vitamin A activity (59-67). Retinoids appear to be most 
efficient when provided continuously (62). While retinoids are generally more effec
tive when administered shortly after carcinogen treatment, delaying the treatment 
frequently results in at least partial protection (65). However, a critical point can be 
exceeded when retinoids are no longer effective. These data suggest that retinoids may 
function in inhibiting the early phase of the promotion stage of carcinogenesis (65). 
Among laboratories inconsistencies in data on the biological effects of retinoids may 
come as a result of investigators choosing, for examination, inappropriate retinoids, 
dosage administered, species tested or initiating carcinogen. 

Dietary β-carotene may also be as important in cancer prevention as preformed 
retinol (64-65). At present it is not clear if vitamin A activity or the presence of 
constituent groups similar to those found in retinol, such as unsaturated double bonds 
or the aromatic characteristic, are the most important determinants of the retinoids' 
efficacy. Nevertheless, it is known that at least one retinoid without vitamin A activity 
is capable of reducing U V induced skin cancer (66). Interestingly, at least some retinoids 
enhance carcinogenesis during some experimental circumstances (67). At present it 
is difficult to generalize about the benefits of vitamin A and retinoid supplements. 

The mechanism(s) by which retinoids inhibit experimental carcinogenesis re
mains largely unknown. While vitamin A deficiency enhances carcinogenesis and 
vitamin A excess inhibits it, there is little evidence that a continuum exists between the 
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deficiency and excess states. Thus, the increased risks of animals to cancer during a 
deficiency state are likely mechanistically and physiologically different from the 
prophylactic and therapeutic effects of near-toxic dosages of retinoids. Several 
vitamin A compounds and analogs are known to inhibit the in vitro microsomal mixed 
function oxidases that metabolize carcinogenic compounds (68). Nevertheless, the 
greatest effect appears to involve the promotional phase of tumor growth (63,69,70). 

The ability of vitamin A and the retinoids to regulate cellular differentiation is 
often cited as their mechanism of action in reducing cancer risk. The importance of 
this action is emphasized by the fact that most primary cancers in human beings arise 
in epithelial tissues dependent upon vitamin A for differentiation. However, vitamin 
A and/or the retinoids may also modify preneoplastic and/or neoplastic cells by 
blocking cellular division or enhancing cellular destruction. In some tissues, retinoids 
can inhibit differentiation, proliferation and D N A synthesis (70, 71). No single 
mechanism appears to examine all of the actions of vitamin A and the retinoids. Of 
the various theories accounting for the effects of retinoids upon cancer promotion, the 
following have received the greatest attention: (A) retinoids participate in sugar 
transfer reactions by means of the intermediate retinyl phosphate mannose, which 
plays a critical role in controlling differentiation and carcinogenesis; (B) retinoids 
control gene expression by interacting with cyclic AMP-dependent and -independent 
protein kinase; and (C) retinoids control gene expression by mediating specific 
intracellular binding proteins in a manner analogous to that observed in steroid 
hormones. Data are available which both support and refute each of these hypotheses, 
as recently reviewed by Roberts and Spom (72). 

Vitamin A has long been known to be associated with immunocompetence, as it 
alters both humoral and cell-mediated immunity (73). In cell-mediated immunity, 
retinoids not only influence the total T-cell population but also stimulate cellular lysis 
and growth inhibition. During the early processing of the antigen by macrophages 
during humoral immunity, retinoids may directly interact with the B-cell or activate 
the B-cell by way of an increased number of T-helper cells (73). 

Significant process has been made in the understanding of the role of vitamin A / 
retinoids in the cancer process. Future research will hopefully identify under what 
circumstances and by which mechanism(s) these anticarcinogenic agents function. 

Vitamin C. Vitamin C has been proposed as a protective against cancer for over 50 
years. In 1936 Eufinger and Gaehtgens (74) proposed that vitamin C influenced the 
pattern of pathologically-modified white blood cells and described the successful 
treatment of a patient with myeloid leukemia. Since then, vitamin C has been 
implicated in human cancer prevention largely upon the basis of several epidemiologic 
studies showing that consumption of foods containing high concentrations of this 
vitamin is associated with a reduction in cancer incidence, particularly cancer 
incidence in the stomach and esophagus (75,76). Results from several clinical studies 
have provided inconclusive evidence about the specific role of vitamin C in human 
carcinogenesis. 

Experimental data from animals and cell culture systems suggest several mecha
nisms by which vitamin C might function in cancer prevention. An important 
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mechanism by which vitamin C may interfere with cancer development is to inhibit 
N-nitrosamine formation. N-nitrosamines' carcinogenicity has been recognized for 
years. Vitamin C effectively competes for nitrite, thereby inhibiting its reaction with 
amines or amides to form carcinogenic nitroso compounds (77,75). Reed and co
workers (79) demonstrated that vitamin C treatment reduced N-nitroso compound 
formation in a selected group of human subjects at risk for gastric cancer. Supplemen
tation of the diet with ascorbic acid and a-tocopherol was found to reduce significantly 
the mutagenic compounds excreted in human feces, suggesting that antioxidants in the 
diet may lower the body's exposure to endogenously formed mutagens (80). 

Glatthaar, et al. (76) have reviewed the mechanisms by which vitamin C may be 
involved in cancer development. The potential for bioactivation of carcinogens by 
microsomal hydroxylation and demethylation systems, and the associated electron 
transport protein components, such as cytochrome P-450, have been observed in 
animal studies to decrease during conditions of ascorbic acid depletion (81). Overall, 
the protection against carcinogen-induced neoplasms that is provided by supplemen
tal ascorbic acid is not impressive, except in experiments where nitroso-compound 
formation is involved. 

The ability of vitamin C to modify tumor cells has been documented through 
studies examining synergism with various drugs, inhibition of the action of cytotoxic 
drugs and interference with tumor cell metabolism (76,82,83). Ascorbate may react 
with free copper ions, thereby leading to enhanced peroxide formation. While such 
metabolic effects may account for the inhibition of some tumor cells, the effectiveness 
of vitamin C may depend upon cellular catalase and peroxidase activities (76). Under 
some conditions it is possible to cause a reversion of chemically transformed cells to 
apparently normal morphological phenotypes, simply by adding ascorbic acid (82). 
Recent studies suggest that vitamin C enhances the immune function, thereby 
reducing the risk of certain types of cancer (83). As a biologic redox reagent, vitamin 
C can interfere with oxidative processes during the functional stimulation of polymor
phonuclear leukocytes and macrophages involving, among other functions, chemo-
taxis and phagocytosis (83). 

Vitamin D and Calcium. Recently 1,25 dihydroxyvitamin D3 has been shown to 
inhibit the proliferation of some neoplastic cells, including the differentiation of 
murine and human myeloid leukemia cells in vitro (84-86). Suppression of growth of 
these malignant cells appears to depend upon a receptor-mediated process. Such 
results point to a previously unsuspected involvement of vitamin D in cell proliferation 
and differentiation and suggest that analogs of the vitamin D may possibly act as 
therapeutic agents in the treatment of malignancy. The mechanism of vitamin D's 
action in the induction of differentiation of the neoplastic cells remains largely 
unknown. Ornithine decarboxylase induction by vitamin D in intestinal cells indicates 
an involvement of the polyamine biosynthesis pathways (87). However, Wood et al. 
(88) suggest that vitamin D is effective in inhibiting papillomas induced by methyl-
cholanthrene, either before or after treatment with phorbol esters, suggesting that 
some other mechanism is involved in the action of this vitamin. 
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The function of vitamin D in differentiation may relate to its action on intracellular 
calcium metabolism. Several studies provide indirect evidence of calcium's possible 
involvement in carcinogenesis, based on calcium's effects on the activity and 
pharmokinetics of carcinogens and promoters and on the ability of carcinogen or 
tumor proliferation to induce disturbances in calcium homeostasis (59,90). Whatever 
the mechanism, calcium seems to have an active role in the promotion of, rather than 
the initiation of, carcinogenesis. The association of calcium-activated oxygen release 
and the expression of tumor promoters is of considerable interest (97). Normal epi
thelial cells cease to proliferate or differentiate in calcium-deprived media; however, 
under the influence of carcinogens or promoters, cells may become resistant to the 
regulatory calcium signals and proliferate. 

Vitamin E . Vitamin Ε (α-tocopherol) is the major radical trap in lipid membranes. 
Few studies have adequately evaluated the role of the lipid phase antioxidants in 
experimental carcinogenesis. However, their potential role is supported by the 
hypothesis that cellular damage produced by active oxygen contributes to the promo
tional phase of carcinogenesis (75) and that antioxidants such as a-tocopherol can, at 
times, protect against this damage. It has been shown that consumption of a diet devoid 
of vitamin Ε for an extended period alters the mixed function oxidase system required 
for carcinogen activation (92). Additionally, it has been demonstrated that a-toco
pherol inhibits endogenous nitrosation reactions leading to the formation of carcinogenic 
nitrosamines, implying that if nitrosation is a determinant of human cancer, then a-
tocopherol should be protective. Support for this hypothesis comes from the 
observation that administering vitamin Ε and ascorbic acid to volunteers consuming 
a Western diet causes a dramatic reduction in fecal mutagenicity (80). The 
anticarcinogenic effects of vitamin Ε have largely been observed with extremely high 
and nonphysiological concentrations of this vitamin (95, 94). While the observed 
effects may relate to reduced lipid peroxidation, other studies suggest that vitamin Ε 
may also be involved in cellular mitosis and D N A production (95). Data by Ip and 
Horvath (96) suggest that vitamin Ε may potentiate the inhibitory effects of selenium 
on the promotion or proliferative phases of carcinogenesis. 

Choline and Other Β Vitamins. Choline deficiency produces pathologic lesions in 
virtually every organ. A dietary deficiency of this vitamin is known to enhance the 
initiating potency of several carcinogens, possibly by modifying the promotion phase 
of carcinogenesis (97-99). Interestingly, choline deficiency may directly impact 
tumor formation (97). Chronic feeding of a deficient diet may increase hepatic tumors 
by allowing for the expression of naturally occurring preneoplastic lesions. Choline 
deficiency is known to enhance liver cell proliferation, reduce the supply of methyl 
groups and cause hypomethylation of D N A (97,100). Enzymatic methylation of D N A 
is recognized as a mechanism for genetic control. Hypomethylation resulting from 
choline deficiency may result in oncogene activation (707 ). Continued research of this 
nutrient is likely to supply valuable information on the mechanism of carcinogenesis. 

Several Β vitamin deficiencies are known to reduce the growth rate of tumor cells 
and to interfere with the normal functioning of the organism. Since these vitamins are 
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essential components of any adequate diet and are necessary for the continued 
maintenance of cellular integrity and metabolic function, such results are not surpris
ing. Inadequate information is available to evaluate broadly the impact of Β vitamin 
intake on the cancer process. Β vitamins, in general, may function in carcinogenesis 
by modulating cellular processes, including growth and immunosurveillance. The 
ability of a deficiency of either vitamin B l 2 or folic acid to enhance the carcinoge
nicity of several chemicals suggests that Β vitamins may be anticarcinogenic (102-104). 
A deficiency of either vitamin Β12 or folic acid may result in a hypomethylation, as 
is the case during choline deficiency, and, subsequently, in the activation of oncogenes. 
Failure of the immune system to defend the host may also account for increased tumor 
development that is observed in cases of deficiencies of these vitamins (105). Folic 
acid and choline metabolism are also interrelated. Perturbations in one lead to 
alterations in the other. Continued examinations of these vitamins and their interre
lationships should add valuable information to the understanding of the cancer 
process. 

Iron, Zinc and Copper. Iron deficiency has been correlated with cancers of the upper 
alimentary tract. Iron deficiency in experimental animals is associated with a fatty 
liver and with a decreased delay in the time of onset of liver tumors (106) Never
theless, insufficient information is available to evaluate adequately the importance of 
dietary iron intakes in cancer risk. 

Copper is an essential nutrient implicated as a positive factor in cancer suscepti
bility. Although some clinical and epidemiological studies have suggested a direct 
relationship betweem plasma copper and cancer risks, little evidence is available 
relating dietary intakes of copper to cancer development. Experimentally, large 
dosages of copper tend to protect against chemically induced tumors (107). The in
fluence of normal intakes of copper does not appear to have been examined ad
equately. 

Zinc, an essential constituent of numerous enzymes, is known to function in cell 
replication and tissue repair. The impact of excess zinc on chemically induced tumors 
has been mixed, some studies showing increased tumor growth, while others report 
decreased tumor development (108,109). Zinc deficiency is also known to modify the 
growth of neoplasms (110). Whether these effects on the growth of established tumors 
are a result of alterations in other nutrients, changes in the immune system or a specific 
effect on cell proliferation, has not been completely resolved. Several studies reveal 
important interactions between zinc and vitamin A . Zinc deficiency influences 
retinaldehyde reductase activity, resulting in a change in the oxidation of retinaldehyde 
to retinoic acid. Indirectly, zinc may also affect vitamin A homeostasis through a 
variety of zinc-dependent enzymes. 

Selenium. The ability of various forms of selenium to inhibit experimentally 
induced tumors is well documented (111-114). Selenium supplementation at con
centrations beyond those necessary to optimize gluthathione peroxidase activity is 
frequently effective in inhibiting the formation of chemically induced tumors in the 
gastrointestinal tract, liver, breast, skin and pancreas. Several studies also document 
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the ability of selenium, as sodium selenite, to inhibit virally induced and transplantable 
tumors. Although selenomethionine and several other organic selenium compounds 
present in foods have not been extensively examined, they appear to be less effective 
than selenite supplementation (775). The ability of this trace element to exhibit such 
dramatic effects across such a variety of experimental conditions suggests a general
ized mechanism, rather than a tissue- or cell-specific reaction (777,772). As observed 
with vitamin A , the continuous intake of selenium appears to be necessary for 
maximum cancer (776). As with retinoids, selenium supplementation during some 
experimental conditions may actually enhance tumor development (777). However, 
there is overwhelming evidence supporting the anticarcinogenic role of this trace 
element. 

The mechanisms of selenium inhibition of carcinogenesis appear complex and are 
poorly understood. Studies have shown that selenium inhibits the initiation phase of 
carcinogenesis (118). In studies with 7,12-dimethylbenz(a)anthracene, at least part of 
the protection appears to relate to the inhibition of an enzyme(s) responsible for the 
formation of anft'-dihydrodiol epoxide adducts (779). Other studies have clearly 
demonstrated the effects of this trace element when provided following carcinogen 
administration. (75,76,88,120). These data suggest that at least part of the inhibitory 
effects relate to a decrease in the promotion phase of carcinogenesis. The intracellular 
form of selenium resulting in cancer inhibition remains unknown but may relate to a 
metabolite formed during detoxification. Selenodiglutathione, a compound formed 
during selenium detoxification, has been shown to be far more effective in inhibiting 
carcinogen binding to D N A and tumor cell growth than equivalent quantities of 
selenium supplied as sodium selenite (777, 779). 

Several studies reveal the interactive nature of selenium with other dietary 
constituents. Two of the most promising candidates for chemoprevention, vitamin A 
and selenium, have been shown to act additively in the inhibition of chemically 
induced mammary cancer (727). Likewise, vitamin Ε provides a more favorable 
environment by protecting against oxidative stress, thereby potentiating the action of 
selenium (722). Other nutrients may have the opposite effect on selenium. For 
example, it has been reported that Vitamin C reduces the chemopreventive action of 
selenite (722). This inhibitory effect of vitamin C likely relates to changes in the 
valence state of selenium. 

Other agents. Considerable evidence indicates that the liberation or generation of 
activated oxygen species (hydrogen peroxide, superoxide anions, hydroxyl radicals, 
etc) within the cell is highly damaging and may directly or indirectly contribute to 
carcinogenesis (123). As indicated above, several dietary antioxidants, including β-
carotene, ascorbic acid or α-tocopherol, can reduce cancer incidence in experimental 
animals. Other agents, such as synthetic antioxidants (e.g. B H A and BHT), also have 
been reported to inhibit tumor formation significantly. Although it is difficult to draw 
firm conclusions, since numerous inconsistencies exist in laboratory and epidemio
logical data about antioxidants per se, there is a strong rationale for a belief in their 
potential protective effects. Various investigators have suggested that phenolic 
antioxidants (BHT, BHA) possibly inhibit carcinogenesis by their ability to alter 
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metabolic activation and not by their antioxidant properties (27). β-carotene, as in
dicated previously, could likewise owe its anticarcinogenic effects to properties other 
than its ability to inhibit free radical generation. A number of metal ions, including 
nickel, cadmium and cobalt, are known to be carcinogenic in animals (124). In
flammatory responses resulting from exposure to these metals may involve the 
formation of active oxygen species. 

An increased risk for developing esophageal cancer has been associated with the 
consumption of alcoholic beverages (125) and of salt-cured, salt-pickled and moldy 
foods (126). The molds which can contaminate foods produce several toxins which 
promote the formation of N-nitrosamine compounds (127). 

Several studies have examined the influence of a number of dietary non-nutrients, 
particularly those in vegetables and fruits, for their influence on the cancer process. 
Many of these chemicals have been shown to protect against the induction of a number 
of neoplasms. Table 2 list some of the compounds found to have an anticarcinogenic 
property. These compounds inhibit carcinogenesis by blocking the bioactivation of 
carcinogens, inducting enzymes that lead to detoxification, or by binding (trapping) 
of the parent carcinogen. Some non-nutrients occurring in foods appear to able to 
block the promotion phase of carcinogenesis. The desire to magnify the beneficial 
effects of the nutrients and non-nutrients against several disorders, including cancer, 
will likely foster the development of new foods or blends of foods. The complex 
interactions of nutrients and non-nutrients may prevent the development of a "magic 
bullet" food, that is capable of substantially reducing cancer risk. Nevertheless, this 
complexity should not serve as the basis for delaying the search for new or novel foods. 
At the very least, the development of new or novel foods will offer the consumer 
greater flexibility in choosing an acceptable diet. Until these new or novel foods are 
developed, it is prudent to incorporate generous amounts of fruits and vegetables into 
ones diet. 

Table 2. Incomplete List of Non-Nutrients Found in Foods 
Known to Alter Experimental Carcinogenesis 

Coumarins 
Isothiocyanates 
Phenols 
Terpenes 
Organosulfides 
Conjugated fatty acids 

Ellagic Acid 
Dithiolethiones 
Flavones 
Indoles 
Glucarates 
Tannins 

Summary and Conclusions 

Cancer remains a major threat to many Americans. Epidemiological and laboratory 
findings provide rather convincing evidence for a relationship between dietary habits 
and the incidence of cancer. Several nutrients appear to be capable of modifying the 
carcinogenic process at specific sites, including carcinogen formation and metabo
lism; initiation, promotion and tumor progression; cellular and host defenses; cellular 
differentiation; and tumor growth. Unquestionably, dietary habits are not the sole 
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determinant of cancer; but they may represent a significant factor in which control is 
possible. Adjustment of dietary practices to conform to generalized dietary goals may 
not be necessary, or even appropriate, for all segments of the population. Sophisti
cated techniques and procedures are desperately needed for adequate assessment of 
the potential merit of nutritional intervention for each individual in relationship to his/ 
her cancer risk. A thorough appreciation or understanding of how dietary components 
contribute to or modify the cancer process will require the continuation of carefully 
controlled, probing investigations. Hopefully, future research will lead to the 
recognition of the critical sites in which nutrition intervention would be appropriate 
and will allow for sound and realistic recommendations for dietary practices. 
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Chapter 28 

Food Allergies 

Steve L. Taylor1, Julie A. Nordlee1, and Robert K. Bush2,3 
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Lincoln, NE 68583-0919 

2Department of Medicine, University of Wisconsin, Madison, WI 53792 
3William S. Middleton VA Hospital, Madison, WI 53705 

Food allergies afflict only certain individuals in the population, but the resultant 
adverse reactions can be quite serious on occasion. The foods eliciting these adverse 
reactions are safe to consume for the vast majority of consumers. Many different types 
of mechanisms are involved in these individualistic adverse reactions to foods (1,2). 
The various types of reactions are listed in Table 1 along with some of the common 
foods known to elicit these reactions. 

True Food Allergies 

True food allergies result from an abnormal immunologic response to some compo
nent of a food. Gell et al. (3) classified hypersensitivity into four distinct types des
ignated as types I-IV on the basis of the type of immunologic mechanism involved in 
the reaction. Three of these types of true allergic reactions (types I, III, and IV) may 
occur with foods. The Type I reactions are mediated by immunoglobulin Ε (IgE). 
These reactions are often known as immediate hypersensitivity reactions because the 
onset of symptoms following the ingestion of the offending food is rapid. Type I 
reactions to foods are well known to occur and will be the primary focus of this review. 
Type III reactions are mediated by immune complexes. These reactions would 
typically occur 4-6 h after ingestion of the offending food. However, uncertainty 
exists regarding the importance of Type III reactions to foods (4), and they will not be 
discussed further. Type IV reactions, also sometimes referred to as delayed hyper
sensitivities, involve sensitized immune cells. These reactions would occur on a 
delayed basis (>6 h after ingestion of the food). Only a few examples such as contact 
dermatitis due to contact of the skin of a sensitive individual with a certain type of food 
are well established as Type IV reactions. Since these reactions tend to occur primarily 
in food handlers, they will not be discussed further. Celiac disease, an abnormal 
sensitivity to the cereal grains, wheat, rye, barley, and oats, may be a Type IV reaction 
(5) but considerable uncertainty exists regarding the mechanism of this illness at the 
present time. 

0097-6156/92/0484-0316$06.00/0 
© 1992 American Chemical Society 

 J
ul

y 
15

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 F
eb

ru
ar

y 
14

, 1
99

2 
| d

oi
: 1

0.
10

21
/b

k-
19

92
-0

48
4.

ch
02

8

In Food Safety Assessment; Finley, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



28. TAYLOR ET AL. Food Allergies 317 

Table 1. Individualistic Adverse Reactions to Foods 

Reactions Implicated Foods 

True Food Allergies 
IgE-Mediated Reactions 
(Immédiate Hypersensitivities) 

Non-IgE-Mediated Reactions 
(Delayed Hypersensitivities) 

Other Food Sensitivities 
Anaphylactoid Reactions 
Metabolic Food Disorders 

Lactose intolerance 
Favism 

Idiosyncratic Reactions 
Sulfite-induced asthma 
Aspartame-induced urticaria 
Celiac disease 
Tartrazine-induced urticaria 

Many others 

Cows' milk, eggs, 
legumes, Crustacea, 
fish, tree nuts, 
many others 
Significance unknown 

Strawberries 

Dairy products 
Fava beans 

Sulfites 
Aspartame 
Wheat, rye, barley, oats 
Tartrazine 
Many others 
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In Type I reactions, susceptible individuals produce an allergen-specific IgE in 
response to exposure to an allergen. In the case of food allergies, this exposure would 
occur primarily from the ingestion of foods containing allergenic proteins (6,7). The 
production of allergen-specific IgE distinguishes individuals with allergies from non-
allergic individuals. The IgE antibodies bind to the surfaces of mast cells and 
basophils thereby sensitizing these cells. 

Upon subsequent exposure to the allergen, the allergen cross-links IgE molecules 
on the surface of the sensitized cells. This event triggers the degranulation of the mast 
cells and basophils through a complex series of biochemical events. The mast cells 
and basophils possess numerous granules that contain the mediators of allergic 
disease. As many as 40 mediators of allergic reactions have been identified in these 
cells (8). These mediators are released into the bloodstream, interact with a wide 
variety of cellular and tissue receptors, and are responsible for the various symptoms 
associated with food allergies. 

Table 2 provides a list of the symptoms most commonly associated with IgE-
mediated food allergies. The cutaneous symptoms such as urticaria and atopic 
dermatitis are quite common. The gastrointestinal symptoms such as nausea, vom
iting, and diarrhea are also frequently encountered but not particularly definitive. 
Respiratory symptoms are less commonly associated with food allergies than with 
other types of environmental allergens where the respiratory route is the major route 
of exposure. On rare occasions, very serious reactions can occur; several deaths have 
recently been attributed to allergic reactions to foods (9-77). Although many 
symptoms are associated with food allergies, most allergic individuals experience 
only a few of these symptoms. 

The prevalence of IgE-mediated food allergies in the overall population is not 
known. However, this form of food allergy probably affects fewer than 1% of the 
overall population (12), although estimates of prevalence range from 0.3% to 7.5% 
of the population for all forms of food allergies (12-14). Certainly, infants and young 
children are more likely to suffer from IgE-mediated food allergies than adults. 
Careful clinical evaluations have demonstrated that adverse reactions to foods, many 
of which are likely to be IgE-mediated food allergies, occur in 4-6% of infants and 1-
2% of young children (15,16). Public perceptions of the prevalence of food allergies 
are often much higher but many of these complaints involve adverse reactions that are 
unproven and/or likely non-allergic in nature (77). Some investigators have dem
onstrated that some reports of food allergies can be attributed instead to psychological 
and emotional ailments (18-20). 

Infants and young children have a higher prevalence of IgE-mediated food 
allergies than adults because some infants will outgrow their sensitivities to foods (27-
25). Infants who develop food allergies before their first birthdays are especially likely 
to outgrow this condition (27). Allergies to some foods such as cows' milk and eggs 
are more likely to be outgrown than allergies to certain other foods especially peanuts 
(21-24). Presumably, this loss of sensitivity is due to enhanced protein processing in 
the gastrointestinal tract, increased maturity of the gastrointestinal tract, and the 
development of blocking antibody responses especially secretory IgA responses in the 
gut lumen (22). 
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Table 2. Common Symptoms of IgE-Mediated Food Allergies 

Gastrointestinal Symptoms 
Nausea 
Vomiting 
Abdominal cramping 
Diarrhea 
Colic 

Cutaneous Symptoms 
Urticaria 
Angioedema 
Atopic Dermatitis 

Respiratory Symptoms 
Rhinitis 
Laryngeal Edema 
Bronchospasm 
Asthma 

Other Symptoms 
Migraine Headache 
Anaphylactic Shock 

The diagnosis of the various immunological and non-immunological food sensitivi
ties first requires the establishment of a causal basis for the suspect food in the adverse 
reaction. Sometimes, especially in the case of severe, IgE- mediated reactions, the 
diagnosis can be made accurately on the basis of the patient's history. However, 
historical accounts can be misleading, and over- reliance on this diagnostic procedure 
is not advocated. Challenge tests are often needed to establish the causal role of 
specific foods in adverse reactions. 

Although several approaches are available in challenge testing, the double-blind 
challenge test (DBCT) is the most reliable type of challenge procedure (26-29). DBCTs 
should not be used in situations involving patients who provide histories of severe life-
threatening reactions (26). Other challenge procedures involve single-blind or open 
challenges which have been used in some studies (30,31). 

Once the cause-and-effect relationship with foods has been established, the role of 
IgE must be proven to establish the diagnosis of immediate hypersensitivity. Several 
procedures including the skin prick test and the radioallergosorbent test (RAST) are 
available to detect the existence of food allergen-specific IgE (32,33). 

For all of the various types of true food allergies and other food sensitivities (Table 
1), the principal method of treatment is the specific avoidance diet (34). The affected 
individuals must simply avoid the food(s) that provoke their adverse reactions. In the 
case of IgE-mediated allergic reactions, the tolerance for the offending food can be 
extremely low. The exquisite sensitivity of some patients with IgE-mediated food 
allergies causes them to react adversely to trace levels of the offending food that might 
contaminate other foods (2,34,35). Exposure to very small amounts of the offending 
food has provoked adverse reactions in several well established cases (36 J7). The 

 J
ul

y 
15

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 F
eb

ru
ar

y 
14

, 1
99

2 
| d

oi
: 1

0.
10

21
/b

k-
19

92
-0

48
4.

ch
02

8

In Food Safety Assessment; Finley, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



320 FOOD SAFETY ASSESSMENT 

failure to clean processing equipment or serving utensils thoroughly are examples of 
the situations that can lead to the contamination of foods with potentially hazardous 
allergenic residues (2,35). The severity of the adverse reaction will usually depend on 
the degree of exposure to the offending food. Therefore, reactions to trace quantities 
of the offending foods are often relatively mild. However, inadvertant exposure to 
larger amounts of the offending food can elicit very severe reactions in some cases. 
Several deaths and extremely severe reactions have been associated with inadvertant 
exposures to foods which the patients realized would cause severe reactions (9J7J8). 
Clearly, patients with IgE-mediated food allergies especially those with severe 
sensitivities must carefully scrutinize food labels. However, these individuals can be 
plagued by the undeclared uses of certain ingredients in specific foods, the lack of 
labelling on some types of foods, the lack of labelling in restaurant and other 
foodservice settings, and the inadvertant contamination of one food with another. 

The presence of the allergen in the food is obviously a prerequisite for provocation 
of an IgE-mediated allergic reaction. Some foods may not contain the allergen. For 
example, edible oils do not appear to contain the proteinaceous allergens that exist in 
the seeds from which the oil is extracted (39-41). Some food processes may drastically 
modify allergenic proteins to the point that they lose their allergenicity. Hydrolysates 
of some food proteins are apparently not allergenic (42,43) but the extent of hydrolysis 
is extremely important and partially hydrolyzed proteins should be viewed with 
skepticism. The allergenicity of specific foods can be compared to the native food 
product through use of the RAST inhibition test (42). 

Allergic reactions can also occur due to the cross reactions that exist between 
closely related foods. Common examples include the cross reactions between goats' 
milk and cows' milk (44) and the various species of avian eggs (45). Some cross reactions 
occur much less frequently such as those between the various species of Crustacea 
including shrimp, crab, and lobster (46) and the various species of legumes such as 
peanuts and soybeans (47,48). 

Breast feeding has been advocated by many physicians as a prophylactic treatment 
to prevent the development of food allergies among infants but the results of controlled 
trials of breast feeding versus formula feeding have yielded inconsistent and contro
versial results (49). Despite the confusion, many physicians continue to advocate 
breast feeding for a period of 6-12 months especially for infants with a high risk for 
the development of food allergies such as those infants bom into families with histories 
of allergic disease. Curiously, breast feeding probably also provides the best example 
of the exquisite sensitivity of allergic individuals. Numerous reports exist of infants 
who have developed food allergies during an extended period of exclusive breast 
feeding or upon the first known exposure to a specific food (50-52). Apparendy, these 
infants were sensitized by exposure to the trace amounts of food proteins secreted in 
breast milk and emanating from the mothers' diet (53). 

Because of the exquisite sensitivity of some individuals with IgE-mediated food 
allergies, it is desirable to have methods to detect trace quantities of food allergens in 
other foods or in breast milk. Typically, radioimmunoassays or RAST inhibition tests 
have been used for this purpose (36,53,54). These tests do not necessarily need to be 
specific for the allergenic protein(s). If one or a mixture of peanut proteins is detected 
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for example, it is easy to assume that the allergenic protein(s) are likely to be present. 
In the case of celiac disease, several highly specific immunoassays based on mono
clonal antibodies have been developed to detect traces of gliadin or gluten in other 
foods (55,56). 

While the specific avoidance diet is clearly the most effective and widely used 
treatment for IgE-mediated food allergies and for many of the other types of food 
sensitivities, other treatments do exist. Elimination diets involve the simultaneous 
removal of a variety of possible allergenic foods (57,58). These diets are difficult to 
sustain over long periods of time but do find application in the initial treatment of 
conditions where the offending foods are difficult to identify. Attempts to use 
elimination diets outside of the controlled clinical setting are fraught with difficulty 
(59). 

Pharmacological treatments are available to treat the symptoms of food allergies. 
Patients with histories of life-threatening reactions to foods are advised to carry 
epinephrine-filled syringes for emergency use (60), and epinephrine is the treatment 
of choice for severe reactions. Antihistamines are a common form of intervention in 
mild cases of allergic reactions (61), but cannot be relied upon to forestall severe 
reactions. Prophylactic pharmacologic treatments remain in the investigational stage 
of development. Although several agents, including sodium cromolyn, have been 
tested, the results are inconsistent (2) and their use cannot be recommended. Immu
notherapy isacontroversial prophylactic treatmentforfoodallergies (2,67) which carries 
the risk of producing severe allergie reaction, and therefore, is contraindicated at the 
present time. 

While a wide variety of foods can be implicated in IgE-mediated food allergies, 
some foods are implicated much more frequently than others. Since most known food 
allergens are proteins, any food containing protein could theoretically have the 
potential for sensitization and the subsequent provocation of allergic reactions. 
However, some foods with high levels of protein such as beef, pork, and chicken are 
rarely implicated in food allergies. The most common allergenic foods in infants in 
the U.S. are cows' milk, eggs, peanuts, and soybeans (2,34). The most common al
lergenic foods among adults in the U.S. are legumes (particularly peanuts and 
soybeans), Crustacea, molluscs, fish, tree nuts, eggs, and wheat (2,34). The situation 
may vary in other countries in relation to the importance of specific foods in the diet. 
Soybeans are common food allergens in Japan, and codfish is a common allergenic 
food in Scandanavian countries (34). 

Only a few of the allergenic food proteins have been isolated, identified, and 
characterized. Table 3 lists these known allergenic proteins from cows' milk, eggs, 
peanuts, soybeans, codfish, shrimp, green peas, rice, cottonseed, and tomato (6,7,34). 
In many cases, these allergens have been only crudely purified into fractions containing 
a number of proteins. It is widely accepted that many foods contain multiple allergens, 
although the reasons for this multiplicity are unclear. The characteristics of these 
known food allergens have been extensively reviewed elsewhere (6,7,62). 

Allergenic food proteins tend to have several features in common (6). First and 
most obviously, the proteins must be capable of stimulating IgE production in 
susceptible individuals. Some proteins appear to be more immunogenic than others. 
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Table 3. Known Allergenic Food Proteins 

Food 

Cows' milk 

Egg whites (Gallus domesticus)1 

Egg yolks 

Peanuts 

Soybeans 

Codfish (Gadus mllariasf 
Shrimp 
Green peas 
Rice 

Cottonseed 
Tomato 
Papain 

Source: Adapted from Reference 34. 
* Reference 82. 

Allergenic Proteins 

Casein 
β-lactoglobulin 
a-lactalbumin 
others 
Ovomucoid (Galdl)* 
Ovalbumin (Gald Π) 
Ovotransferrin (conalbumin) (GaldlR) 
Lysozyme 
Ovomucin 
Livetin 
Apovitellenin I 
Apovitellenin VI 
Phosvitin 
Peanut I 
Lectin-reactive glycoprotein 
Arachin 
Conarachin 
β-Conglycinin (7S fraction) 
Glycinin (1 IS fraction) 
2S Fraction 
Kunitz trypsin inhibitor 
Unidentified 20kD protein 
Allergen M (parvalbumin) (Gad c I)a 

Antigen Π 
Albumin fraction 
Glutelin fraction 
Globulin fraction 
Glycoprotein fraction 
Several glycoproteins 
Papain 
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The reasons for these differences in immunogenicity are not entirely clear but the host 
obviously recognizes these highly immunogenic proteins as being more foreign (6). 
Complex proteins with numerous antigenic determinants are most likely to be highly 
immunogenic (6). The severity and persistence of peanut allergy could possibly 
indicate that the peanut allergens are particularly potent immunogens. 

The molecular size and shape of the protein is important for several reasons. 
Histamine release from mast cells and basophils requires the allergen to bridge 
between IgE antibody molecules on the surface of the mast cell or basophil membrane. 
Thus, the allergens must have the proper geometry to allow such bridging. Most food 
allergens fall in the molecular weight range of 10,000 to 70,000 which may be ideal 
for bridging (6,63). Bridging also requires that the allergen possess two or more 
allergenic determinants or epitopes located at suitable distances equivalent to the 
spacing between the IgE molecules on the membrane surface (6,63). Bridging may be 
less dependent on molecular size than molecular shape. Also, there is no evidence to 
conclude that the two or more epitopes on an allergen have to be identical (6,63). The 
spacing between the IgE molecules on the membrane surface may be variable allowing 
for greater flexibility in allergen structure. The optimal size for food allergens is 
further dictated by two other requirements: the immunogenicity of the protein and its 
intestinal permeability (6). Smaller proteins would tend to be less immunogenic and 
a molecular weight of 10,000 probably represents the lower limit needed to stimulate 
an immunogenic response. Intestinal permeability may constrain the upper limits on 
the size of food allergens. Proteins in excess of a molecular weight of 70,000 are not 
likely to be efficiently absorbed in the intestinal tract. Some of the proteins listed in 
Table 3 are considerably larger than the upper molecular weight limit of 70,000 but 
these proteins are known to exist in polymeric form and have monomers within the 
predicted molecular weight range. 

Allergenic food proteins must possess several other key attributes. First, these 
proteins must be reasonable stable to food processing treatments (1,6). Many of the 
known food allergens are comparatively heat-stable and acid-stable (6,43). Food 
allergens must also survive the proteolytic processes of digestion (1,43). Although 
these proteins can be partially hydrolyzed in the process of digestion, immunologi
cally active fragments must survive digestion and reach the IgE-producing cells of the 
gut wall. In general, most food allergens are known to be comparatively more resistant 
to proteolysis than other proteins. This feature coupled with the acid stability insures 
that these proteins will reach the intestinal mucosa in immunogenic form. 

The structure of most of the known food allergens is not well understood. 
Although the general structures of some of these proteins such as the milk proteins 
have received considerable study, the features which are responsible for their aller
genic activity are unknown. The notable exception is codfish allergen M or by new 
nomenclature Gad c I which has been extensively purified and characterized (64-66). 
Gad c I is a sarcoplasmic protein from codfish muscle belonging to a group of calcium-
binding proteins known as paralbumins (64). Gad c I has a molecular weight of 
12,328 and is comprised of 113 amino acid residues and one glucose molecule (67). 
Gad c I is arranged in three domains designated loops A B , CD, and EF (68). Loops 
CD and EF bind calcium so allergen M is a calmodulin (68). Gad c I contains several 
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IgE-binding sites as expected (68). Hexadecapeptides located in loop C D from 
residues 49 to 64 and in loop EF from residues 88 to 103 are able to bind spécifie IgE 
(69,70). These two binding sites are not identical (69,70). A third IgE-binding site 
located in loop A B from residues 13 to 32 may also exist (68) but further confirmation 
is needed. Thus, Gad c I appears to possess the multiple IgE-binding sites that would 
be necessary to bridge IgE molecules on the surfaces of mast cell and basophil 
membranes. Gad c I also survives partial proteolysis with trypsin, pepsin, subtilisin, 
and pronase, although extensive proteolysis will destroy its immunogenicity (71 ). The 
ability of small peptide fragments of Gad c I to bind IgE from cod-allergic patients 
(69,70) suggests that fairly extensive proteolysis would be required for a loss of 
immunologic activity. The allergenicity of Gad c I is resistant to denaturation with 
urea/p-mercaptoethanol or guanidinium HC1 suggesting that conformational structure 
was not especially important to its immunogenicity (72). Gad c I is the only food 
allergen that is understood in such detail. Obviously, our understanding of IgE-
mediated food allergies would increase substantially with greater knowledge of the 
chemistry of other food allergens. 

Other Food Sensitivities 

In addition to the true food allergies discussed above, many other individualistic 
adverse reactions to foods occur (2,43). These food sensitivities occur through many 
different non-immunological mechanisms. Like true food allergies, these other food 
sensitivities affect only certain individuals in the population. Unlike food allergies, 
abnormal immunological responses to food components are not involved in these 
illnesses. The three major classes of non-immunological food sensitivities are 
anaphylactoid reactions, metabolic food disorders, and idiosyncratic reactions (Table 
1). 

Anaphylactoid reactions involve the non-immunological release of mediators 
from mast cells and basophils. The mediators are identical to those implicated in the 
true food allergies, but IgE is not involved in mediating the release of the mediators 
in anaphylactoid reactions. The nature of the non-immunological release of mediators 
from mast cells and basophils in anaphylactoid reactions remains undefined. In fact, 
the evidence for the existence of anaphylactoid reactions is largely circumstantial. 
Presumably, some substance in the offending food destabilizes the mast cell membranes 
causing a spontaneous release of histamine and other mediators. However, none of 
these substances has ever been identified in foods. The most persuasive evidence for 
the existence of anaphylactoid reactions is the lack of evidence for immunological 
involvement in a few types of food sensitivity. The classic example is strawberry 
allergy (7,43). Strawberries are well known to cause urticaria in some individuals, but 
strawberries contain little protein and no strawberry allergen or strawberry-specific 
IgE has ever been proven to exist. The symptoms of strawberry sensitivity resemble 
some of the common symptoms observed in true food allergies so the in vivo release 
of histamine and other mediators through non-immunological mechanisms seems a 
plausible explanation. 
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Metabolic food disorders result from genetically based defects in the ability to 
metabolize a food component or that enhance the sensitivity to an ingested chemical 
through some alteration in the metabolic pattern (2,34). The best examples of 
metabolic food disorders are lactose intolerance and favism (Table 1). Lactose 
intolerance is based on an inherited deficiency in the activity of intestinal β-
galactosidase (73). The result is an intolerance to lactose, the principal sugar in milk 
and other dairy products. Since the lactose cannot be hydrolyzed and absorbed in the 
small intestine, the lactose passes into the colon where bacteria metabolize the lactose 
to C 0 2 , H 2 , and H 2 0 (2). This bacterial metabolism of lactose in the colon gives rise 
to the hallmark symptoms of lactose intolerance - abdominal cramping, flatulence, and 
frothy diarrhea (2,34). Lactose intolerance affects a substantial number of people on 
a worldwide basis, although certain ethnic groups such as Greeks, Arabs, Jews, black 
Americans, Hispanics, Japanese, and other Asians are affected in greater proportion 
than Caucasians (73). Favism is an intolerance to the ingestion of fava beans, a 
commonly consumed legume in some parts of the world (2,34). Favism affects in
dividuals with an inherited deficiency of the enzyme, glucose-6- phosphate dehy
drogenase in their red blood cells (34). Without this enzyme, the red blood cells are 
susceptible to oxidative damage by several naturally occurring oxidants, known as 
vicine and convicine, in fava beans (34). The resulting symptoms are those of he
molytic anemia, namely pallor, fatigue, dyspnea, nausea, abdominal and/or back pain, 
fever, and chills (34). The deficiency of glucose-6-phosphate dehydrogenase is the 
most common enzymatic defect in humans, and favism would be much more common 
if fava beans were more widely consumed (34). Metabolic food disorders are typically 
treated by avoidance of the offending food, although most of the affected individuals 
can tolerate at least small quantities of the offending food (2). 

Many adverse reactions to foods that affect certain individuals in the population 
occur through unknown mechanisms (2). These types of food sensitivities are known 
collectively as food idiosyncrasies (2,34). Obviously, this category of food sensi
tivities could include a broad range of illnesses associated with a large number of foods 
or food components involving a myriad of mechanisms and displaying a wide variety 
of symptoms from the trivial to severe, life-threatening reactions. Only a few food 
idiosyncrasies have well established links to the ingestion of specific foods or food 
components. For the vast majority of food idiosyncrasies, the association with specific 
foods has not been firmly established and thus the role of foods in these illnesses 
remains unproven and controversial (34). A few food idiosyncrasies such as 
hyperkinesis from the ingestion of food coloring agents have been largely disproven 
(74), although many consumers persist in their belief of the existence of these illnesses. 

The established food idiosyncrasies include sulfite-induced asthma (75,76), celiac 
disease (5,77), and aspartame-induced urticaria (78). While the mechanisms involved 
in these illnesses remain unknown, the existence of these sensitivities and the role of 
foods in the causation of these conditions are indisputable. Sulfite-induced asthma is 
triggered in sensitive individuals by the ingestion of sulfites which are widely used 
food additives and ingredients (75,76). Severe asthmatics are more likely to expe
rience this sensitivity but it affects only about 1-2% of all asthmatics (79). Sulfite 
sensitivity can provoke serious, life-threatening responses in sensitive individuals 
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(75,76). However, most sulfite-sensitive asthmatics can tolerate small quantities of 
sulfites with no ill effects (80). Celiac disease, also known as celiac sprue or gluten-
sensitive enteropathy, is characterized by malabsorption of nutrients from the intestine 
as a consequence of damage to the absorptive epithelial cells of the small intestine. The 
intestinal damage occurs in sensitive individuals following the ingestion of certain 
cereal grains - wheat, rye, barley, and oats (77). The protein fraction of these grains 
is involved in the response. Several mechanisms have been proposed including Type 
IV food allergy (5) and metabolic food disorder (2,77). However, the mechanism 
remains unknown despite considerable research effort. Celiac disease affects about 
1 in every 3000 persons in the U.S. (77). The tolerance for cereal grains among 
individuals with celiac disease is not precisely known but is thought to be quite low 
(2,57). Aspartame-induced urticaria is a well established condition (78). However, 
this adverse reaction is rather mild and self-limited. The number of individuals 
affected by this sensitivity is unknown pending further investigations. 

Conclusion 

Food allergies and related diseases affect only a small number of individuals in the 
overall population. However, the symptoms can occasionally be quite severe, and 
even life-threatening. Also, the tolerance for the offending foods is extremely low in 
the cases of true food allergies and celiac disease. Many different mechanisms are 
involved in food allergies and the many related diseases. Only IgE-mediated food 
allergies have been well defined in terms of mechanism. Much further research is 
needed to elucidate the mechanisms and nature of the foodborne substances provoking 
these conditions. 
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Chapter 29 

Chemical Safety of Irradiated Foods 

George G. Giddings 

Consultant, 61 Beech Road, Randolph, NJ 07869 

Food irradiation, carried out according to well-established principles and procedures 
developed worldwide over decades, yields safe, wholesome foods and feeds, and their 
irradiated raw materials and ingredients, with minimal overall energy deposition, or 
noticeable change in their characteristics! In fact, often the irradiated product can be 
chemically and/or microbiologically "safer" than the non-irradiated counterpart, a 
feature that is being taken advantage of in a growing list of countries. Such statements 
can now be made with utmost confidence thanks to the global efforts of a legion of 
researchers and evaluators, past and present, who devoted significant portions of their 
professional careers to objectively addressing the question of irradiated food safety/ 
wholesomeness, competently employing state-of-the-art approaches and techniques 
of scientific research and peer review. Ironically, if not surprisingly given the name 
of this process/treatment, as the "fruits" of this decades-long global effort were 
appearing in the 1980s in the form of positive World Health Organization and Codex 
Alimentarius actions at the international level plus national approvals and industri
alization initiatives, all based on unshakeable facts and absence of reasonable doubt, 
an unlikely (professionally) cast of predisposed characters, attracted by such highly 
visible public events, set about making part-or-full-time "careers", or sidelines out of 
opposing food irradiation. They employ such time-worn tactics as false and misleading 
misinformation-cum-politicization campaigns coupled to standard-fund-raising 
techniques. Business must be good, for as we begin the decade of the '90s such 
disparate individuals and groups have coalesced into something of a coordinated 
international, largely single-issue activist network. 

The three fundamental aspects of "whole" irradiated food safety/whole-someness 
are, of course, (a) toxicological safety, (b) microbiological safety, and, (c) nutritional 
adequacy. Proof beyond reasonable doubt of toxicological safety also applies to, for 
example, dry ingredients such as irradiated spices and seasonings, but not nutritional 
adequacy or microbiological safety since such are not significant sources of dietary 
nutrients, and irradiation can only improve their microbiological hygiene and safety 
which is the reason for irradiating them in the first place. In the context of toxicological 
safety of irradiated whole foods, food raw materials (e.g, irradiated grains) and 

0097-6156/92/0484-0332$06.00/0 
© 1992 American Chemical Society 
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ingredients (e.g., irradiated spices and seasonings), earlier testing, going at least as far 
back as the 1920s, relied virtually entirely on biological tests, notably animal feeding 
studies. In fact, animal feeding of irradiated foods was one of the very first uses of the 
so-called rodent bioassay, way back in the 1920s (7), but still over a quarter century 
after the concept of radiation preservation of foods arose and was published upon in 
the late 1890s (2)1 The application of analytical chemical methods to the question of 
irradiated food toxicity came along later, and represents probably the most conclusive 
proof yet of their toxicological safety. Similarly, biological tests including micro
biological "feeding studies" contributed considerably to addressing the question of the 
impact of irradiation on macro- and micronutrients, and nutritional adequacy of 
irradiated diets and foods. But, here again, results of analytical chemical evaluations 
contributed as much or more to addressing this aspect as well (with the caveat that 
analytical chemical methods can measure what is present and in what quantities, but 
not bioavailability and efficiency of utilization of nutrients). Finally, to complete the 
picture it must be noted that analytical chemistry is the foundation for several 
dosimetric methods of measuring absorbed ionizing energy as well as methods of 
detecting whether-or-not a food has been irradiated. 

The remainder of this chapter focuses primarily on the role of analytical chemistry 
coupled with theoretical and experimental radiochemistry (of water and other food 
constituents in this instance) in establishing the toxicological safety of irradiated foods 
and their irradiated raw materials, ingredients and packaging materials, in keeping 
with the symposium theme. In doing so the intent of this chapter is noi to present a 
comprehensive survey of irradiated food chemistry studies conducted worldwide over 
recent and not so recent decades. That would require at least one weighty volume, and 
several recent volumes on food irradiation devote considerable space to this aspect 
alone (e.g., 3, 4, 5, 6, 7). Rather, the following is an attempt to briefly document, 
employing selected key references, chemistry's special place in the establishment of 
irradiated food (and ingredient, etc.) toxicological safety/wholesomeness, and to trace 
the "evolution" of this development. In the context that a few selected extracts from 
the enormous volume of published irradiated food chemistry data couldn't begin to do 
justice to the sum total, the interested reader is invited to consult the several references 
at the end of this chapter that consolidate much of such data. One set of data that played 
a central role in addressing toxicological safety of food irradiation (see below) is 
presented in Table 1. 

The Chemical Safety of Irradiated Foods 

In the context of chemical/toxicological safety of irradiated foods, the fundamental 
questions to be answered were, of course , what takes place chemically as a food 
absorbs discreet quanta, or accelerated electrons, of ionizing energy in the millions of 
electron volts — each range (now set at no greater than 10 MeV) to total absorbed 
energies ("doses") approximately between 0.01 and 100 kiloGrays (depending upon 
the application), and, what are the stable end-products and their toxicological rami
fications, if any? Especially early-on, answering such questions was hampered by a far 
less than complete knowledge of food composition per-se, especially at the 
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microconstituent level, and, a paucity of the kinds of sophisticated instrumental 
methods of analysis and information processing that we take for granted today. This 
situation changed rapidly in the course of recent decades, and it is worth pointing out 
that irradiated food chemical analysis contributed importantly to our general knowledge 
of food composition, just as early irradiated food animal feeding studies did for our 
knowledge of test animal nutrient (especially vitamin) requirements. 

A major factor leading to the application of chemical analysis to determine the 
toxicological safety of irradiated foods was the classification of food irradiation as a 
food additive by the U.S. Congress in enacting the 1958 Food Additives Amendment 
of the Federal Food, Drug and Cosmetic Act; soon followed by the Food and Drug 
Administration determination that the whole product as irradiated and consumed shall 
be considered the additive for animal feeding test purposes and not extracts/fractions 
thereof (5). Nearly twenty years later, radiation chemist and food irradiation 
chemistry authority Jack Schubert in effect upheld this determination when he argued 
against the use of concentrated extracts in animal feeding studies, stating "There really 
is no substitute for feeding the intact food..."(9). This is not to say that qualitative/ 
quantitative chemical analyses of radiolytic products in the context of establishing 
irradiated food safety wasn't already being done, or would not otherwise have been 
done; rather, it is to say that this classification by the Congress and follow-up ruling 
by the FDA over thirty years ago, for all practical purposes rendered chemical 
evaluation essential given the inherent insensitivity of feeding whole irradiated foods 
to test animals. 

It must be noted in this regard that anti-food irradiation special interest activists 
who demand the feeding of concentrated radiolytic products (e.g., xlOOO-or-greater 
their concentration in the irradiated food in question) are apparently unaware of, or 
ignore the points that (a) very early-on the FDA required that the whole foods as 
irradiated and consumed be the feeding test subject, (b) nevertheless, concentrated 
extracts of irradiated foods have on occasion been fed to test animals in the U.S. and 
else where with no untoward results, and requiring (c) to justify the subjecting of an 
identified, individual, known radiolytic product or mixture of same to animal feeding 
study, it/they would first need to be toxicologically suspect from the structure/ 
reactivity standpoints as well as be being present at significant levels in the food(s). 
This writer contends that no such case exists following decades of searching, and 
challenges the activists to submit any they feel otherwise about to scientific peer 
review with accompanying detailed arguments! It is the strongly held view of this 
writer that the activists' call for animal feeding trials with concentrated radiolytic 
products is no more than a "red-herring" obstructionist ploy to begin with; one that 
appeals to like-minded lay people including predisposed politicians, but is easily "seen 
through" by competent, knowledgeable scientist professionals, as illustrated in 
Pamela Zurer's incisive "Food Irradiation: A technology at a turning point" article in 
the May 5,1986, Chemical & Engineering News. No amount of testing of any kind 
will ever win over the determined, hard-core, self-serving anti-food irradiation 
activists in any case and such demands should be treated accordingly. Finally, (d) the 
more direct testing method of analytical chemical analysis of irradiated foods is 
typically done on concentrated extracts of the foods in question! That is, the evaluation 
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of concentrated extracts of irradiated foods has not only been done, it has been 
extensively done via the direct analytical chemical approach, in addition to what has 
been done on same via animal feeding. 

Interestingly, the theoretical and experimental chemistry efforts that contributed 
so importantly to establishing the toxicological safety of irradiated foods and ingre
dients were actually for-the-most-part undertaken with the aim of elucidating the 
underlying chemical nature of changes in eating quality attributes, especially flavor, 
detected and described primarily through sensory evaluation. In the early Post-World 
War II period, with the gradual resumption of global food irradiation R&D, irradia
tion-induced flavor changes became of particular interest to researchers. Such were 
logically attributed to irradiation-induced changes in "volatile" (a relative term, of 
course) flavor-note components. With the growing availability of gas chromatographs 
in particular, beginning in the 1950s, instrumental flavor analysis in general, including 
"irradiation flavor" of foods took off, and "the rest is history". In connection with the 
U.S. Army's food irradiation program, which at that time was based at the Quarter
master Food and Container Institute, Chicago, volatile flavor component analysis (of 
radiation-sterilized meats in particular) began in-earnest in the mid-to-late 1950s at the 
Army's Natick, Massachusetts Research, Development and Engineering Laboratories. 
This monumental effort reached its zenith in the 1960s-70s in the hands of Drs. 
Charles Merritt, Jr. and Pio Angelini and co-workers of Natick's Pioneering Research 
Division, during which time gas chromatography was coupled to mass spectrometry 
and computerized data processing to provide a formidable state-of-the-art combina
tion. Progress was also facilitated by the relocation of the Army food irradiation 
program from Chicago to a new fully equipped facility at Natick in 1962-63. During 
the earlier part of this period, from the late '50s through much of the '60s a nearby 
parallel and cooperative effort took place at the Massachusetts Institute of Technology 
Department of Nutrition and Food Science under the direction of Dr. Emily Wick. At 
the other end of the State, the analysis of irradiated food flavor components was joined 
in the early 1960s by Drs. Wassef Nawar and Irving Fagerson of the University of 
Massachusetts Department of Food Science & Technology. It continues to this day 
under Professor Nawar with emphasis on detection of irradiated foods through 
chemical changes in the lipid fraction. 

The earlier work of Wick et al, and of Angelini and Merritt et al, along with that 
of others was reported at the first of three American Chemical Society food irradiation 
symposia, at Atlantic City in September, 1965, as part of the 150th ACS National Meet 
Meeting (10). The second ACS food irradiation symposium, at the 161st National 
ACS meeting at Los Angeles in April, 1971, was, like the first but less-so, a mixed bag 
of food irradiation chemistry research reports along with more applied papers (77). In 
the meantime, the American Institute of Chemical Engineers had held a similar 
symposium as well at its 60th National Meeting in September, 1966 (72 ). The third 
and latest in the series of ACS symposia on the subject, held at the First Chemical 
Congress of the North American Continent at Mexico City in December, 1975, co-
sponsored with the Chemical Institute of Canada and the Mexican Chemical Society, 
was by contrast virtually exclusively devoted to "hard" irradiated food-related 
chemistry studies (13). This was reflective of the fact that considerable food irradiation 
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chemistry data, accumulated in several countries, was in hand by the mid- 1970s. One 
of those countries, the Federal Republic of Germany and specifically its Institute for 
Radiation Technology at the Federal Research Center for Nutrition, Karlsruhe, was 
host to the all-important International Project in the Field of Food Irradiation, or the 
IFIP, the acronym it was commonly known by. 

The M P , devoted exclusively to irradiated food safety/wholesomeness research, 
was created by agreement of nineteen initial supporting countries, signed in Paris in 
October 1970. Such an international project was deemed desirable, even essential for 
once-and-for-all establishing unequivocally whether-or-not foods irradiated accord
ing to well established principles and procedures to a achieve specific beneficial 
objectives were safe/wholesome beyond reasonable doubt following the USFDA's 
ominous Spring, 1968 rejection of a U.S. Army petition to gain F D A approval of 
radiation-sterilized ham. This highly arguable and questionable action (seeRtf. 14 for 
a retrospective analysis) had the effect of putting irradiated food safety in serious 
doubt, and of casting regulatory approval and industrial implementation under a global 
moratorium which ended up lasting over a decade, during which the IFIP labored in 
cooperation with the World Health Organization, etc., to resolve the impasse. 
Nongovernmental sponsors included the International Atomic Energy Agency which 
provided the cost of the project leader, and the Organization for Economic Cooperation 
and Development (OECD) Nuclear Energy Agency which provided the secretariat. 
The German Federal Research Center for Nutrition and its Institute for Radiation 
Technology provided facilities at no cost to the Project. 

The basic strategy was to centralize irradiated food wholesomeness- safety research 
with interested countries contributing financial and/or in-kind support rather than 
have individual countries each pursuing and duplicating such costly, specialized 
research. After an initial five year period, the IFIP agreement was extended in 
December, 1975 for an additional three years. In fact, the Project continued on into 
the early 1980s wrap-up period and contributed enormously to gaining a World Health 
Organization-Joint Expert Committee on (the safety-wholesomeness of) Food Irra
diation (JECFI) "clean-bill-of-health" for all applications up to an overall average 
dose of 10 kiloGrays (1 megarad; the cut-off dose for the IFIP whereas the whole
someness part of the on-going U.S. Army food irradiation program was addressing 
sterilization doses above this cut-off as a de-facto "division-of-labor"). 

The IFIP sponsored and funded investigations at selected specialized laboratories 
in Europe (including at the Karlsruhe Center), North America and elsewhere on 
contract, employing the entire battery of food/additive wholesomeness study methods 
including animal feeding tests. In the mid-1970s it commissioned a team of 
internationally recognized authorities on food irradiation chemistry to prepare up-to-
date reviews of published literature on (a) chemical effects of ionizing energy 
absorption in general, (b) radiation chemistry of lipids, (c) proteins, (d) carbohydrates, 
and (e) vitamins. These reviews became the 1977 hardcover book cited as Reference 
3. The then IFIP Director, Dr. Peter Elias of the U.K. states in his "general 
introduction" to this landmark volume that "the various reviews provide evidence of 
the great similarity in radiolytic products in related foods treated with radiation doses 
in the megarad range. The reactions of the protein, lipid and carbohydrate constituents 
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of foods to radiation display a remarkable uniformity. Most of the radiolytic products 
identified in irradiated foods can also be found in non-irradiated foods; furthermore, 
many of the identified chemical entities have been generated in foods by other 
processing techniques. The concentrations of the most abundant of these radiolytic 
substances are confined to the part per million range with radiation doses normally 
employed in food processing and these concentrations fall off considerably as the dose 
ranges are reduced. The available data on the chemical structure of radiolytic products 
in food and the very low concentrations which have been detected suggest the general 
conclusion that the health hazard they might represent is negligible." 

Clearly, by the mid-1970s knowledge as to what goes on chemically during and 
following food irradiation had reached a level at which it was able to contribute 
importantly to growing confidence in irradiated food safety/whole-someness. In 1975 
Diehl and Scherz of the Karlsruhe Center proposed the estimation of radiolytic 
products as a basis for evaluating the wholesomeness of irradiated foods (15), arguing, 
through the use of their example estimation, that such estimations could (then) readily 
be done and should be employed along with results of animal feeding studies for legal-
regulatory purposes. The following year, Taub, Angelini andMerritt of the U.S. Army 
Natick Laboratories addressed the question of the validity of extrapolating the 
conclusions reached on the wholesomeness of an irradiated food receiving high doses 
to the same food receiving a lower dose (16). Employing data on selected volatiles 
identified and quantified from codfish irradiated to doses between 1 and 30 kiloGrays, 
plus results of three animal feeding studies on cod and haddock receiving the same 
range of doses, they concluded that such extrapolation is indeed valid when feeding 
studies at higher dose(s) indicate no adverse effects and radiolytic product yields are 
linear with dose (i.e., the products are the same qualitatively at various doses; they 
merely differ quantitatively, being proportionately less at lower doses), as in their 
example. 

The following year South African radiation chemist-entrepreneur Dr. Rocco 
Basson summed up then current thinking in a word when he coined the term 
"chemiclearance" in 1977 (17) and applied the concept to evaluating the toxicological 
safety of irradiated fruits (18). Atits 1976meeting,theFAO/IAEA/WHOJointExpert 
Committee on (the safety-wholesomeness of) Food Irradiation (JECFI) accepted the 
approach of evaluating the safety of irradiated foods on the basis of available radiolytic 
product data as well as on the basis of biological tests including animal feeding studies. 
Also in 1976, the U.S. Army Medical Research and Development Command contracted 
the Life Sciences Research Office of the Federation of American Societies for 
Experimental Biology to convene a committee to conduct a peer review of the volatile 
radiolytic compounds from radiation sterilized beef identified and quantified in the 
work of Merritt and Angelini et. al. at the Army Natick Research Center as to their 
toxicological significance, if any. This review culminated in an August 1977 report 
(19) which states as its "bottom-line" conclusion that "on the basis of the available data 
(Table 1), the Committee concluded that there were no grounds to suspect that the 
radiolytic compounds evaluated in this report would constitute any hazard to the health 
of persons consuming reasonable quantities of beef irradiated in the described 
manner". Subsequently, the same Committee revisited a handful of selected volatile 
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radiolysis products from the above review, including benzene, since they had become 
the subjects of closer public health scrutiny in unrelated contexts (e.g., chronic 
inhalation exposure to them as solvents). Upon doing so, the Committee reaffirmed 
its earlier conclusion of no cause for concern in a March, 1979 supplement to the 
above-mentioned report, also available for FASEB (see Reference 19). A second 
March, 1979 supplement reports the view of the Cornmittee on the likelihood of 
radiolytic compounds of a less volatile nature having toxicological significance 
forming in radiation-sterilized beef. For this the Cornmittee relied mainly on 
knowledge of protein radiochemistry in the context that the more volatile compounds 
largely come from the lipid fraction while the less volatile ones can be expected to arise 
from the protein fraction of beef macroconstituents. Having much less direct 
analytical data to consider in this instance the Committee's understandably more 
guarded conclusion was that "many of the radiolytic products in the concentrations 
estimated to be present appear to pose no hazards to consumers of beef irradiated in 
the described manner. No evaluation can be made of other compounds theoretically 
possible in small amounts, but which have not been demonstrated in irradiated beef or 
model systems. Because no analysis, however exhaustive, can exclude the possibility 
of the presence of such theoretical but undetected constituents, no unequivocal 
demonstration of safety seems possible from consideration of individual radiolytic 
products alone. It is desirable to couple chemical studies as described in this report 
with suitable animal feeding studies to provide complementary approaches to ensure 
the wholesomeness and safety of irradiated foods". This combination of direct 
chemical analysis together with biological tests is, of course, exactly what has been 
done and what has provided the basis for approvals and clearances at the national and 
international levels. It is worth adding in passing that the fundamental uncertainty 
regarding the composition of foods per-se and in this case irradiated foods down to the 
"last molecule" is exploited by the hard-core, hopelessly biased anti-food irradiation 
activists as their tactic of calling for testing of radiolytic products ad-infmitum. Being 
for-the-most-part anti-nuclear activists at the core, they hope that such obstructionist 
tactics will indeterminably confound industrial implementation and public acceptance 
of food irradiation, and thereby preempt what they regard as an important technological 
manifestation of the atomic-nuclear age that must be thwarted at all costs; a heavy 
indictment for a proven beneficial technology that currently sterilizes at least 50% of 
non-heat sterilizable medical products to prevent infections. 

In 1978, the International Project in the Field of Food Irradiation (IFIP) established 
a Coordinated Program on the Radiation Chemistry of Food and Food Components 
(CORC) in recognition of the increasingly important contribution such information 
was contributing to answering the questions of irradiated food toxicological safety and 
nutritional wholesomeness, and, in response to calls for such information to assist in 
the evaluation of same at the international and national levels. Extensive, up-to-date 
literature reviews resulting from this program provided much of the basis for the late-
1980 Joint Expert Cornmittee on (the safety/wholesomeness of) Food Irradiation 
(JECFI) meeting's conclusion "that the irradiation of any food commodity up to an 
overall average dose of 10 kiloGrays presented no toxicological hazard and, hence, 
toxicological testing is no longer required". The literature reviews that served to 
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support this landmark conclusion appear in up-dated form along with other chapters, 
including ones on microbiological and nutritional aspects, in Reference 4, published 
a few years later. The overall theme of this volume, as expressed by Dr. Rocco Basson 
of the Republic of South Africa who, again, coined the term "chemiclearance", and by 
Drs. Charles Merritt and Irwin Taub of the U.S. Army's Natick, Mass. R & D Center 
in their chapter is that, based upon the considerable detailed knowledge of food 
irradiation chemistry it can be stated with confidence that reaction pathways and end 
products of food irradiation are highly uniform or common and highly predictable. 
Also, it is possible to extrapolate bioassay (i.e., animal feeding, mutagenicity, etc.) test 
results from one food to another within the same class (eg., from one "muscle food" 
to another regarding changes in the protein or lipid; from one fruit to another in terms 
of changes in the carbohydrate fraction, and-so-on). Further, one can extrapolate 
results obtained under one set of conditions (dose, temperature, etc.) to another, and, 
from food simulating model systems to the actual foods. Perhaps most importantly, 
not only can radiolytic products of food macroconstituents, and a number of 
microconstituents such as vitamins, be predicted both qualitatively and quantitatively 
under a given set of conditions, but exhaustive searching was unable to turn up a single 
truly unique radiolytic product; or any radiolysis product having significant toxico
logical potential from the structure/reactivity and quantity standpoints. 

In his recent book (7) Diehl sums it up with the statement that "the recognition of 
commonality and predictability of radiolytic changes in irradiated foods has finally 
shown the absurdity of demanding ever more animal feeding studies...". Referring to 
the large volume of global food irradiation chemistry studies, Diehl makes the point 
that "such studies have made it clear, for instance, that radiation does not cause 
formation of aromatic rings, condensation of aromatic rings and formation of het
erocyclic compounds, reactions known to take place at higher cooking temperatures". 
This real food safety matter is the subject of a recent review (20). 

A l l of the foregoing through the first half of 1980 served as de-facto background 
to the deliberations and conclusions of the U.S.F.D. A. "Irradiated Foods Committee" 
of several staff scientists representing different disciplines that was authorized by the 
Agency in Fall, 1979 to (a) "review then current agency food irradiation policy", (b) 
"to examine the foundation and soundness of that policy and its past implementation", 
and (c) "to establish those toxicological requirements appropriate for assessing the 
safety of irradiated food consistent with the level of human exposure, where the degree 
of testing is consistent with the potential risk as predicated on the level of human 
exposure", as stated in the Introduction to the Committee's final report dated July, 
1980 (27). This first intra-agency review of its food irradiation policy since May, 1967 
was brought about by such factors as the great amount of new data and information 
pertaining to irradiated food safety since then, and the growing national and international 
activity and interest in the process/treatment that developed during the 1970s and was 
clearly going to continue. 

The Committee expressed the view in its final report that little of substance had 
changed since the May, 1967 review regarding microbiological safety, to which a 
single short paragraph was devoted "in passing" in the 1980 report (later, during the 
1980s microbiological safety became the FDA's primary preoccupation in promul-
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gating new approvals, particularly the May 1990 approval of poultry irradiation, and 
in not taking action on a petition to gain approval of fishery product radurization). One 
section of the 1980 final report was devoted to "nutritional adequacy" and the impact 
of irradiation on essential nutrients, but the major focus was on toxicological safety 
and the matter of food irradiation chemistry and stable radiolytic end products. In fact, 
it was the first major application of chemistry-based "quantitative risk assessment" for 
food safety evaluation. The chemistry upon which the quantitative risk assessment of 
radiolytic products was based was primarily the data on radiation-sterilized beef 
developed by Angelini and Merritt and co-workers at the U.S. Army's Natick, Mass. 
R & D Center's Pioneering Research Division and evaluated by the aforementioned 
peer review committee assembled by the Life Sciences Research Office of FASEB in 
the late 1970s (Table 1). Short of going into the details of the July, 1980 FDA 
Committee report and its more arguable assumptions and estimations regarding 
radiolytic products, suffice it to say that in a very real sense it marked a food safety-
related regulatory turning point at least insofar as F D A handling of food irradiation is 
concerned, but in a broader sense as well. While the report did not call for the 
abandoning of animal feeding and short-term biological (i.e., mutagenicity) testing, it 
predicates same on "qualitative and quantitative estimates of URPs". In other words, 
in the context of regulatory approval of a given food irradiation application, still 
treated as a food additive in the U.S., any biological toxicity testing requirements, if 
any, would hinge on an estimate of the kinds and amounts of "unique radiolytic 
products" (URPs) generated, which is essentially radiation dose-dependent for a 
specific food or ingredient under a given set of environmental conditions during and 
following irradiation. 

This has been probably the most controversial aspect of the report in the sense that, 
besides inadvertently serving to popularize and lend credence to the since much 
abused and exploited "URPs" term, it came at a time at which those engaged in the field 
of irradiated food chemistry were reaching a consensus that the process/treatment, as 
carried out according to established principles and procedures simply should not be 
expected to, and does not result in the generation of truly unique radiolytic products 
per se, much less any that pose even a hypothetical significant health risk in terms of 
structure, reactivity and quantity. As previously mentioned, the JECFI of the World 
Health Organization plus its concerned sister U .N. agencies expressed this very 
conclusion at its review meeting later in 1980 in stating that no further toxicological 
testing is necessary for any food up to an overall average dose of 10 kiloGrays (again, 
deferring to the U.S. Army's wholesomeness program regarding sterilizing doses). In 
fairness, however, in applying such quantitative risk assessment for probably the first 
time in a major way to so confounding and potentially controversial a matter as 
irradiated food safety, the FDA can be empathized with for taking a most ultracon-
servative approach back in 1979-80. Then, the informed consensus about there being 
no URPs in any meaningful sense was more tenuous than it is today. Nor does it serve 
any useful purpose to critique a report on this aspect, which has been for all practical 
purposes superseded by subsequent events and information. 

As a case in point, in recently approving poultry irradiation up to a dose three times 
the original one kiloGray cut off, below which toxicological testing would not be 
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required on the bases of the URP estimates plus "projected levels of human exposure" 
and "state-of-the-art sensitive toxicological tests" (the three criteria deciding safety 
testing recommended in the July 1980 report), the FDA's chief preoccupation during 
its late-1980s deliberations over a permitted dose maximum for poultry was micro
biological safety (specifically, the agency's long-standing preoccupation with a 
hypothetical type-Ε CI. botulinum risk. A preoccupation that the international food 
irradiation microbiology "community" does not share and many feel should not be 
applied to poultry and red meats in any case). 

In closing it is best to dwell on the fact that the FDA Committee's landmark July 
1980 report fulfilled the promise of all of the irradiated food chemistry research and 
evaluation that preceded it in recommending a trend-setting analytical chemistry-
based policy the correctness of which has been borne out by subsequent related 
information, and events of the 80s. Not incidentally, the report also acknowledged the 
validity of "generic" (chemi-)clearance. 
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Chapter 30 

Safety Issues with Antioxidants in Foods 

P. B. Addis and C. A. Hassel 

Department of Food Science and Nutrition, University of Minnesota, 
St. Paul, MN 55108 

During the past decade, two important areas of research have emerged which have 
intensified interest in the risks and benefits of antioxidants. Increased awareness of 
potential health benefits of antioxidants has occurred because of three lines of 
evidence: (1) dietary lipid oxidation products (LOPS) have been shown to have 
numerous deleterious effects in vivo and in vitro; (2) in vivo oxidative modification of 
low-density lipoprotein (LDL) may greatly amplify the atherogenicity of the L D L 
particle; and (3) antioxidants reduce exposure of humans to dietary LOPS and reduce 
the oxidative modification of LDL in vitro and may well do so in vivo. A number of 
other biological benefits have been reported. 

In contrast to the foregoing benefits, another emerging research area has encom
passed the possible detrimental effects of antioxidants. Although usually seen only at 
very high levels of intake, the study of putative risks associated with antioxidant 
consumption has developed into an interesting and somewhat controversial area of 
research and certainly one worthy of consideration. 

The present status of knowledge of antioxidants does not permit an accurate 
quantification of a risk/benefit ratio but it is possible to estimate the magnitude of some 
of the most important parameters that will be used in the calculation. We feel confident 
that our conclusions concerning the overall efficaciousness of antioxidants, weighing 
risks against benefits (including potential health benefits), are reasonable and should 
be used in decisions regarding whether to continue to use certain antioxidants. In 
addition, our hope is that this review will help researchers to formulate future plans for 
antioxidant research. 

It would be impossible in the space of this review to attempt a comprehensive 
review of the literature published on the subject. Rather, after a brief review of types, 
mechanisms of action and uses of antioxidants, we will focus primarily on toxicology 
of α-tocopherol and carcinogenicity of butylated hydroxyanisole (BHA). Next, a 
discussion will ensue of the benefits of antioxidants, especially possible health 
benefits of antioxidants with regard to coronary artery disease (CAD). A discussion 
of important emerging issues of food processing as they pertain to antioxidant usage 

0097-6156/92/0484-0346$08.75/0 
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will follow. We will end by estimating risk/benefit of antioxidants and by making 
some recommendations for future research. 

Antioxidants: Types and Mechanisms 

Oxidation is one of the primary modes of deterioration of food. As food processing 
becomes more complex and food products are subjected to ever lengthening storage 
periods, the opportunity for oxidative damage greatly increases. Therefore, the need 
for diligence with regard to prevention of lipid oxidation has never been greater than 
at the present. 

Lipid oxidation influences several important properties including sensory quality 
(flavor, odor, texture and color), nutritional value, functionality and toxicity (1). 
Although oxidation usually begins with the lipid moiety, eventually other components 
are affected including proteins, nutrients and pigments. Oxidation of lipids proceeds 
as a true chain reaction with a three phase path: initiation (Equation 1), propagation 
(Equations 2, 3 and 4) and termination (Equations 5 and 6). 

L : H > L + Η- (1) 
L + 0 2 >LOO- (2) 
LOO- + V:H > L O O H + L 1 · (3) 
L O O H > L O - + O H - (4) 
L 1 - + L 1 >V:V (5) 
LOO- +L 1 - >LOOV (6) 

The initiation step involves the creation of radicals by reaction of the lipid with singlet 
oxygen, high energy radiation or transition metals (7-3). Propagation involves 
transforming the carbon-centered radical (L-) to a more reactive peroxyradical, 
thereby setting into motion a chain reaction (Equations 2, 3 and 4). Termination 
involves formation of non-radical products (Equations 5 and 6). 

Antioxidants are chemicals which are absolutely critical in some cases to the 
retardation of rancidity in foods. There are two major types of antioxidants: chelators 
and radical scavengers (chain interruptors). An excellent review of iron chelation by 
phytate has been published by Graf and Eaton (4). Removal of iron from solution by 
chelation and/or chelation by phytate, which by occupying six coordination sites on 
iron prevents production of -OH, substantially reduce lipid oxidation (4). Chain 
interruptors react with radicals formed in oxidation as illustrated in the following 
reactions outlined by Kahl and Hildebrandt (3): 

LOO- + A H > L O O H + A - (7) 
LO- + A H > L O H + A - (8) 
L - + A H > L H +A- (9) 
OH- + A H > H 2 0 + A- (10) 

American Chemical Society 
Library 

1155 16th St., N.W. 
Washington, D.k 20036 
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An important characteristic of a good radical scavenger antioxidant is illustrated in the 
following (5): 

A + L H >N.R. (11) 

The phenoxy radical should not abstract a hydrogen from a fatty acid (LH) and thereby 
become part of the propagation process (3). 

Antioxidants are a diverse group of compounds, varying from lipid-soluble to 
water-soluble, natural to synthetic, and phenolic/chain-breaking tochelation. Structures 
of representative antioxidants are shown in Figures 1-5. Chelators (Figure 1) function 
as scavengers of transition metal ions, long recognized as key catalysts in lipid 
oxidation. The ratio of chelator to transition metal is critical (2). A recent review by 
Miller et al. (6) outlines in great detail the pivotal role of transition metals and provides 
substantial evidence for transition metals in a requisit role for "autoxidation." It is 
highly recommended to the reader. 

Chain-breaking antioxidants (Figures 2 and 3) are scavengers of free radicals. The 
toxicity of some of these will be discussed later. Probucol has the interesting and 
potentially very significant antioxidant property of inhibiting the oxidative modification 
of L D L to the highly atherogenic modified L D L (mLDL). Figure 4 illustrates a few 
of the lipid-soluble, natural chain-breaking antioxidants available, some of which 
(tocopherols, tocotrienols) are commercially available in synthetic forms. Flavanoids 
are able to scavenge superoxide anion and express radical scavenging antioxidant 
activity (7). 

In recent years there has developed an increased awareness of the important 
detrimental role played by enzyme-catalyzed oxidation in biological tissue and in 
certain foods post-harvest (2). Figure 5 illustrates some enzyme inhibitors which may 
be useful in retarding oxidation. Oleic acid inhibition of lipoxygenase (8) may be the 
most practical in terms of prompt application because of the stability and lack of toxic 
effects of oleic acid and the importance of lipoxygenase. 

The application of antioxidants can be extremely complicated and diligence is 
required to avoid pitfalls. For example, low levels of vitamin C express a prooxidant 
effect in some systems whereas high levels of vitamin Ε are prooxidative in others. 
Chelators and radical scavengers are generally synergistic. Recent research of Niki 
(9) has elaborated the intimate interrelationship between vitamin C and Ε as illustrated 
in Figure 6. Vitamin C acts to regenerate vitamin Ε from the vitamin Ε radical. 

Antioxidants are widely employed by the food industry and numerous benefits to 
both processors and consumers result from antioxidant usage. However, there are a 
number of controversies surrounding the use of antioxidants. The levels of some 
antioxidants being used in foods are considered by some to be too high. B H A has been 
suggested by some researchers to be carcinogenic. B H A recently has been placed on 
the Proposition 65 list in California. Even vitamin Ε has been shown to be toxic at high 
levels. Therefore, a review of the safety/toxicology issues related to antioxidant use 
appears to be appropriate. Subsequently, we will review the potential health benefits 
of high levels of antioxidant intake and the use of high levels in food products to 
prevent accumulation of LOPS. 

 J
ul

y 
15

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 F
eb

ru
ar

y 
14

, 1
99

2 
| d

oi
: 1

0.
10

21
/b

k-
19

92
-0

48
4.

ch
03

0

In Food Safety Assessment; Finley, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



ADDIS & HASSEL Safety Issues with Antioxidants in Foods 349 

ο 
ΗΟΪ-ΟΗ 

Ô 

Phytic Acid 
(Myo-inositol hexaphosphate) 

H 0 2 C - C H 2 H H C H 2 C 0 2 H 
2 z \ i i / 

X N - C - C - N ^ 

H 0 2 C - C H 2
X H H ^ C H 2 C 0 2 H 

Ethylenediamine tetraacetic acid (EDTA) 

Ο O C H 2 - C 0 2 H 

H O - P - O - Î P - O H H O - C - C O 2 H 

I I I 
H 0 0 H C H 2 - C 0 2 H 

Pyrophosphate Citrate 

Figure 1. Chelators known to possess biological or food antioxidant capability. 
Phytate derivatives possessing 3-5 phosphates are effective also at inhibiting 
"superoxide-driven generation of · OH" as discussed by Graf and Eaton (4). 
Pyrophosphate is but one of many condensed phosphates capable of iron-
binding and antioxidant effects. All require some degree of deprotonation for 
antioxidant activity. 
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Figure 2. Water-soluble, chain-breaking antioxidants.  J
ul

y 
15

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 F
eb

ru
ar

y 
14

, 1
99

2 
| d

oi
: 1

0.
10

21
/b

k-
19

92
-0

48
4.

ch
03

0

In Food Safety Assessment; Finley, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



ADDIS & HASSEL Safety Issues with Antioxidants in Foods 351 

OH 

O C H 3 

3-Butylated hydroxyanisole 
(3-Β HA) 

OH 

OCH3 

2-Butylated hydroxyanisole 
(2-BHA) 

Ο 

Propyl gallate (PG) Butylated hydroxytoluene 
(BHT) 

Probucol 

Figure 3. Lipid-soluble, synthetic, chain breaking antioxidants. Commercial 
B H A is a mixture of the 2- (4.5 %) and 3-BHA (95.5 %) isomers; 3-BHA 
prédominants and is far the stronger antioxidant of the two and is more active 
at inducing forestomach carcinogenesis. Probucol, which possesses antioxidant 
activity, is a drug used in the treatment of coronary artery disease. 
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d-a-Tocopherol 
(natural vitamin E) 

d-p-Tocotrienol 

Quercetin 

Acacetin 
Figure 4. Lipid-soluble, natural chain-breaking antioxidants. Synthetic 
vitamin Ε also is available as a mixture of eight stereoisomers. Natural vitamin 
Ε and tocotrienol isomers include α, β, γ and δ-isomers. 
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V(CH 2) C0 2H 

Oleic Acid 
(Lipoxygenase) 

Aspirin 
(lipoxygenase) 

Figure 5. Inhibitors of enzyme-catalyzed lipid peroxidation along with the 
corresponding enzyme (listed in parentheses). 

L-O-O-
Fatty acid peroxyl 

radical 
Vitamin Ε 

L-O-O-H 
Fatty acid 

hydroperoxide 

1 {·°ώα/ 
Vitamin Ε radical 

CHfCH 
I I 
OH OH 

Ascorbate radical 

\ CH 2 CH 
I 2 I OH OH 

Ascorbate 

Figure 6. Vitamin Ε regeneration, after reaction with lipid peroxy radical, by 
vitamin C (as shown by Niki [9]). 
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Studies of Potential Health Risks of Antioxidants 

Two main areas of research on health risks have involved various forms of (1) acute 
and chronic toxic effects and (2) carcinogenicity. For both types of studies, it has been 
necessary to use extremely high levels to achieve the sought after deleterious effect 
and as a result some of these studies are exceedingly controversial. The authors 
believe that it is interesting and significant that in some of the same studies which show 
"carcinogenic" effects of B H A the anticarcinogenic properties of B H A have also been 
demonstrated! We will first discuss toxicity of vitamins Ε and C and the food additive 
antioxidants (BHA, BHT), although some comments about mutagenicity of antioxi
dants will be made where appropriate. Next, we will focus on the carcinogenic effects 
of synthetic phenolic antioxidants. 

Table 1. Dose Equivalents Between Rat and 100-kg Man for Toxicity 
Study of d-a-Tocopheryl Acetate 

Groups 
Dose equivalentsf added vitamin Ε 

Groups Rat, mg/kg/day^ Manfg/100kg/dayb 

Untreated controls 0 0 
Com oil controls 0 0 
d-a-tocopheryl acetate-1 125 12.5 
d-a-tocopheryl acetate-2 500 50.0 
d-a-tocopheryl acetate-3 2000 200.0 

SOURCE: Reference 10. 
aAmount fed by gavage daily during 13-week study; 10 rats per group. 
^Calculated equivalent intake for 100 kg man. 

Toxicity. Abdo et al. (70) conducted a 13-week study in rats of d-a-tocopheryl acetate 
given by gavage. Daily doses of 0,125,500 or 2000 mg/kg body weight were given. 
Com oil was used as the vitamin Ε vehicle at 3.5 ml/kg daily. In Table 1, we have 
outlined the design of this experiment and extrapolated the levels of tocopheryl acetate 
intake in the rat to that of a 100-kg man. No effect on body weight or food consumption 
was noted (10). The 2000-mg dose increased the liver-to-body weight ratio of females, 
the prothrombin time and the activated partial thromboplastin time, reticulocytosis, 
and decreased hematocrit values and hemoglobin concentration in males. Deaths 
occurred in 7/10 male rats at the 2000 mg level. Internal hemorrhage was the cause 
of death. Vitamin Ε at all levels studied caused interstitial inflammation and 
adenomatous hyperplasia of the lung. The authors concluded that the "findings 
indicate that vitamin Ε administration in excessive amounts is potentially toxic." 
It is the opinion of the authors and several other scientists that the levels used in the 
study by Abdo et al (10) were simply too unrealistically high to raise any bona fide 
concern about toxicity of vitamin E. Using the extrapolated 200-g per day (per 100-
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kg man) figure, it can be calculated that in 13 weeks the total consumption of vitamin 
Ε acetate would exceed 18 kg! We believe that, quite to the contrary to the conclusions 
of Abdo et al. (10), it is remarkable that 3/10 males and 10/10 females survived for 13 
weeks at the highest intake level and conclude that either the rat is resistant to toxic 
effects of vitamin Ε or the vitamin is exceedingly safe! 

A comprehensive review of the safety of tocopherols as food additives has been 
published by Tomassi and Silamo (77) who concluded that "tocopherols are safe food 
additives." This conclusion was based on consideration of acute, subchronic and 
chronic toxicity data, reproduction and teratogenesis data and results obtained on 
humans. Studies have, however, shown a number of interactions with other fat-soluble 
vitamins (A, D, K). The toxic effects of excessive intake of vitamin A can be either 
intensified or reduced by tocopherol, depending upon the specific effect. Vitamin Ε 
(10,000 L U . per kg feed) can interfere with vitamin D utilization. 

The hemorrhage seen by Abdo et al. (10) is at least partly due to interference by 
vitamin Ε with vitamin Κ (77). High levels of Ε could also influence the "redox tone" 
in the organism which is important in platelet aggregation. Therefore, the fact that 
hemorrhaging results from high level tocopherol intake is not surprising. 

A very comprehensive review of vitamin E, including dietary sources, intestinal 
absorption, transport and tissue metabolism has been published by Parker (72). Ab
sorption of vitamin Ε occurs via lymphatic chylomicrons and tocopherols rapidly 
exchange among other lipoprotein particles so that, with respect to tocopherol 
concentration in plasma very-low-density lipoprotein (VLDL) > L D L > high-density 
lipoprotein (HDL). 

The fact that L D L is an important transport mechanism for vitamin Ε is significant 
because, as will be discussed later, oxidative modification of L D L is opposed by most 
common antioxidants. 

Vitamin C is another vitamin which, like E, is megadosed by many people, 
perscribed for certain medical problems, used as a food additive and is fairly abundant 
in many foods. An evaluation of high level intake of vitamin C in humans has been 
published by Rivers (13). The issues reviewed included oxalate (and kidney stone) 
formation, uric acid excretion, vitamin B 1 2 status, iron overload, ascorbic acid 
dependancy induced scurvy and mutagenicity. In every case, the proposed deleterious 
side-effects of high-level intake of vitamin C is dismissed by Rivers (73) based on his 
evaluation of the scientific literature (74 references). In particular, the data indicating 
mutagenic effects of vitamin C were unexpected because of the well-established 
antimutagenic properties of ascorbic acid. Rivers (73) concludes "there is no evidence 
that high intakes of ascorbic acid will be mutagenic in man." Nevertheless, concerns 
about potential mutagenic effects of ascorbate persist. Metal-ion catalyzed oxidation 
of ascorbate will produce ascorbate radicals and O H . Such concerns prompted 
Champagne et al. (14) to study ascorbate free radicals in infant formulas as affected 
by pH and phytate content. Alkaline pH tended to increase levels of ascorbate radical, 
possibly an important finding pertaining to infants and the elderly, two groups 
characterized by inability to maintain gastric acidity. Phytate was effective at 
reducing radical levels by up to 50% in model systems but not in soy-based and 
phytate-spiked milk-based formulas. The authors stated a concern for persons 

 J
ul

y 
15

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 F
eb

ru
ar

y 
14

, 1
99

2 
| d

oi
: 1

0.
10

21
/b

k-
19

92
-0

48
4.

ch
03

0

In Food Safety Assessment; Finley, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



356 FOOD SAFETY ASSESSMENT 

consuming high levels of ascorbic acid who also have reduced stomach acid production 
(74). Much more research needs to be done before these issues are resolved. 

Carcinogenicity. Solid data showing bona fide carcinogenic effects of vitamins C and 
Ε are rare. Synthetic antioxidants such as BHT and B H A are known to have some 
toxicities at high levels but the primary concerns are carcinogenicity and these will be 
our primary focus. Although some of the research to be reviewed in detail includes 
both carcinogenic and toxicological data, because of space limitations we will focus 
primarily on B H A putative carcinogenicity. Several toxicological studies are rec
ommended to the reader, including Van Esch (75) on tert-buty lhydroquinone (TBHQ), 

Table 2. Dose-response study of B H A in rats: forestomach neoplastic changes 

Dietary BHA Rats, forestomach changes, % 

% mglkglday Ni/Nf* Hyperplasia*3 Papilloma0 

Squamus-cell 
carcinoma^ 

0 0 50/37 0 0 0 
0.125 55 50/41 2 0 0 
0.25 110 50/40 14 0 0 
0.5 230 50/42 32 0 0 
1 428 50/38 88 20 0 
2 1323 50/42 100 100 22 

SOURCE: Modified from Ito et al. (20) on changes in forestomachs of F344rats fed 
control or BHA-diets for 104 weeks. 
a Ni/Nf = number of rats starting and completing study. 
^Epithelial cell hyperplasia. 
C A benign tumor, 

malignancy. 

van der Heijden (76) on propyl gallates (PG), Wurtzen and Olsen (7 7) on chronic BHT 
effects in rats (in which BHT treated rats outlived control rats!), Tobe et al. (18) on 
B H A in dogs, and Wurtzen and Olsen (79) on B H A in pigs. 

Studies which have suggested a carcinogenic effect of B H A have been of pivotal 
importance in the debate surrounding this important antioxidant additive. 

An important contribution to B H A carcinogenicity knowledge is the work of Ito 
and coworkers on mice, rats and hamsters (20). B H A fed at either 1 or 2% of diet 
induced hyperplasia, pappilloma and squamous-cell carcinoma in the forestomachs of 
rats and hampsters at prevalences greater than the control group. Similar differences 
were noted in mice for hyperplasia and papilloma but not for squamous-cell carcinoma. 
Ito et al. (20) also conducted a dose-response study of B H A in rats (Table 2). The 
results indicated that 2% B H A (but not 1% BHA) induced an increased prevalence of 
squamous-cell carcinoma, the only true malignancy noted. Papillomas, a benign 
tumor, developed in 20 and 100% of the rats at 1 % and 2%, respectively. A clear dose-
response effect was seen for B H A on the incidence of epithelial hyperplasia, in some 
respects an indicator of epithelial irritation. 
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Other findings by Ito et al. (20) included the identification of 3-teri-BHA as the active 
component of crude B H A with respect to carcinogenicity, additive effects of several 
antioxidants when combined individually with B H A for forestomach carcinogenicity 
and both enhancement and inhibition of carcinogenesis induced by chemical carcinogens 
by BHA, depending upon the tissue and specific carcinogen applied. Ito et al. (20) failed, 
however, to report any carcinogenic effects of any antioxidant tested for glandular 
stomach carcinogenesis. Compounds tested on the glandular stomach were B H A , 
BHT, sodium ascorbate, sodium erythorbate, and α-tocopherol. 

The study by Ito et al. (20) is somewhat representative of rat forestomach carci
nogenicity studies conducted previously by the same laboratory and by others. 
Because it is obvious that high levels of B H A intake are carcinogenic in the rat 
forestomach, several issues need to be discussed relative to the potential carcinogenic 
effects of B H A in humans. First, the relevance of results obtained on a unique organ, 
the forestomach, needs to be considered. Most studies have shown that the B H A -
cancer linkage can only clearly be established in the forestomach, an organ found 
almost exclusively in rodents. Rats, hampsters and mice infrequently show B H A -
carcinogenicity in tissues other than the forestomach and only at very high levels. 
Second, the types of lesions quantified by Ito et al. (20) need clarification. Epithelial 
hyperplasia is a state of increased cell division, likely induced by the irritation effect 
of high levels of B H A exposure. A high rate of cell division renders tissues more 
susceptible to carcinogens but does not, in itself, constitute the development of cancer. 
Papillomas are benign tumors, an indication of neoplastic changes but not a malignant 
cancer. Of the three parameters studied, only the squamal-cell carcinoma constitutes 
an irreversible malignancy. It is not the purpose of our discussion to attempt to 
diminish the importance of the findings of Ito et al. (20); clearly, the results indicate 
the need for prudence with regard to using B H A and also the need for further study. 
We wish only to interpret for the reader clearly the nature of the results. 

Also relevant to this discussion is the matter of BHA-intake in rats vs. the quantity 
consumed by humans. The results of Kirkpatrick and Lauer (2 7) indicate a mean intake 
of 0.13 mg/kg/ day of BHA in Canada. Therefore, levels used by Ito et al. (20) were 
about 10,000-fold higher than human intake. This figure is 100-fold greater than the 
usual 100-fold safety factor used for interspecies comparisons of food additive 
toxicities. 

A more recent study by Nera et al. (22) emphasized the importance of cellular 
proliferation due to BHA-induced epithelial irritation as a key aspect of B H A -
carcinogenicity. Tumor induction was found to be highly dependent upon cellular 
proliferation in 2% BHA-fed rats; proliferation in turn depends upon the 2% dietary 
B H A . A key finding by Nera et al. (22) was that BHA-induced carcinogenesis was 
reversible in rats fed 2% B H A for up to 12 months. It appeared that 2% B H A is the 
maximum tolerated dose (MTD) for rats as a 20% decrease in body weight was noted 
at this level of B H A intake. Squamal cell carcinoma was seen in 2 of 37 rats after 24 
months. Papillomas were commonly seen at 2% B H A . B H A also induced increased 
rate of cellular proliferation in bladder tissue, an effect which was reversible upon 
removal of B H A from the diet. The authors (22) concluded that B H A is not genotoxic, 
not an initiator of cells, but is likely an epigenetic carcinogen (tumor promoter). 
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Carcinogenesis irritation in the rat forestomach is likely due to trace contaminants in 
the feed or refluxing of glandular stomach contents containing N-nitroso or other 
initiating compounds. 

With regard to the relevance of rat-BHA data to humans, Nera et al. (22) con
cluded: 

" B H A is a forestomach carcinogen that does not appear to be effective in species 
such as humans that do not possess this organ." Regarding proliferation: "The 
induction of this proliferation is thresholded at a level very considerable above that to 
which humans are normally exposed." 

The overall conclusion (20): "It appears very unlikely therefore that B H A will be 
effective as a carcinogen in humans exposed to much lower and non-toxic levels of this 
antioxidant." 

The controversial nature of carcinogenic effects of antioxidants stems in part from 
an incomplete appreciation of the potential health benefits of antioxidants. Serious 
assessment of the efficacy of a food additive must include both risks and benefits. In 
the case of antioxidant additives, a somewhat unusual situation exists because in 
addition to the well-known technological benefits of antioxidants (7), evidence is 
mounting that antioxidant usage may have substantial positive contributions to human 
health. Consideration of these potential benefits is worthy of careful consideration. 

Health Benefits of Antioxidants 

Antioxidants are not unique among food additives in conferring a health benefit. 
Additives which inhibit microorganisms help to prevent food borne disease. Nitrite, 
for example, inhibits the outgrowth of spores of Clostridium botulinum, thereby 
preventing botulism. What is unusual, if not unique, about the antioxidants is that they 
possess properties which, after digestion-absoφtion-assimilation, are bénéficiai to the 
organism. In other words, the benefits realized are in addition to the benefits conferred 
by inhibiting chemical deterioration reactions in food. The benefits directly enjoyed 
by the organism of antioxidant intake include nutrient protection in tissue, amplification 
of immune response, ameleoration of the detrimental effects of some drugs and some 
toxins and retardation of deleterious lipid peroxidative reactions in the organism. 
Antioxidants are also crucial to the protection of foods against oxidative deterioration, 
thereby reducing the exposure of consumers to toxic food-borne LOPS. 

Of all of the foregoing benefits to be discussed, the possible beneficial effects of 
antioxidants on C A D are the most exciting for several reasons. The number of lives 
affected by C A D exceeds all other diseases combined. The advances made in the past 
decade of research on C A D , as related to both dietary and in vivo LOPS, have been 
exceptional. Therefore, our primary focus will be to explore the possibility that 
antioxidants might be able to slow the progression of atherosclerosis and reduce the 
prevalence of C A D . As will be seen, lipid oxidation in the atherosclerotic arterial wall 
has become a focal point of the most advanced and promising research being done on 
C A D at the current time. Therefore, antioxidants are playing an important role in 
helping scientists understand atherosclerosis at its most fundamental level and may 
help provide a therapy or "cure" for the disease as well. 
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Antioxidants and Coronary Artery Disease. Before dealing with spécifie aspects 
of the oxidative modification of L D L , it is desirable to develop an appreciation for the 
importance of C A D and the classical hypothesis on diet, lipoproteins and atherosclerosis. 

1. Prevalence and Epidemiology of Coronary Artery Disease. C A D continues 
as the leading cause of death among Americans. Over one million heart attacks occur 
each year (two-thirds of them in men) and more than 500,000 people die as a result 
(25). It was estimated that 65 million Americans have some form of heart or blood 
vessel disease and that the cost of C A D in 1985 exceeded $ 50 billion in direct health 
care expenditures and lost productivity. Despite these alarming figures, an encour
aging reduction in C A D mortality has occurred; between 1964 and 1985 a 42% 
reduction in C A D mortality accompanied medical advances in health care and lifestyle 
changes. 

Epidemiological studies suggest quite strongly that there is no single cause of 
C A D , rather it is a disease of multifactorial etiology. In fact, the process of 
atherosclerosis leading to C A D may not be a single disease but a group of related 
diseases (24). Atherosclerosis is characterized by the presence of numerous mac-
rophage-derived "foam cells" that develop on the inner portion of the artery wall, 
restricting blood flow (25). Occlusion of the coronary arteries leads to myocardial 
infarction, which accounts for about 60% of atherosclerosis-related deaths. Epide
miological studies have exposed statistical associations known as risk factors that 
often accompany atherosclerosis and CAD. A variety of risk factors for C A D have 
been uncovered, some amenable to lifestyle changes and others impervious to 
intervention. Family history of premature heart disease is a major risk factor, 
signifying the importance of heredity in C A D . Other unmodifiable risk factors include 
increasing age and male sex. The modifiable risk factors include smoking, hypertension, 
hypercholesterolemia, glucose intolerance, obesity and physical inactivity. These risk 
factors tend to interact synergistically; any combination of risk factors are known to 
impose greater risk than the sum of their independent effects. On the basis of available 
data, the modifiable risk factors together account for about 65% of the variance in 
C A D incidence (26). Within the U.S. population, roughly 35% of C A D incidence can 
be attributed to unknown or unmodifiable risk factors. 

Current C A D prevention strategies focus attention on reducing the prevalence of 
major modifiable risk factors within the population (23). This approach has led to 
improved prospects for therapy and prevention. Yet the actual events of atherosclerosis 
leading to C A D remain poorly understood. Often, risk factors are taken to be the 
causes of atherosclerosis or C A D . Although risk factors may be causative in certain 
circumstances, such as familial hypercholesterolemia (25), they more often appear as 
contributors to the overall disease process. Knowledge of underlying causes is still 
fragmentary, and the actual causes probably vary considerably among individuals 
(24). Therefore, one of the foremost challenges now confronting cardiovascular 
research is to move beyond the risk factor concept to a comprehensive understanding 
of the actual events and mechanisms responsible for the initiation and progression of 
atherosclerosis (27). A fuller basic understanding of atherogenic processes will 
almost certainly identify additional factors that may be amenable to therapeutic 
intervention. We will see that new lines of research implicate oxidative processes as 
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playing a central role in atherogenesis and explore the potential value of antioxidants 
as therapeutic agents. 

2. Plasma Cholesterol, Lipoproteins and Atherosclerosis. Many lines of re
search suggest that elevated plasma cholesterol levels are consequential in promoting 
the formation of atherosclerotic lesions. Atherosclerosis of clinical significance 
develops when influx and deposition of cholesterol exceeds efflux of cholesterol from 
the artery wall (28). The cholesterol that accumulates within the artery wall is derived 
from plasma lipoproteins, spherical particles which function to transport non-polar 
lipids through the bloodstream. Because the plasma lipoproteins play very distinct 
roles in the metabolism of cholesterol, it is important to identify those lipoproteins 
responsible for the delivery of cholesterol to the site of atherosclerosis. 

The plasma lipoproteins may be separated into five major classes (Table 3) 
according to their size, density and net surface charge: chylomicrons, very low density 
lipoproteins, intermediate density lipoproteins, low density lipoproteins, and high 
density lipoproteins. Each class is heterogeneous in size and composition, and several 
subclasses have been identified. 

Chylomicrons are the largest and least dense of the lipoproteins, containing as 
much as 90% triglyceride in their hydrophobic core. Chylomicrons are synthesized 
in the intestine and are the vehicle by which dietary cholesterol and triglycerides are 
transported from the site of absorption to various tissues throughout the body. 

Very low density lipoproteins (VLDL) are synthesized in the liver and function as 
carriers of endogenously synthesized triglycerides and cholesterol for distribution to 
peripheral tissues. V L D L and chylomicrons are generally referred to as triglyceride-
rich lipoproteins. 

Intermediate density lipoproteins (IDL) are actually V L D L "remnant" particles, 
generated through the progressive catabolism of V L D L core triglycerides (29). IDL 
particles are therefore smaller and more dense than V L D L . They appear in postprandial 
plasma and are rapidly cleared from the bloodstream. 

Low density lipoproteins are the major carriers of cholesterol and cholesterol 
esters in human plasma. They are derived from V L D L through a catabolic cascade that 
first generates IDL. The plasma concentration of L D L is positively correlated with the 
pathogenesis of C A D (30). 

High density lipoproteins (HDL) are the smallest and most dense of the plasma 
lipoproteins. 

The synthesis of H D L appears to occur in the liver and intestine, as well as within 
plasma during the lipolytic processing of the triglyceride-rich lipoproteins (57). H D L 
are thought to function in the transport of excess cholesterol from peripheral tissues 
to the liver for excretion (32). 

Epidemiological studies indicate that as L D L cholesterol levels increase, the 
relative risk of C A D also increases (26). Other lines of evidence have established that 
elevated L D L levels are associated with accelerated atherogenesis (28,30). By con
trast, as high-density lipoprotein (HDL) cholesterol levels increase, the relative risk 
of C A D decreases (33). Thus, elevated L D L levels promote development of ath
erosclerosis whereas high H D L levels tend to have a protective effect. In view of these 
general trends, it is interesting to note that numerous exceptions do occur (26); i f one 
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compares the plasma cholesterol levels of individuals with and without C A D , a 
significant degree of overlap is found. Even siblings very closely matched for elevated 
L D L cholesterol levels can have clinical C A D at vasdy different ages (34). 

These conflicting observations call attention to a conspicuous gap in our under
standing of precisely how the L D L cholesterol transport process is linked to the events 
of atherogenesis leading to C A D . Given the importance of plasma L D L concentra
tions in the development of C A D , it is clear that unknown factors in addition to L D L 
cholesterol influence the rate at which atherogenic processes may occur. Quite 
recently, new understandings have begun to evolve from research focusing on the 
metabolism of lipoproteins at the actual sites of atherosclerosis within the artery wall. 
These newer lines of research may have profound implications for the role of 
antioxidants in the atherosclerotic process. 

3. Oxidative Modification of L D L . The earliest recognizable lesion in athero
sclerosis is the fatty streak, characterized by an accumulation cholesterol esters within 
foam cells. Studies have firmly established that circulating monocytes can adhere to 
the arterial endothelium, penetrate into the intima, take up residence as macrophages 
and accumulate cholesterol esters from L D L , thus becoming foam cells (35,36). 
However, these cells do not accumulate cholesterol even when exposed to excessive 
amounts of "native" L D L under in vitro conditions. This puzzling observation led to 
the notion that L D L must be in some way modified from its native form to an 
atherogenic form (mLDL) that results in cholesterol ester accumulation by macrophages. 

A search for a modified forms of L D L led to the discovery that chemical 
acetylation of L D L modified it in a way that could stimulate cholesterol ester 
accumulation in macrophages and foam cell production (37). The reason is that 
chemical acetylation alters the uptake of L D L by redirecting the particle away from 
normally operating L D L receptors and toward receptors collectively referred to as 
"scavenger receptors". Cell surface L D L receptors actually serve to protect cells from 
over-accumulation of cholesterol because these receptors are under precise feedback 
control. As the levels of free cholesterol within the cell rise, synthesis of new L D L 
receptors is suppressed, thereby limiting the flow of external cholesterol into the cell, 
even in the face of very high L D L concentrations (25,30). Unlike the L D L receptor, 
the scavenger receptors recognize only modified forms of L D L ; they are not under 
feedback regulation and will continue to take in large amounts of acetylated L D L fast 
enough to convert resident macrophages to cholesterol ester-enriched foam cells. 
Other chemical modifications, including malonaldehyde conjugation (38) similarly 
modify native L D L such that it is redirected to the acetyl L D L receptor. Although there 
is no evidence that such chemical modifications occur to any extent in vivo, these 
experiments raised the possibility that some other unidentified process could elicit a 
similar metabolic transformation at the site of atherogenesis. 

A major advance occurred when investigators recognized that endothelial cells 
and smooth muscle cells were capable of inducing modifications of L D L that led to 
accelerated uptake in macrophages, again by way of L D L receptor independent 
mechanisms (39-41). Subsequent studies have confirmed these findings and estab
lished that the essential element in this cell-induced modification is the oxidation of 
the L D L particle itself (40,42,43). This oxidative process involves free radical 
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peroxidation of L D L lipids (42,43). Additional studies have demonstrated that oxi
dative modification by cultured cells results in a number of compositional and 
structural changes within L D L . These include: 1) peroxidation of long-chain poly
unsaturated fatty acids (27); 2) hydrolysis of lecithin toformlysolecithin andliberation 
of free fatty acids (41); 3) conversion of cholesterol into various oxysterol derivatives 
(44); 4) fragmentation of the protein moiety of L D L (apolipoprotein B-100) into 
polypeptides (45); and 5) conjugation of short-chain lipid oxidation products to 
polypeptide fragments (46). Incubation of L D L with transition metal ions such as 
copper yields an oxidized L D L with the same properties as the cell-induced oxidation 
as described above (27,41,46); in fact, many investigators now employ copper induced 
autoxidation of L D L as an study model. 

Interestingly, none of these modifications occur if antioxidants such as BHT or oc-
tocopherol are present in the medium (41,42). When L D L is subjected to oxidative 
conditions, there appears to be a lag phase before any signs of L D L oxidation are 
observed (47). The lag phase may represent the time required to deplete the 
endogenous antioxidants within L D L , such as α-tocopherol and various carotenoids 
(47) . Time course studies show that α-tocopherol is depleted preferentially over 
carotene, suggesting that vitamin Ε acts as a first line of defense in L D L oxidation (27). 

The mechanisms responsible for uptake of oxidatively modified L D L by macroph
ages is currently the focus of much attention. In a manner analogous to the acetylated 
L D L described above, oxidatively modified L D L is directed away from normally 
operating L D L receptors and toward scavenger receptors. Under oxidative conditions, 
it has been established that derivatization of L D L lysine residues by short chain lipid 
oxidation products is responsible for directing the oxidized L D L particle away from 
the L D L receptor (34). Even mild oxidation (derivatization of 5-10% of available 
lysine residues) appears sufficient to negate interaction with the L D L receptor (48). 
Interestingly, this same mild degree of L D L oxidation is not sufficient to stimulate 
uptake by scavenger receptors and cholesterol accumulation by macrophages is low 
(48) . Apparently, more complete oxidation of L D L is necessary to reach a threshold 
of recognition by scavenger receptors (27). Redirection of the oxidized L D L particle 
toward scavenger receptors appears to be solely the result of derivatization of 
apolipoprotein Β by lipid peroxidation products and not a function of other oxidative 
events occurring within the particle (49). Finally, recent evidence suggests that while 
oxidized L D L is more potent than native L D L in stimulating cholesterol accumulation 
in cultured macrophages, it is less potent than equivalent amounts of acetyl L D L 
(27£0). The explanation may involve oxysterol derivatives which are produced from 
cholesterol during oxidation of L D L (50£1). The decreased cholesterol uptake by 
macrophages may be entirely accounted for by the reduced content of cholesterol 
within oxidized L D L due to conversion to oxy sterols (27); alternatively, the oxysterols 
so produced may have a net inhibitory effect on intracellular cholesterol esterification 
of incoming cholesterol (50). 

The events of oxidative modification of L D L have been recently outlined in full 
detail (see References 27,34, and 52 for review) and will be presented briefly below. 
At the site of atherogenesis, cell lipids are oxidized, either by cellular lipoxygenases 
or the cyclooxygenase system. The cellular oxidizing potential could oxidize L D L 
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lipids directly or oxidized cell lipids could be transferred into the L D L . In either case, 
once the L D L contains fatty acid lipoperoxides, a rapid propagation would lead to 
large numbers of free radicals and extensive fragmentation of fatty acid chains. This 
is followed by an increase in phospholipase A 2 activity; the subsequent release of fatty 
acids further propagates the oxidative chain reaction. Accompanying these changes 
is a drastic degradation of apolipoprotein B-100 into a heterogeneous mixture of 
polypeptides containing fragments of covalently bound oxidized fatty acids. Finally, 
L D L cholesterol is oxidized, producing a variety of oxysterol products. 

Considerable experimental evidence implicates endothelial injury as an important 
factor in atherogenesis (53). Oxidized L D L is highly cytotoxic whereas native L D L 
is not (42). Most of this cytotoxic activity is attributable to the lipid components of 
L D L , including 2-alkenals, lipid hydroperoxides and hydroxy fatty acids (54). The 
cytotoxicity of oxidized L D L may lead to denudation of the endothelium, further 
accelerating development of atherogenesis. 

Recent studies have shown that oxidatively modified L D L , but not native L D L , is 
a potent chemoattractant for circulating human monocytes (55). The chemotactic 
activity appears to reside within the lipid component, much being attributed to the 
lysolecithin generated within oxidized L D L (56). The chemoattractant activity of 
oxidized L D L may play a role in recruiting circulating monocytes to the site of 
atherogenesis (55), where they adhere to the arterial endothelium, penetrate into the 
intima, take up residence as macrophages and subsequently accumulate cholesterol 
and become foam cells. At the same time, oxidized L D L appears to be a potent 
inhibitor of motility of resident macrophages (55), in effect trapping these cells within 
the intimai layer of the endothelium and providing additional opportunity for cholesterol 
accumulation. 

The information presented thus far can be summarized by describing four 
mechanisms by which oxidized L D L may contribute to atherogenesis (34). Native 
L D L circulating within the bloodstream have access to subendothelial tissue spaces 
beneath the artery wall; an equilibrium exists between circulating L D L and tissue 
space L D L . Once within the tissue space, L D L are subject to oxidative modification. 
Factors governing the rate of L D L oxidation are unknown at this time. Recent 
evidence indicates that at certain areas highly succeptable to lesion formation, the 
residence time of L D L within the tissue space is increased (57); in theory, the increased 
residence time allows greater opportunity for oxidative processes to occur. Oxidized 
L D L may express a chemotactic factor (lysolecithin) that aids in the recruitment of 
circulating monocytes to the subendothelial space. Within the arterial wall, the 
monocyte undergoes phenotypic modification, and its return to the plasma as a tissue 
macrophage is inhibited by oxidized L D L . Since the macrophage itself can modify 
L D L , the rate at which the oxidized L D L is produced accelerates rapidly as the number 
of subendothelial macrophages increases. Resident macrophages take up oxidized 
L D L via the scavenger receptor mechanism, and become foam cells. In addition, the 
cytotoxic effects of L D L could lead to a loss of endothelial integrity, further 
propagating the sequence of atherogenic events. Thus, it is possible to visualize a 
distinct series of events that lead to the development of fatty streak lesions. 
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Taken in their entirety, these experimental observations provide strong evidence 
that oxidative modification of the L D L particle structure plays a major role in its ability 
to induce atherosclerosis. Furthermore, they provide an entirely new array of 
mechanisms for possible intervention to postpone atherosclerotic processes. The 
proposed scheme outlined above suggests that the extent to which L D L undergo 
oxidative modification may be directly tied to the rate of lesion formation. 

4. Does Oxidation of L D L Occur in Vivo?. The hypothesized mechanisms 
described above have been developed almost exclusively on the basis of in vitro, cell 
culture studies. One may legitimately argue that these observations are not meaningful 
unless they are substantiated by direct in vivo evidence. Therefore, it is essential to 
address several new lines of evidence suggesting that oxidation of L D L does indeed 
occur in vivo. 

A recent study by Carew et al. (58) addresses the potential antiatherogenic role of 
antioxidants in experimental rabbits and is of particular interest. These investigators 
chose to study a specific strain called the Watanabe heritable hyperlipidemic (WHHL) 
rabbit for use in this study. The W H H L rabbit lacks the L D L receptor, and even 
without cholesterol feeding, has high plasma cholesterol levels (often greater than 500 
mg/dl) and develops spontaneous atherosclerosis. They wished to test the 
antiatherogenic effects probucol, a drug which closely resembles 2 BHT molecules 
joined together (Figure 3). The drug is quite lipophilic and is transported in plasma 
almost exclusively within the hydrophobic core of lipoproteins, predominantly L D L 
(59). Probucol is a potent antioxidant and possesses cholesterol-lowering properties 
as well (57). In order to test the antioxidant hypothesis and not cholesterol lowering 
effects, the investigators had to match probucol treated animals with controls of very 
similar plasma cholesterol and L D L concentrations. To achieve this, control animals 
were treated with carefully titrated amounts of lovastatin (a potent hypocholesterolemic 
drug with no antioxidant properties) so that during the 7-month protocol, there were 
negligible differences in plasma lipids. The results showed a 50% reduction in 
atherosclerotic lesion development of probucol-treated animals relative to controls. 
Further, the investigators found that in lesions of probucol-treated animals, L D L was 
degraded much more slowly than in controls; by contrast, in nonlesion areas of artery, 
L D L degradation was similar in both groups of rabbits (57). These findings suggest 
that probucol acted as an antioxidant to inhibit oxidative modification of L D L and 
thereby inhibit lesion progression. 

Other studies provide additional lines of evidence that oxidative modification of 
L D L occurs in vivo. Autoantibodies that react to aldehyde conjugates of L D L (formed 
during oxidative modification) are present in the sera of humans andrabbits (β8). Aortic 
lesions in W H H L rabbits were immunostained using antibodies specific to protein-
lipid conjugates that are present in oxidatively modified L D L (61). In another set of 
experiments, L D L was gently extracted from atherosclerotic tissue under strict 
antioxidant conditions (60). When compared to plasma L D L isolated from the same 
person or rabbit, L D L isolated from lesions had more extensive breakdown of 
apolipoprotein B, Western blotted with malonaldehyde using specific antibody and 4-
hydroxynonenal specific antibodies. These results suggest that lipid peroxidation 
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reactions occur in atherosclerotic lesions in vivo and are responsible for generation of 
stable lysine adducts on polypeptides. 

Although these results do not prove a pathogenic role for oxidatively modified 
L D L , they do provide evidence for its occurrence in vivo. Additional studies are 
necessary to elucidate the mechanisms of oxidative modification of L D L in vivo. A 
role for antioxidant therapy in slowing atherosclerotic progression is intriguing; 
however, other antioxidants should be tested to confirm this theory. 

5. The Role of Antioxidant Protection in CAD: Epidemiological Evidence. As 
stated earlier, population data suggest that about 35% of C A D occurrence cannot be 
accounted for by means of conventional risk factors. Given the multifactorial nature 
of the disease, it is not surprising that despite the current devotion to dietary lipids as 
causal factors of C A D , low intake of antioxidants has gained attention as a plausible 
hypothesis to help explain C A D incidence. To address the question of whether a low 
dietary intake of antioxidants is linked to high C A D mortality, several epidemiological 
approaches have been employed. The most common method to estimate antioxidant 
status is plasma measurement of several vitamins including vitamin E, vitamin C, and 
the provitamin beta-carotene. These measurements are often conducted in large-scale 
cross-sectional surveys in an effort to correlate status of one or more antioxidants with 
C A D incidence in population segments differing in their succeptability to the disease. 
Although interpretation of data of this kind is fraught with difficulty, the available 
evidence will be reviewed for each of the antioxidant nutrients described above. 

a) Vitamin E. Vitamin Ε is a term often used interchangeably with α-tocopherol 
but actually refers to the collective antioxidant contribution of β-, δ-, and γ-toco-
pherols in addition. However, α-tocopherol is the most important chain-breaking 
antioxidant in humans and is preferentially depleted during copper-induced peroxidation 
of L D L particles (47), and is the major antioxidant present in L D L (62). In light of the 
experimental evidence already presented, one might reason that in the search for 
epidemiological support for the antioxidant hypothesis, vitamin Ε status would thus 
represent a logical starting point. 

A recent cross-cultural survey compared vitamin Ε plasma levels of males aged 
40-49 years from regions varying substantially in C A D mortality rates (from a low of 
107 annual deaths due to C A D per 100,000 population in southern Italy to a high of 
469 deaths per 100,000 in North Karelia, Finland) (63). Plasma vitamin Ε concen
tration was significantly correlated with plasma lipids, including cholesterol, trig
lycerides and the sum of cholesterol and triglycerides. In an attempt to circumvent the 
confounding effects of plasma lipids, the plasma vitamin Ε levels were mathemati
cally standardized to a plasma cholesterol level of 220 mg/dl, and a triglyceride level 
of 110 mg/dl. So adjusted, plasma «=-tocopherol levels among all 12 populations 
studied maintained a strong inverse relation with C A D mortality (r2=0.49). In a partial 
regression analysis of eight populations which did not differ in plasma cholesterol 
levels (p > 0.05), absolute plasma tocopherol concentrations related inversely to C A D 
mortality (r2 = 0.55). These results support the concept of a protective role for vitamin 
Ε activity in C A D . 

A second type of epidemiological approach is the case-control study, in which 
plasma vitamin Ε levels of individuals free of clinical C A D are compared to the 
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vitamin Ε levels of individuals with symptomology for C A D . A preliminary report of 
a case-control study of over 550 Scottish men, aged 35-54, recently appeared in which 
the antioxidant hypothesis was examined (64). Vitamin Ε levels of 125 patients with 
angina (positive for chest pain as determined by World Health Organization ques
tionnaire) were not significantly different from the 430 controls. However, when the 
results were expressed as plasma vitamin E/cholesterol molarratio, patients with C A D 
had significantly lower vitamin Ε status. The authors conclude that a low plasma 
vitamin Ε content predisposes to angina (64). 

Several clinical trials studying the effects of vitamin Ε on C A D symptomology 
have been conducted. Clinical trials involve administration of set amounts of vitamin 
Ε or placebo to experimental and control groups, respectively, for a pre-determined 
period of time to determine treatment effect on end-point measurements, such as 
myocardial infarcts, coronary bypass surgery, or angina. A recent review of vitamin 
Ε clinical trials (65) indicates only two of six trials of vitamin Ε and angina were 
randomized and double-blind. Rinzler (66) gave 200 mg α-tocopherol acetate for two 
weeks and thereafter 300 mg daily or placebo to 20 patients with chronic chest pain 
for an average of 16 weeks. No outcome measurement differences were reported (66). 
In a more recent trial, Anderson gave 3200IU vitamin Ε or placebo daily to 20 patients 
with stable angina for 9 weeks (67). Again, nonsignificant differences in outcome 
measures were reported. A major shortcoming of such studies is the extremely short 
time-span employed by researchers in patients with advanced atherosclerosis. Financial 
and ethical considerations often limit the scope of well-intentioned clinical trials; both 
trials tested short-term efficacy of vitamin Ε therapy on advanced angina. These 
studies do not directly address the issue of primary prevention of C A D through long-
term intake of moderate amounts of vitamin E. In order to address this question, a 
larger, longer, well-designed double blind trial of inevitably high expense is necessary 
to confirm or reject the results of existing studies. Although epidemiological data 
provide marginal support for such an endeavor, the experimental data discussed earlier 
may provide impetus in this direction. 

b) Vitamin C. Cigarette smokers have lower vitamin C concentrations than non-
smokers and this could result from increased oxidant stress due to free radical damage 
associated with smoking (68). The case control study of Reimersma et al. (64) re
vealed a significantly lower plasma vitamin C concentration in patients with angina 
compared to controls. Cross-sectional studies of Gey and Puska (63) suggest that lipid 
standardized vitamin Ε levels parallel the absolute vitamin C level; this correlation 
appears particularly strong in populations with low vitamin C medians. In addition, 
vitamin C concentrations are lower in aortic tissue from patients with occlusive C A D 
(69). However, it is difficult to separate a potential independent effect of vitamin C 
from the confounding effects of smoking and vitamin Ε concentration; these obser
vations may not necessarily provide direct support for the antioxidant hypothesis. 

c) Beta-carotene. Beta-carotene is a provitamin, the precursor to vitamin A . Beta-
carotene has both singlet oxygen quenching and antioxidant properties and its 
antioxidant capacity may exceed that of vitamin Ε under certain conditions (70). Unlike 
the parallel relationship between vitamins Ε and C, no such intercorrelation appears 
to exist for vitamin Ε and carotenoids (70). Beta-carotene itself is transported in 
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plasma within the L D L particle (77) and may therefore play a protective role in 
limiting L D L oxidation. Esterbauer et al. (62) have found that there is a strong cor
relation between the content of L D L vitamin Ε and beta-carotene and the resistance 
of the L D L particle to oxidation. In addition, serum concentrations of beta carotene 
are greater in women than in men (77). There is a paucity of direct evidence from 
clinical trials to address the protection from C A D afforded by increasing dietary 
consumption of beta-carotene, although a number of investigators believe that such 
trials merit strong consideration. 

6. Conclusions. C A D remains the leading cause of death in the United States and 
Western Europe. Demographic differences in the incidence of C A D have been 
interpreted as implicating dietary fat and cholesterol, although classical risk factors 
account for only about 65% of the variance in the occurrence of C A D . Recent 
experimental evidence has provided a fascinating hypothesis to explain the mecha
nism by which L D L cholesterol becomes atherogenic. The evidence for a role of 
oxidative processes in atherogenesis is now gaining acceptance, although a number of 
perplexing questions still exist. For example, why do nonhuman primates develop 
atherosclerosis on a diet containing saturated fat but are resistant to atherosclerosis 
when fed a polyunsaturated diet? Presumably, increased tissue content of polyun
saturated fatty acids would promote oxidative processes leading to modification of 
L D L and cholesteryl ester deposition in foam cells. Perhaps the answer may lie with 
the antioxidant status of the animals. This paradox calls critical attention to the 
evidence supporting the contention that L D L modification occurs in vivo. Some in
vestigators question whether the information regarding oxidative modification of 
L D L in vitro is meaningful without more supporting evidence from in vivo observa
tions. Based on the experimental evidence available thus far, most investigators would 
agree that a high priority in atherosclerosis research is to determine more conclusively 
whether oxidative modification of L D L is a key event in atherogenesis. From an 
epidemiological perspective there is some evidence supporting the antioxidant hy
pothesis although many investigators consider this evidence marginal. At this point, 
population-wide recommendations advocating nutritional intervention to increase 
intake of antioxidants seems from a scientific standpoint to be premature. Nevertheless, 
research on oxidative processes leading to atherosclerosis and the preventative role of 
antioxidants appears to hold great promise in further reducing incidence of C A D . 

Dietary Oxidation Products and C A D 

Research on dietary LOPS, atherosclerosis, and C A D has fully matured into a serious, 
if somewhat low-profile, research area which has in many ways paralleled research on 
M L D L . Dietary LOPS have been shown to be cytotoxic, to induce arterial injury, and 
enhance the atherosclerotic process and antioxidants are clearly important agents for 
the protection of food lipids (72-75). In addition, many antioxidants not consumed by 
free radical reactions by the time the food is consumed will be absorbed and 
transported by L D L , in effect increasing the resistance of the L D L particle to oxidation 
to the mLDL. 
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The primary deleterious affect of dietary LOPS, including oxysterols, appears to 
be arterial injury, based on the cytotoxic properties of these oxidation products. 
Arterial injury is believed to be one of the earliest steps in atherosclerosis (see 
References 77 and 78 for review). The possibility that dietary LOPS might influence 
the rate of formation of mLDL or the possibility that L D L can be modified by 
consumption of dietary LOPS is not known at this time but constitutes a research area 
of pivotal importance because it has been shown that dietary LOPS are absorbed from 
the intestine in both experimental animals and man (see Reference 78 for review). 

It is well established that the typical diet in developed nations expose consumers 
to impressively high levels of LOPS. Addis and Warner (78) suggested that deep-fat-
fried foods and foods containing powdered eggs represent the largest sources of LOPS 
in the human diet. Other potentially significant sources of LOPS, including oxysterols, 
include precooked uncured meats, freeze-dried meats, and sour cream-, butter-, and 
cheese-powders (77). Research has demonstrated the same oxysterols of foods in 
plasma HDL, L D L , and V L D L of fasted humans (79). There is obviously a great need 
for much more research into the types and quantities of LOPS in foods. 

In Figure 7, representatives of a few LOPS which have been reported in foods and 
heated frying oils are listed. It is interesting and perhaps very significant that the 
compounds in Figure 7 are some of the same seen in mLDL. This fact plus the 
emerging recognition that mLDL is an important atherogenic factor demands that 
close attention be given to the possibility that the detrimental effects of dietary LOPS 
extend beyond arterial injury to the acceleration of plaque accumulation, and that 
antioxidants in foods, including synthetics like B H A and BHT, confer a dual benefit 
by reducing exposure of humans to LOPS and suppressing in vivo oxidation of L D L 
to mLDL. 

Cancer 

Ames (78)y in a comprehensive review, noted the tendancy for lipid oxidation products 
and "active oxygen" to the possess procarcinogenic properties and antioxidants to 
possess anticarcinogenic activity. Wattenberg (79) listed the following compounds as 
"inhibitors of carcinogen-induced neoplasia:" ascorbic acid, a- and γ-tocopherol, 
gallic acid, propyl gallate, B H A , BHT, retinoids, carotenoids, phenols, caffeic acid 
and ferulic acid. The fact that all the foregoing compounds are antioxidants is 
somewhat in contrast to the "carcinogenic" properties of B H A reported by Ito et al. 
(20) but Wattenberg (79) cautioned that antioxidant vitamins are not necessarily 
effective as broad-spectrum anticarcinogens. The literature on the linkage between 
antioxidants and anticarcinogenesis is vast, difficult to interpret but interesting and 
promising enough to warrant further study and useful literature is available (5,76-83). 

Aging, Immune Responses, Toxin Interactions 

One of the earliest properties of antioxidants discovered was an "anti-aging" effect. 
Free radicals are associated with aging and antioxidants stabilize free radicals. The 
relationship between active oxygen species and LOPS on one hand and cancer and 
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Cholest-5-ene-3 β, 25-diol 
(25-hydroxycholesterol) 

Cholest-5-ene-3P, 7a-diol 
(7-hydroxycholesterol) 

Cholest-5-ene-3 β, 7 β-diol 
(7β -hydroxycholesterol) 

3 p-hydroxycholest-5-en-7-one 
(7-ketocholesterol) 

5,6a-epoxy-5a-cholestan-3 β-οΙ 
(cholesterol-a-epoxide) 

5,6 β -epoxy-5 β -cholestan-3 β-οΙ 
(cholesterol- β -epoxide) 

5a-cholestane-3P,5,6P-triol 
(cholestanetriol) 

CH3(CH2)4 Y " V CH 2(CH 2) 7COOC 2H 5 

CH3(CH2)4 CH2CH=CH-CH2(CH2)e-COOC2Hs 

Dimer 

OOH 
©Ο Η 

Malonaldehyde 
* [CH2]7COOH 

9-hydroperoxy-IO-trans, 12-cis-octadecadienoic acid 
(linoleic acld-9-hydroperoxide) 

Figure 7. Some common lipid oxidation products found in foods that may be 
significant in terms of atherosclerosis and other diseases. Malonaldehyde 
exists in five resonance forms; only the ionic form is shown. 
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C A D on the other, has already been discussed but it should be emphasized that cancer 
and C A D are diseases of aging. Vitamin Ε has been recognized as the key defense 
against free radical damage. Selenium, a component of the glutathione peroxidase 
system, is also considered an antioxidant nutrient and déficiences of both selenium and 
vitamin Ε result in accelerated accumulation of lipofuscin, or age, pigment (84). 

The interrelationships among vitamin E, aging and C A D are clear from a study by 
Hennig et al. (85). Endothelial cell culture age, susceptibility to oxidative injury and 
the protective effects of vitamin Ε were studied. Exposure of endothelial cell 
monolayers for 24 hours to 30 μΜ linoleic acid hydroperoxide caused increase al
bumin transfer, an indication of reduced barrier function. Pre-enrichment with 25 μΜ 
vitamin Ε consistently protected endothelial cells against oxidative damage, independent 
of cell age. The authors (85) suggested that vitamin Ε may play an important role in 
CAD-prevention because the maintenance of a robust barrier function by the arterial 
endothelial cells may restrict the influx of "cholesterol-rich lipoprotein remnants." 

Antioxidant vitamins also appear to amplify the immune response of organisms 
(86). Extensive studies have been conducted on vitamins C and Ε and provitamin A 
(β-carotene). Deficiencies in the antioxidant vitamins are clearly associated with a 
compromised immune response but the amplification of immune response by high 
dosages of vitamins, although promising, is not clear in every case. Much more 
research is necessary. 

Evidence exists that antioxidant vitamins and selenium help the animal organism 
to resist various hazardous elements in the environment. Vitamin Ε and selenium, 
even at modest levels, are quite effective at modifying the toxicity of mercury and 
silver (87). Dietary ascorbic acid supplementation will improve iron (II) absorption, 
thereby markedly reducing toxic effects of 5-200 ppm dietary cadmium (88). Vita
mins C and Ε are very effective blockers of the nitrosation reaction in vivo and in foods 
(89, 90). 

Antioxidants and Food Processing Issues 

There are several, important emerging issues occurring in food processing which 
pertain to antioxidant usage. Foods are more highly processed and are subjected to 
longer storage times than ever before. As a result, oxidation may have greater 
opportunity to degrade food than in previous times. Recent reviews (76, 78) have 
outlined areas in food processing and preparation which may be linked to the 
production of high levels of LOPS. Of special concern are heated fats and the resultant 
deep-fried foods and powdered eggs. Of secondary concern are foods such as freeze-
dried meats, powdered cheeses and pre-cooked, stored meat products. Addis and 
Warner (78) strongly suggest that a great deal more work is needed in the area but that 
governmental regulation of food LOPS is a possibility. In Europe, it is very common 
for frying fats in restaurants to be closely monitored for quality by government 
agencies. 

Obviously, antioxidants are an important possible solution or partial solution to 
most of the foregoing problems. Effective use of antioxidants could provide a measure 
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of protection against accumulation of LOPS in many foods, although deep-fried foods 
will require more than increased antioxidant use to lower LOPS because of the high 
temperatures involved. F.D.A. and U.S.D.A. will need to consider risks associated 
with increased antioxidant usage but should balance the risks with clear benefits to 
health that we have reviewed. 

Risk/Benefit of Antioxidants. Even with the copious amounts of data available, it 
probably is not advisable to attempt a sophisticated, mathematical calculation of the 
risk/benefit ratio at this time and we shall not do so. However, we will propound a 
strong qualitative assessment of the available data. 

Exposure of humans to megadoses of antioxidant vitamins and extremely high 
levels of synthetic antioxidants would be undesirable although, in our opinion, 
exposure to dietary LOPS is even more so. Attempting to find the correct balance is 
exceedingly complicated and may not be necessary if alternatives to antioxidants are 
employed to the fullest possible advantage. Examples include vacuum packaging, use 
of oxygen interceptors, omitting light and, in the case of heated oils, simply using the 
best available maintenance methods such as proper filtration and quality control. 
Nevertheless, some antioxidants will be required in combination with the foregoing 
technological advances to achieve truly low, inconsequential, levels of LOPS. 

In terms of toxicity and carcinogenicity of antioxidants the data are, in our opinion, 
basically unimpressive. Ito (20) used levels 10,000-fold higher B H A than human 
intake (21) to produce deleterious effects in the rat and, at that, the forestomach was 
the organ affected. Humans do not possess a forestomach. Clearly, B H A is not a 
genotoxic carcinogen (22). Other synthetic antioxidants also appear unimpressive in 
terms of being detrimental biological agents. Vitamins C and Ε require astronomical 
levels to induce toxicity. 

In contrast, the health benefits of antioxidants as well as their role in maintaining 
a high level of esthetic and functional properties in foodstuffs make them exceedingly 
critical to modem food processing. Antioxidants retard potentially health-significant 
deterioration of food by inhibiting lipid oxidation and also are responsible for 
numerous important health benefits to the consumer by retarding similar lipid 
oxidation reactions in vivo. Most notable among these effects is the retardation of the 
oxidation of L D L to mLDL, areaction which appears to be akey factor in atherosclerosis. 

Our conclusion is that, although much more research should be encouraged, it is 
premature and potentially detrimental to human health to ban the use of any currently-
used U.S. antioxidants or to, as has been done recently in California, make it difficult 
for companies to use an antioxidant by placing it on an environmental "hit list". 
Uncertainty is a part of our existence: the absolute safety of synthetic and natural 
antioxidants may never be proven beyond any doubt. However, what is certain is that 
the risks of not using antioxidants far exceed the risks of using them. 

Future Research Needs 

One of the most exciting areas of research in antioxidants has to do with the possible 
benefits of antioxidants with regard to C A D and we strongly suggest that vigorous 

 J
ul

y 
15

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 F
eb

ru
ar

y 
14

, 1
99

2 
| d

oi
: 1

0.
10

21
/b

k-
19

92
-0

48
4.

ch
03

0

In Food Safety Assessment; Finley, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



30. ADDIS & HASSEL Safety Issues with Antioxidants in Foods 373 

research activity on this relationship should continue. Both aspects of the antioxidant-
CAD connection should be exhaustively explored. Antioxidants reduce LOPS levels 
in food and retard in vivo oxidation reactions. Are both of the foregoing effects truly 
significant in terms of human CAD and cancer? The possibilities are provocative but 
elucidating the facts will require much devoted research. 

Another important, and closely related, research area has to do with deep-fried 
foods, clearly large sources of dietary LOPS. Are such levels high enough to have 
significant damaging impact on consumers and, if so, should regulations concerning 
oil quality and wholesomeness be promulgated? 

As a corollary to the foregoing question, which methodology is most suitable for 
measuring heated oil deterioration? Also, what methods can be developed to improve 
the stability of heated oils? 

It is hoped that the foregoing list of research ideas will receive prompt attention. 
However, the list is by no means complete and the authors hope that this review has 
stimulated many other research ideas as well. 
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Chapter 31 

Safety and Regulatory Status of Food, Drug, 
and Cosmetic Color Additives 

Joseph F. Borzelleca1 and John B. Hallagan2 

1Department of Pharmacology, Medical College of Virginia, 
Richmond, VA 23298 

2Daniel R. Thompson, P.C., 1620 I Street, NW, Suite 925, 
Washington, DC 20006 

Color additives have long been used as a means of enhancing the esthetic value of 
foods, beverages and cosmetics, and for identifying drugs and other products. 
Archaeological evidence dates the use of color additives in cosmetics to 5000 B.C. 
The use of color additives in drugs is documented in ancient Egyptian writings and 
historic evidence of the use of color additives in foods is dated back to at least 1500 
B.C.; natural substances such as turmeric, paprika and saffron, and inorganic mineral 
pigments were used. In the middle of the nineteenth century, synthetic organic dyes 
were developed creating a more economical and extensive array of colorants. Unfor
tunately, the use of color additives to adulterate products also has a long history. This 
misuse of color additives led to the imposition of controls by regulatory bodies and 
user associations. 

In 1906, with the passage of the Federal Pure Food and Drug Act, certain color 
additives including F D & C Red No. 3 and FD&C Blue No. 2 were approved for food 
use. F D & C Yellow No. 5 was approved in 1916; F D & C Green No. 3 in 1927; and 
F D & C Yellow No. 6 and FD&C Blue No. 1 in 1929. 

In 1908, the United States Department of Agriculture initiated a voluntary 
certification program for synthetic food color additives. Under the certification 
system, batch samples of color additives are submitted to the agency for analysis and 
confirmation that they comply with established specifications. The Federal Food, 
Drug and Cosmetic Act of 1938 (FFDCA) instituted mandatory certification and 
extended governmental control to colorings for drugs and cosmetics as well as foods. 
New scientific investigations of the safety of the color additives was promoted by the 
enactment of the 1960 Color Additive Amendments to the FFDCA and color additives 
have been the subject of extensive investigations since. 

The seven currently approved FD&C color additives are identified in Table 1 and 
Figure 1. The total pounds certified by the U.S. Food and Drug Administration in 
recent years are presented in Figure 2. It is anticipated that the use of F D & C color 
additives will continue to increase with the introduction of new food, drug and 
cosmetic products. 

A separate regulatory class of color additives are exempt from certification; this 

0097-6156/92/0484-0377$06.00/0 
© 1992 American Chemical Society 
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Table 1. Regulatory Status of the FD&C Color Additives in the United States 

Color Additive Dye Lake 

FD&C Red No. 40 PermanenUy listed 
for all uses at GMP. 
21 CFR §§74.340 
74.1340,74.2340 
39 Fed Reg 44198 
(23 December 1974) 

Permanently listed 
for all uses at GMP. 
21 CFR §§74.340, 
74.1340,74.2340 
39 Fed Reg 44198 
(23 December 1974) 

FD&C Blue No. 1 Permanently listed 
for all uses at GMP. 
21 CFR §§74.101, 
74.1101,74.2101 
47 Fed Reg 42563 
(28 September 1982) 

Provisionally listed 
or all uses at GMP. 
21 CFR §82.101 

FD&C Blue No. 2 Permanently listed 
for all uses at GMP. 
21 CFR §§74.102, 
74.1102 
48 Fed Reg 5252 
(4 February 1983) 

Provisionally listed 
for all uses at GMP. 
21 CFR §82.102 

FD&C Green No. 3 Permanently listed 
for all uses at GMP. 
21 CFR §§74.203, 
74.1203,74.2203 
47 Fed Reg 52140 
(19 November 1982) 

Provisionally 
listed for all uses 
at GMP. 
21 CFR §82.203 

FD&C Yellow No. 5 Permanently listed 
for all uses at GMP. 
21 CFR §§74.705, 
74.1705,74.2705 
50 Fed Reg 35774 
(4 September 1985) 

Provisionally 
listed for all uses 
at GMP. 
21 CFR §82.705 

FD&C Yellow No. 6 Permanently listed 
for all uses at GMP. 
21 CFR §§74.2706, 
74.1706,74.2706 
51 Fed Reg 41765 
(19 November 1986) 

Provisionally 
listed for all uses 
at GMP. 
21 CFR §82.706 

FD&C Red No. 3 Permanently listed 
for foods and 
ingested drugs at GMP. 
21 CFR §§74.303, 
74.1303 
34 Fed Reg 7446 
(8 May 1969) 
Delisted for 
cosmetic uses 
55 Fed Reg 3516 
(1 February 1990) 

Delisted for all 
uses. 

55 Fed Reg 3516 
(1 February 1990) 
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FD&C Blue No. 1 
B r i l l i a n t Blue FCF 
Class: Triphenylmethane 
CAS No.: 2650-18-2 

FD&C Blue No. 2 
Indigo Carmine, Indigotine 
Class: Indigoid 
CAS No.: 860-22-0 

Ο 

FD&C Green No. 3 
Fast Green FCF 
Class : Triphenylmethi 
CAS No.: 2353-45-9 

FD&C Red No. 3 
Erythrosine 
Class: Xanthene 
CAS No.: 16423-68-0 

FD&C Red No. 40 
A l l u r a Red 
Class: Monoazo 
CAS No.: 25956-17-6 

FD&C Yellow No. 5 
Tartrazine 
Class: Monoazo 
CAS No.: 1934-21-0 

FD&C Yellow No. 6 
Sunset Yellow FCF 
Class: Monoazo 
CAS No.: 2783-94-0 

S03Na 
FIGURE 1. FD&C Color Additives 
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1930 1935 1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 

Year 
FIGURE 2. T o t a l Pounds o f FD&C Dyes 

C e r t i f i e d by Year 
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class includes many of the "natural" color additives including beta-carotene, annatto 
and carmine. The color additives exempt from certification have not been extensively 
tested but a long history of use in food suggests safety. 

The history and status of the F D & C color additives were previously reviewed by 
Borzelleca et al., (7), Marmion (2) and Newsome (3). This brief review summarizes 
the large body of scientific information on the F D & C color additives by concentrating 
on the results of lifetime toxicity/carcinogenicity studies, reproduction and teratology 
studies, metabolism studies and genotoxicity assays. The regulatory status of the color 
additives is also summarized. 

The Safety of the F D & C Color Additives 

In general, the safety of the FD&C color additives has been evaluated in multiple 
species, acutely and chronically. Additional studies include genetic toxicity, repro
duction and development, and absorption, distribution, biotransformation, excretion 
and kinetics in animals and humans. Special studies, such as mechanistic studies, have 
been conducted on several color additives in animals and humans. The weight of the 
available evidence indicates that the FD&C color additives are safe for their intended 
uses. 

F D & C Red No. 40. FD&C Red No. 40 (Allura Red) is a monoazo color additive 
which has many applications including confectionery and candy products, alcoholic 
and nonalcoholic beverages, dairy products, meat and poultry products, bakery 
products and drugs and cosmetics. The amount certified in 1990 was 2,595,720 
pounds. 

It was negative in genotoxicity tests (4-75). 
The acute oral toxicity is low; for example, the acute oral L D 5 0 in rats is > 10,000 

mg/kg (76). 
Lifetime dietary administration studies of FD&C Red No. 40 in rats (17) and mice 

(18) demonstrated no evidence of carcinogenicity in either species. There were no 
consistent compound-related adverse effects in either species except a reduction in 
body weight in female rats that received the highest dose (a dietary concentration of 
5.19%). 

The no observable adverse effect levels reported were: rats ~ males, 2829 mg/kg/ 
day and females, 901 mg/kg/day; mice - males, 7200 mg/kg//day and females, 8300 
mg/kg/day. 

There were no adverse effects on reproductive performance in a multigeneration 
study in rats (79). There were no adverse developmental effects in rats or rabbits (20-
23). 

F D & C Red No. 40 appears to be poorly absorbed from the gastrointestinal tract 
where it undergoes azo reduction (24,25). 

The acceptable daily intake established by the Joint Expert Committee on Food 
Additives of the World Health Organization (JECFA) in 1989 is 0-7.0 mg/kg/day. The 
maximum anticipated daily intake is calculated to be 0.19 mg/kg/day. 
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F D & C Yellow No. 5. F D & C Yellow No. 5 (Tartrazine) is a monoazo color additive 
used in candies, beverages, desserts, preserves, canned and frozen vegetables, drugs 
and cosmetics. The amount certified in 1990 was 1,642,914 pounds. 

A weight of evidence analysis demonstrates that F D & C Yellow No. 5 is not 
genotoxic (6-10,13,14,26-41). 

The acute oral toxicity is low; for example, the acute oral L D 5 0 in mice is 12,750 
mg/kg (42). 

Chronic toxicity/carcinogenicity studies (dietary administration) of F D & C Yel
low No. 5 in rats and mice were reported by Borzelleca and Hallagan (43,44); there 
was no evidence of carcinogenicity in either species nor evidence of consistent 
compound-related adverse effects. 

The no observable adverse effect levels were: rats - males, 2641 mg/kg/day and 
females, 3348 mg/kg/day; mice - males, 8103 mg/kg/day and females, 9753 mg/kg/ 
day. No carcinogenic or significant toxic effects were noted in rats that received 
F D & C Yellow No. 5 in drinking water at up to 2.0% for two years (45). 

There were no adverse reproductive effects reported in a multigeneration study in 
rats (46) and there were no adverse developmental effects in rats or rabbits (47). There 
were no significant effects on the development of the central nervous system in the 
offspring of female rats fed F D & C Yellow No. 5 (48). 

F D & C Yellow No. 5 undergoes bacterial azo reduction in the gastrointestinal tract 
of rats, rabbits, and humans (49-54). The major biotransformation product is sulfanilic 
acid (55,56). Sulfanilic acid may have minor behavioral effects on young rats which 
the authors conclude cannot be extrapolated to humans (57). 

The acceptable daily intake established by JECFA in 1964is 0-7.5 mg/kg/day. The 
maximum anticipated daily intake is calculated to be 0.11 mg/kg/day. 

F D & C Yellow No. 6. F D & C Yellow No. 6 (Sunset Yellow FCF)is a monoazo color 
additive used to color confectionery products, beverages, dessert powders, bakery 
products, dairy products and drugs and cosmetics. The amount certified in 1990 was 
1,606,997 pounds. 

It is not genotoxic by a weight of evidence analysis (5-10,13,14,30-33,39-41,58-
68). 
The acute oral toxicity is low; for example, the acute oral L D 5 0 in rats is > 10000 mg/ 
kg (69). 

There was no evidence of carcinogenicity in dietary administration lifetime 
studies in rats or mice (70, 71). An increased incidence of pelvic mineralization and 
chronic nephropathy was reported in female rats at the two highest levels fed (1.5% 
and 5.0%) in the C C M A study (70). The no observable adverse effect levels in the 
C C M A study were: rats - males, 1635 mg/kg/day and females, 503 mg/kg/day; mice 
- males, 2608 mg/kg/day and females, 11443 mg/kg/day. The no observable adverse 
effect level in the NTP studies (71) was a dietary concentration of 2.5% for rats and 
mice; compound consumption data are unavailable. 

There were no adverse reproductive effects reported in a multigeneration study in 
rats and there were no adverse developmental effects in rats or rabbits (46,47). 
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Like F D & C Yellow No. 5, F D & C Yellow No. 6 is poorly absorbed (<5%) and 
undergoes bacterial azo reduction in the gastrointestinal tract of rats with sulfanilic 
acid a major metabolite (57, 72). 

The acceptable daily intake established by JECFA in 1982 is 0-2.5 mg/kg/day. The 
maximum anticipated daily intake is calculated to be 0.11 mg/kg/day. 

F D & C Blue No. 2. F D & C Blue No. 2 (Indigo Carmine) is an indigoid color additive 
used in the production of candy and confectionery products, beverages, dessert 
powders, cereals, bakery products, snack foods, drugs and cosmetics. The amount 
certified in 1990 was 93,337 pounds. 

F D & C Blue No. 2 is not genotoxic by a weight of evidence analysis (5, 7,10,27, 
32,33, 36, 73-75). 

The acute oral toxicity is low; for example, the acute oral L D 5 0 in rats is 2000 mg/ 
kg (76). 

Lifetime dietary administration toxicity/carcinogenicity studies in rats and mice 
were reported by Borzelleca, et al. (77) and Borzelleca and Hogan (78). There was no 
evidence of carcinogenicity in either species and there were no consistent compound-
related adverse effects reported. In rats, food consumption showed a dose related 
increase. 

A numerical increase in gliomas in male rats that received the highest level was 
determined to be not biologically significant. The no observed adverse effect levels 
were: rats - males, 1282 mg/kg/day and females, 1592 mg/kg/day; mice -- males, 
8259 mg/kg/day and females, 9456 mg/kg/day. 

There were no adverse effects on reproduction reported in a multigeneration study 
in rats (46). There were no adverse developmental effects reported in rats or rabbits 
(47, 79). 

F D & C Blue No. 2 is poorly absorbed (<5%) from the gastrointestinal tract of rats 
(80). 

The acceptable daily intake established by JECFA in 1969 is 0-17.0 mg/kg/day. 
The maximum anticipated daily intake is calculated to be 0.009 mg/kg/day. 

F D & C Blue No. 1. FD&CBlueNo. 1 (Brilliant Blue FCF) is a triphenylmethane color 
additive used in the production of confectionery products, beverages and beverage 
powders, bakery products, dairy products, drugs, and cosmetics. The amount certified 
in 1990 was 233,418 pounds. 

F D & C Blue No. 1 is not genotoxic by a weight of evidence analysis (5, 7,10,27, 
30,31, 33-35,38, 73, 81, 82). 

The acute oral toxicity is low; for example, the acute oral L D 5 0 in the rat is 2000 
mg/kg (83). 

Lifetime toxicity/carcinogenicity studies (dietary administration) of F D & C Blue 
No. 1 in rats and mice were reported by Borzelleca et al. (84). There was no evidence 
of carcinogenicity in either species. There were no consistent compound related 
adverse effects in either species except a 15% reduction in body weight and decreased 
survival in female rats that received the highest dose (2.0%). The no observed adverse 
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effects levels were: rats ~ males, 1072 mg/kg/day and females, 631 mg/kg/day; mice 
-- males, 7354 mg/kg/day and females, 8966 mg/kg/day. 

There were no adverse reproductive effects in a mutigeneration study in rats (46). 
There were no adverse developmental effects in rats or rabbits (47). 

F D & C Blue No. 1 is poorly absorbed (<5%) from the gastrointestinal tract of rats 
(85, 86). It is not metabolized by rats,mice or guinea pigs (87). 

The acceptable daily intake established by JECFA in 1969 is 0-12.5 mg/kg/day. 
The maximum anticipated daily intake is calculated to be 0.022 mg/kg/day. 

F D & C Green No. 3. F D & C Green No. 3 (Fast Green FCF) is a triphenylmethane 
color additive used to color maraschino cherries, beverages, desserts, candies, bakery 
products, dairy products, drugs and cosmetics. The amount certified in 1990 was 
7,493 pounds. 

F D & C Green No. 3 is not genotoxic by a weight of evidence analysis (7,26,27, 
31-34,38,39, 74,81,82, 88-92). 

The acute oral toxicity is low; for example, the acute oral L D 5 0 in rats is > 2000 mg/ 
kg/day (83). 

Lifetime toxicity/carcinogenicity studies (dietary administration) were conducted 
in rats and mice (93). There was no evidence of carcinogenicity in either species. 
There were no consistent compound-related adverse effects in either species except an 
increase in urinary bladder tumors in male rats that received the highest level; these 
were not considered compound-related. The no observed adverse effect levels 
reported were: rats - males, 1486 mg/kg/day and females, 4021 mg/kg/day; mice -
- males, 8806 mg/kg/day and females 11805 mg/kg/day. 

There were no reported adverse reproductive effects in a multigeneration study in 
rats (46). There were no developmental effects in rats or rabbits (47). 

F D & C Green No. 3 is poorly absorbed (<5%) from the gastrointestinal tract of rats 
(86). 

The acceptable daily intake established by JECFA in 1986 is 0-25 mg/kg/day. The 
maximum anticipated daily intake is calculated to be 0.0003 mg/kg/day. 

F D & C Red No. 3. F D & C Red No. 3 (Erythrosine) is a xanthene color additive used 
to color confectionery products, cherries, canned fruits and vegetables, fish products, 
baked goods and dairy products. The amount certified in 1990 was 182,596 pounds. 

The potential genotoxic and clastogenic effects of F D & C Red No. 3 were critically 
reviewed by Lin and Brusick (94) and Brusick (95) who concluded that it is neither 
genotoxic nor clastogenic. The acute oral toxicity is low; for example, the acute oral 
L D 5 0 in the rat is 7400 mg/kg (96). 

Lifetime toxicity/carcinogenicity studies (dietary administration) of F D & C Red 
No. 3 in rats and mice were reported by Borzelleca et al. (97), and Borzelleca and 
Hallagan (98). There was no evidence of a direct carcinogenic effect in either species. 
In the study reported by Borzelleca et al. (97), male rats that received the highest dose 
(2464 mg/kg/day) had statistically significant increases in the incidence of thyroid 
follicular cell hypertrophy, hyperplasia and adenomas. A numerical increased 
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incidence of thyroid follicular adenomas was reported in female rats in this study but 
the increase was not statistically significant. Food consumption increased in these 
studies in all treated groups in a dose-related manner. The no observed adverse effect 
levels were: rats - males, 251 mg/kg/day and females, 641 mg/kg/day; mice - males, 
4759 mg/kg/day and females, 1834 mg/kg/day. 

There were no adverse reproductive effects reported in a multigeneration study in 
rats (46). There were no adverse developmental effects in rats or rabbits (47). 

F D & C Red No. 3 is poorly absorbed (<5%) from the gastrointestinal tract of the 
rat (99,100). FD&C Red No. 3 is partially de-iodinated to lower iodinated fluores
ceins (101,102). 

A number of mechanistic studies (biochemical and histological including 
histomorphometry) were conducted to evaluate the effects of this color additive on the 
rat thyroid and thyroid hormone economy (103). These studies demonstrate that high 
dietary concentrations of FD&C Red No. 3 inhibit the peripheral metabolism of 
thyroxine (T4) to form triiodothyronine (T3) resulting in biologically significant de
creased levels of T 3 which in turn activates the pituitary to release increased amounts 
of thyrotropin (TSH); the role of TSH in rat thyroid oncogenesis is well established 
(104). The weight of the evidence indicates that increased serum TSH concentrations 
in rats consuming high dietary concentrations of FD&C Red No. 3 result in the 
development of rat thyroid follicular cell hypertrophy, hyperplasia and adenomas. No 
effect levels were established in short term mechanistic studies for each step in the 
progression of rat thyroid follicular cell changes (103). 

The acceptable daily intake established by JECFA in 1990 is 0-0.1 mg/kg/day. The 
maximum anticipated daily intake is calculated to be 0.018 mg/kg/day. 

Regulatory Status of the F D & C Color Additives 

Color additives for use in foods, drugs and cosmetics are regulated by the Food and 
Drug Administration (FDA) under its authority derived from the 1960 Color Additive 
Amendments to the Federal Food, Drug, and Cosmetic Act (FFDCA). The Amendments 
shifted the burden to industry to prove that the F D & C color additives are safe. Sec. 
706 of the Act established how a color additive can be "permanently listed". 
Permanent listing means that the FDA has completed its scientific review and 
concluded that the color additive is safe under Sec. 706(b)(4) of the Act. A variety of 
factors may be considered in FDA's safety evaluation including total anticipated 
exposure to the color additive, safety factors, and analytical methods (FFDCA Sec. 
706 (b)(5)(A). The Delaney Clause prohibits the listing of color additives found by 
FDA to induce cancer in laboratory animals or man (FFDCA Sec. 706 (b)(5)(B)). The 
FDA defines safe as "convincing evidence that establishes with reasonable certainty 
that no harm will result from the intended use of the color additive" (21 CFR Sec. 
70.3(i)(1989)). 

The Color Additive Amendments of 1960 also included the "Transitional Provi
sions" which established the "provisional listing" of commercially established colors 
(Pub. L . 86-618, Sec. 203, Title II). Provisional listing permitted color additives 
approved when the Amendments were enacted to continue to be marketed while FDA 
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determined whether they could be permanently listed. A l l approved color additives 
were placed on the provisional list in 1960 (25 Fed Reg 9759 (12 October I960)) and 
were subsequently removed either because they were eventually permanently listed 
upon agency approval of a color additive petition, or they were delisted for various 
reasons. 

There are two forms of the F D & C color additives, the dye and the lake. The dye 
is the color additive itself and is water soluble. The lake is the dye form attached to 
an aluminum or calcium substrate to make it insoluble. 

A l l F D & C dyes are now permanently listed for use in foods, drugs, and cosmetics 
and the lakes of these color additives remain provisionally listed for all uses with two 
exceptions: ( 1 ) the dye and lake forms of F D & C Red No. 40 are permanently listed for 
all uses, and (2) the dye form of F D & C Red No. 3 is permanently listed for food and 
ingested drug uses only; the provisionally listed uses of the dye and all uses of the 
provisionally listed lake were terminated in 1990 because of F D A concerns that the 
color additive caused thyroid tumors in rats (55FedReg 3516(1 February 1990)). At 
some point the agency plans to propose termination of the permanently listed uses of 
F D & C Red No. 3 dye (cf. Table 1). 

The lakes of the F D & C color additives, except for F D & C Red No. 40 and F D & C 
Red No. 3, remain provisionally listed because FDA has kept their approval separate 
from the dye form of the color additive for regulatory purposes. The agency first 
proposed to permanently list the F D & C lakes as a group in 1965 (30 Fed Reg 6490 (11 
May 1965)). This proposal was subsequently withdrawn and a new proposal was 
published in 1979 also to permanently list the lakes as a group (44 Fed Reg 36411 (22 
June 1979)). 

There are few restrictions on the use of F D & C color additives. A l l are permitted 
for use at levels consistent with good manufacturing practice. Formerly, the F D & C 
color additives generally did not need to be specifically identified on food labels and 
could be declared by stating "colored", "color added" or another generic term (21CFR 
Sec. 101.22(c)(1989)). The one exception was F D & C Yellow No. 5 which must be 
specifically declared in a product's ingredient statement because of concerns about 
allergenicity (21 CFR Sec. 74.705(d)(1989)). Whether F D & C Yellow No. 5 causes 
sensitivity reactions remains an open question but it appears that it does not cross-react 
with aspirin, precipitate asthma or induce hyperactivity. It appears that the color 
additive may cause urticaria in a very small percentage of the population (105). 

In a recent development, the Nutrition Labeling and Education Act of 1990 
amended Sec. 403(i) of the Food, Drug, and Cosmetic Act to require the specific 
declaration of F D & C color additives as individual ingredients on the ingredient label 
of foods. Color additives exempt from the certification can still be declared generi-
cally. The effective date for this change is 8 November 1991, one year after enactment, 
as specified in the amendments. 

Most recently, new amendments enacted in August 1991 alter the effective date for 
the labeling change. The new amendments exempt from the 8 November 1991 
effective date labels printed before 1 July 1991 and applied to food before 8 May 1993 
(Pub.L. 102-108). 
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Chapter 32 

Safety Evaluation of Olestra 
A Nonabsorbable Fat Replacement Derived from Fat 

Carolyn M. Bergholz 

The Procter & Gamble Company, Cincinnati, O H 45224 

Olestra is the mixture of the hexa-, hepta-, and octa-esters of sucrose with 
long-chain fatty acids from any edible oil. Its physical properties are 
comparable to those of triglycerides, but it is not digested by lipolytic 
enzymes or absorbed and therefore is noncaloric. Technically it can 
replace fat in a wide variety of foods and can be used to make cooked, baked 
and fried foods lower in fat and calories. A Food Additive Petition is under 
review by the FDA which is comprised of results of extensive testing in 
animals and humans. The major areas of investigation are metabolism and 
absorption, chronic toxicity, mutagenicity, carcinogenicity, reproductive 
and developmental toxicity, safety for gastrointestinal tract, nutrition, and 
the potential for olestra to affect absorption of drugs. This testing involved 
studies in five different species of animals and over 30 clinical investiga
tions. The results of this research support the safety of olestra for use in 
foods. 

Olestra is the common and usual name proposed for the mixture of the hexa-, 
hepta-, and octa-esters of sucrose formed with long-chain fatty acids from any edible 
oil. Because its physical properties are like those of a triglyceride, it functions the 
same as fat in foods and performs the same as fat during cooking or frying. However, 
olestra is not digested by pancreatic enzymes and therefore is not absorbed from the 
gastrointestinal tract and contributes no calories. A Food Additive Petition is under 
review by the Food and Drug Administration (FDA) which requests approval to use 
olestra in place of fat for preparation of specific foods. This petition is comprised 
largely of reports of studies on the safety of olestra. 

The safety evaluation of olestra, like that of any material, is determined by three 
fundamental considerations: the chemistry of the material, its biological properties 

NOTE: Please address correspondence to K. D. Lawson, The Procter & Gamble Company, 
6071 Center Hill Road, Cincinnati, OH 45224 
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and the expected exposure. This chapter reviews the olestra safety research program 
in the context of these considerations. The program is very extensive and is comprised 
of over 100 laboratory and clinical investigations. It is impossible, obviously, to 
present the results of the testing that support the safety of olestra in this review chapter. 
Rather, the intent is to provide an overview of the scope of the program, discuss the 
major areas of investigation, the most recent data and important conclusions, citing 
references for studies that have been published. 

Chemistry 

The raw materials used to make olestra are sucrose from sugar cane or beet sugar and 
fatty acids from edible oils. The structure of olestra is analogous to that of a fat, i.e., 
triglyceride molecule. Instead of a glycerol core with three fatty acid esters, olestra 
has a larger core, a sucrose molecule, with 6-8 fatty acid esters. The physical 
properties of olestra, like those of a triglyceride, are determined by the fatty acid 
composition, which varies depending upon the source oil used. A high proportion of 
long-chain and/or saturated fatty acids, for example, will increase the viscosity and 
raise the melting point of the olestra. The safety evaluation of olestra must provide 
assurance of safety for the full range of compositions specified for food use. Olestra 
is comprised largely of octaesters, as shown in the specifications listed in Table 1. 
There are also specifications for minor impurities arising from the starting materials 
or as by-products of the synthesis. These are the same as those for conventional fats 
and oils or other fatty acid derived food additives. 

Table 1. Olestra Ester Distribution Specifications 

Total Octa-, Hepta-, Hexaester > 97% 
Octaester > 70% 
Hexaester < 1% 
Penta- and Lower esters < 0.5% 

Because the anticipated uses of olestra include frying applications, there has been 
extensive investigation of the chemistry of heated olestra compared to heated fat. The 
results show that the olestra sucrose backbone is extremely heat stable and that 
reactions involving the fatty acid side chains are the same as those that occur during 
heating of triglyceride. This has been demonstrated by heating olestra for 7 days under 
deep fat frying conditions and using gas chromatography and mass spectroscopy to 
compare the fatty acid reaction products with those from the corresponding triglycer
ide heated under the same conditions. No unique products were detected at a level of 
sensitivity of 5 ppm (Henry, D. E.; Tallmadge, D. H. ; Saunders, R. Α.; and Gardner, 
D. R., Procter & Gamble, unpublished data). 

Biological Properties 

The most important biological property of olestra is its lack of absorption. This 
property, of course, is directly related to its chemical structure. Mattson and 
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Volpenhein in 1972 reported that a polyol backbone fully esterified with six or more 
fatty acids was completely resistant to digestion by pancreatic enzymes (7). One of 
the polyols tested was sucrose with eight fatty acid esters. Subsequent experiments 
in animals showed that a polyol with 6-8 fatty acid esters was not absorbed (2). These 
data and work of others established that fat must first be hydrolyzed to free fatty acids 
and 2-monoglycerides before it can form mixed micelles with bile salts and be 
absorbed from the intestinal lumen. The larger bulk of highly esterified sucrose 
apparently hinders enzymatic cleavage of the fatty acid ester bond in olestra. 

Nonabsorption has a number of implications for design of a program to evaluate 
the safety of olestra for food use. First of all, it is important to determine the extent 
to which no absorption can be established. This is a challenge since it is impossible 
to prove zero. The kinds of approaches used will be discussed further below. The 
safety program must of course demonstrate the absence of any systemic toxicity after 
long-term ingestion. But importantly, nonabsorption implies that the gastrointestinal 
(GI) tract is the only organ system that is exposed to olestra. Therefore the safety 
evaluation must thoroughly assess the potential to affect the structure and function of 
the gastrointestinal system. A third implication of nonabsorption is the existence of 
a nonabsorbable lipid phase in the GI tract. This raises important questions about the 
potential to affect absorption of lipophilic constituents of the diet and lipophilic 
medications. 

Absorption and Toxicology 

Understanding the absorption, distribution, metabolism and excretion (ADME) of 
olestra, as with any new material, is fundamental to any safety evaluation. A number 
of different approaches have been utilized, all of which provide evidence that olestra 
is not digested and not absorbed from the gastrointestinal tract. Results of in vitro 
experiments showed that olestra was not hydrolyzed regardless of the fatty acid chain 
length or degree of unsaturation (7). Results of material balance studies (2-4) and early 
experiments with radiolabeled olestra were consistent with nonabsorption. 

To learn where olestra would go if it were absorbed and if it would be metabolized, 
it was necessary to use intravenous (IV) dosing (5-7). Results showed that after IV 
administration of olestra to rats and monkeys, almost 70% of the olestra was rapidly 
taken up by the liver. Over time, unmetabolized olestra was slowly excreted via the 
bile into the stool. Therefore, if trace amounts of olestra were absorbed from the 
gastrointestinal tract, it would most likely accumulate in the liver. Based on this 
understanding, liver tissue from rats fed olestra at 9% (w/w) of the diet for two years 
was analyzed for olestra (7). The results showed that olestra did not accumulate in 
tissues. Based on the sensitivity of the analytical method and the kinetics of excretion, 
it was calculated that olestra would have been detected in the liver if more than 1 χ 10"6 % 
of the total amount ingested were present. Similarly, no olestra was detected in any 
tissues from monkeys after 29 consecutive months of diet with 8% (w/w) olestra. The 
calculated limit of detection in this study was 4 χ 10"^ % of the dose. Results of state-
of-the-art A D M E studies using high specific activity radiolabeled olestra continue to 
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confirm that olestra does not accumulate in tissues above the limit of detection (Miller, 
K . W., Procter & Gamble, personal communications). 

The potential for systemic toxicity was evaluated in subchronic and chronic 
feeding studies conducted in five different animal species with olestra at concentra
tions up to 15% (w/w) of the diet (Table 2). Results of all of these studies confirm that 
olestra is not toxic. Body weight gain, urine and blood chemistries, hematology and 
microscopic examination of all tissues showed no adverse effects related to ingestion 
of olestra (8-11). Results of two 2-year studies in rats also demonstrated that olestra 
is not carcinogenic (8). A long-term study in mice is in progress and is expected to 
again confirm that olestra does not cause tumors. Among these studies was a 91-day 
study of olestra heated under foodservice deep fat frying conditions (77). 

Table 2. Feeding Studies Conducted in Animals to Evaluate 
the Safety of Olestra 

Species Duration (days) % (w/w) in Diet 

Subchronic: 
Rat 28 4,8,15 

91 4, 8,15 
91 4, 8,15 
91 (unheated) 3.5,7.5 

Hamster 28 5,10 
Dog 28 5,10 

91 5,10 
Mouse 91 2.5,5,10 

Long-Term: 
Dog 20 5,10 
Monkey 44 8 
Rat 24 1,5,9 

24 9 
Mouse 24 (in progress) 2.5, 5,10 

A series of short-term genotoxicity tests also demonstrated that olestra does not cause 
mutations, chromosomal aberrations, or affect D N A repair (72). A multi-generation 
feeding study in rats confirmed that olestra does not affect reproduction or embryonic 
development (13). 

In summary, the lack of absorption and accumulation of olestra in tissues has been 
established at very low limits of detection. The results of a battery of basic toxicity 
evaluations demonstrate that olestra is not toxic, carcinogenic, or genotoxic and is not 
a reproductive toxin. 

It is of interest to note that this toxicity evaluation is atypical in some respects. 
First, a toxic effect level was not identified. Actually this is not surprising since a 
nonabsorbed material is far less likely to cause toxicity. Secondly, it is impossible to 
feed olestra to animals at levels 100-times the intake expected from the use of olestra 
to replace fat in foods. For example, i f expected intake over time is 6 grams per day, 
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a rat would have to ingest 600 grams of olestra per day in addition to sufficient diet 
to meet energy and nutritional needs. For perspective, rats consume 150-200 grams 
of chow per week. In the feeding studies, olestra was tested at doses which exceeded 
the maximum high dose recommended for toxicity testing (5% by weight of the diet). 
The power of animal feeding studies for testing a macronutrient substitute rests on the 
wide number of parameters that can be measured and the ability to thoroughly 
examine tissues grossly and microscopically. The absence of adverse effects in any 
animal species tested in the basic toxicity evaluation opened the door to clinical 
evaluation of potential adverse health and nutritional effects in humans. 

Gastrointestinal Safety 

As discussed above, the GI tract is the only organ system exposed to measurable 
amounts of olestra. Therefore, the potential to affect the GI system was evaluated in 
both animal and human studies. In long-term feeding studies in animals, detailed 
microscopic examination of all segments of the GI tract showed that high dietary 
concentrations of olestra did not cause morphologic changes (8-11). Special stains 
and chemical analyses also showed that olestra was not present in associated lymphoid 
tissues. 

Clinical studies have shown that the presence of olestra in the GI tract has no effect 
on gastric emptying time (14), GI motility or transit time through segments of the 
bowel (Aggarwal, Α., Mayo Clinic, personal communications). A study in rats 
demonstrated that olestra does not stimulate secretion of pancreatic enzymes (75). 
Regulation of these GI functions is determined by the presence of free fatty acids from 
hydrolysis of fat, by calorie density and by water-soluble mediators. Olestra is not 
hydrolyzed, non-caloric and does not participate in the aqueous or mixed micellar 
phases in the intestinal lumen. It does not appear to provide signals that regulate 
digestion or to interfere with signals provided by other components of the diet. 

Bile acid physiology is another important area of olestra safety research, since bile 
acids are important to digestion and absorption of fatty acids. Studies in rats, monkeys, 
and humans showed that excretion of fecal bile acids is normal and that olestra does 
not alter the composition of bile or reabsorption of bile acids from the intestinal lumen 
(16,17, St. Clair, R. W., Wake Forest University, unpublished data). Table 3 shows 
the concentration of primary and secondary bile acids in bile of monkeys fed olestra 
at 6% of the diet for one year compared to the profile of chow-fed controls. There were 
no significant differences, indicating that olestra did not affect synthesis or reabsorption 
of bile acids. 

Extensive clinical research has shown that ingestion of foods made with olestra 
does not adversely affect bowel function, even with high intakes of 30-50 grams of 
olestra per day (4,17-21). Fecal water and electrolyte content is not affected in human 
or animals, confirming that olestra does not cause diarrhea. Stool consistency is 
sometimes softer due to the unabsorbed lipid-like material, but this is reported as a 
benefit (4). One reason bowel function and stool consistency are normal is that olestra 
has no osmotic effect in the colon and is not metabolized by colonic microflora. 
Microbial metabolism was investigated by in vitro anaerobic fecal culture systems 
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with radiolabeled olestra. Results showed no degradation of fatty acids or change in 
ester distribution (22). Material balance studies also showed that olestra is excreted 
unchanged in feces, indicating that it is not metabolized by gut microflora (4). 

Table 3. Biliary Bile Acid Composition in Monkeys Fed Olestra 

Bile Acid (mol % ±SEM) 
Olestra Cheno-
in Diet Day of Lithocholic deoxycholic Deoxycholic Cholic 
(% w/w) η Study Acid Acid Acid Acid 

6 5 316 6.6 ±1 .9 52.4 ± 7 . 5 15.6 ±2 .7 25.4±7.7 
5 373 5.6 ±1 .2 55.1 ±7 .5 15.3 ± 3 . 2 24.0 ±6.1 

0 4 316 4.4 ± .84 58.6 ± 7 . 4 13.0 ± 4 . 4 24.0 ±5.7 
3 373 3.9 ± .66 56.0 ±4 .7 16.5 ±5 .7 23.6 ±2.2 

Environmental safety studies have demonstrated that once olestra leaves the body it 
does not affect water treatment systems. It absorbs to sludge and can then be 
completely degraded aerobically by soil microorganisms following agricultural 
application of sludge (Greff, J. Α., Procter & Gamble, personal communications). 

Nutrition Research 

The major function of the gastrointestinal system, of course, is digestion and 
absorption of nutrients. The potential for olestra to affect utilization of nutrients has 
been of primary importance in the evaluation of the safety of olestra. Utilization of 
water-soluble macro- and micro-nutrients, i.e., carbohydrates, amino acids, minerals 
and water-soluble vitamins would not be expected to be affected by olestra. Results 
of animal and clinical studies are consistent with this assessment. Data from animal 
studies show that growth and development are normal (8,9,17,73). Fasting blood sugar 
was not affected by olestra in animal studies (Jandacek, R. J.; Holcombe, Β. N . , Procter 
& Gamble, unpublished data) or in diabetic patients (27), confirming that olestra does 
not affect carbohydrate absorption. Other evidence that proteins and minerals are 
utilized normally in the presence of olestra comes from studies in rats of absorption 
of radiolabeled hydrophobic amino acids, (Gibson, W. B., Procter & Gamble, 
unpublished data), clinical studies showing no effect on fecal minerals or fecal 
nitrogen, and mineral levels in serum chemistries from animal and human studies (8-
11,18-21). 

Animal research showed very early that absorption of fat-soluble constituents in 
the diet, in particular cholesterol and fat-soluble vitamins, could be reduced by 
partitioning into olestra (23£4). The potential for this to occur and the extent to which 
absorption is decreased depends on a number of variables. Among them are the lipid 
solubility of the constituent, the solute concentration, the kinetics of water/oil 
partitioning, absorption kinetics, and importantly, the amount of olestra (16,18-2025). 
Using radiolabeled cholesterol in olestra, it was demonstrated that 14g/day of olestra 

 J
ul

y 
15

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 F
eb

ru
ar

y 
14

, 1
99

2 
| d

oi
: 1

0.
10

21
/b

k-
19

92
-0

48
4.

ch
03

2

In Food Safety Assessment; Finley, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



32. BERGHOLZ Safety Evaluation of Olestra 397 

decreased absorption of dietary cholesterol about 9% (26). Olestra also decreases 
reabsorption of cholesterol in enterohepatic circulation (76,25). 

The fat-soluble vitamins vary in lipophilicity. To address the potential for the 
proposed uses of olestra to affect the nutritional status of fat-soluble vitamins, large 
base size, double blind, placebo-controlled clinical investigations have been con
ducted. The results of a 16-week study showed only a modest reduction in serum 
vitamin Ε levels after two weeks of ingestion of 18 grams of olestra per day (27). 
Continued ingestion for a total of 16 weeks gave no further reduction. Importantly, 
even with the modest reduction, serum alpha-tocopherol was at normal levels 
throughout the study. 

In this same 16-week clinical investigation, functional prothrombin was measured 
by assay of the Simplastin:Ecarin (S/E) ratio. This assay has been shown to detect 
changes in vitamin Κ intake within days (28). The results of the 16-week investigation 
showed no change in the S/E ratio throughout the study, indicating 18 g/day of olestra 
does not affect vitamin Κ status as measured by this assay. These data are consistent 
with the results of another double-blind placebo-controlled study among 200 subjects 
which showed no difference from baseline in any measure of vitamin Κ status over six 
weeks of ingestion of olestra at 20 g/day (29). 

During the 16-week study, there also was no difference from control in 25-hydroxy 
vitamin D status. This was predicted based on results of other clinical investigations 
(18 JO). Vitamin A , as measured by plasma retinol levels, also showed no change, as 
expected (18). However, plasma retinol levels are not a sensitive measure of potential 
effects on vitamin A status, since most individuals have large stores of vitamin A in 
the liver which serve to maintain constant blood levels. Other approaches are being 
used to determine the dose-response effect on liver stores of vitamin A and potential 
for food uses to meaningfully affect status. 

The results of animal and clinical test data must be considered in light of the 
proposed food uses and levels of fat replacement. These considerations determine the 
expected amount and pattern of chronic and single day intakes for the general 
population, various age groups and special subgroups, and are essential for assessment 
of the appropriateness of supplementation of a particular olestra food with a particular 
vitamin. 

The goal is to ensure that foods made with olestra have full nutritional value, with 
the exception of less fat and fewer calories. Importantly, foods made with olestra will 
have the same taste and mouthfeel as those made with full calorie fats. 

Drug Absorption 

The safety evaluation of olestra has also included studies which established that 
olestra will not affect absorption and efficacy of lipophilic drugs. In one study (31), 
a single dose of propranolol, diazepam, norethindrone, or ethinyl estradiol was given 
with 18 grams of olestra or triglyceride. There were no differences in the absorption 
of any of the drugs in the two vehicles, as determined from the area under the serum 
concentration versus time curve. In another study (32), the oral contraceptives norgestrel 
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and ethinyl estradiol were given daily over 28 days with a diet containing 18 g/day of 
olestra or triglyceride in a cross-over study involving 28 subjects. There were no 
significant differences between the two treatment periods in peak blood level, time to 
reach peak blood level, or area under the serum concentration-time curve for either 
drug. These drugs are among the most lipophilic oral medications, but are several 
orders of magnitude less fat-soluble than vitamin D, for example. Therefore, it is 
concluded that olestra will not affect absorption of even the most lipophilic drugs. 

Conclusion 

In conclusion, the safety evaluation of olestra is far broader than that normally 
conducted for a typical food additive. As in any safety evaluation, the animal and 
clinical studies conducted must be tailored to address the scientific questions posed by 
the chemical and biological properties of the material and the proposed uses. The 
current Food Additive approval process under the Food, Drug and Cosmetic Act 
allows for the flexibility needed to assure safety for the public and to allow innovations 
that will meet the needs of consumers. 
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Chapter 33 

Nitrate, Nitrite, and N-Nitroso Compounds 
Food Safety and Biological Implications 

Joseph H. Hotchkiss, Michael A. Helser, Chris M. Maragos, and 
Yin-Ming Weng 

Institute of Food Science, Stocking Hall, Cornell University, 
Ithaca, NY 14853 

Nitrogenous compounds such as amines, amides, guanidines, and ureas can react with 
oxides of nitrogen (NOx) to yield N-nitroso compounds (NOC), of which over 270 are 
oncogenic in one or more of 41 species (1, 2). Humans metabolize NOC similarly to 
animals and are, thus, unlikely to be resistant. For this reason human exposure to NOC 
has received considerable attention. NOC fall broadly into two categories based on 
chemical structure; the N-nitrosamines and N-nitrosamides (Figure 1). 

Exposure to preformed NOC from occupational and lifestyle sources has been 
recently reviewed (3-5). Major exposures are from tobacco products, foods and 
beverages, cosmetics, occupational settings, and rubber products. Dietary sources 
such as nitrite cured meats and malt beverages are small compared to tobacco. There 
is evidence that exposure to NOC from the diet has declined in recent years (5). 

In addition to exposure to environmental sources, NOC are formed in vivo through 
biological processes. The magnitude of endogenous nitrosation is unknown but is 
likely to be greater than exogenous exposure (6). Precursors to NOC from food, drugs, 
or tobacco are brought into contact in the oral cavity and stomach. Chemical 
nitrosation of most amines, and amides, is favored by acidic pHs characteristic of the 
stomach. The optimum nitrosation pH for most amines is between 2 and 4 whereas 
the nitrosation of amides, which proceeds through an alternate mechanism, increases 
with decreasing pH, with no optimum (7, 8). Intragastric nitrosation may be a risk 
factor in gastric or other cancers (3, 9, 10). Endogenous nitrosation may also occur at 
sites other than the stomach. Intuitively, both physiological factors such as gastric pH, 
gastric nitrite concentration, and in vivo nitrate reductase activity, as well as dietary 
factors such as the amount of nitrate, ascorbic acid, and amine/amide precursor 
ingested should influence the amount NOC formed, and hence, cancer risk. This 
review will discuss the evidence that endogenous nitrosation occurs and the role that 
foods and diet play in the endogenous formation of NOC. These factors will then be 
contrasted against the occurrence of nitrate, nitrite, and NOC in foods. 

0097-6156/92/0484-0400$06.00/0 
© 1992 American Chemical Society 
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HOTCHKISS ET A L Nitrate, Nitrite, and N-Nitroso Compounds 

Ri Y 
\ II 

N-N=0 R - Ν - C - X 

/ I 
Rî Ν 

\ 
N-Nitrosamine N-Nitrosamide 

Ο Alkyl , aryl N-Nitrosamide 

Ο NH2, NHR, NR2 N-Nitrosourea 

Ο RO N-Nitrosocarbamate 

NH NH2, NHR, NR2 N-Nitrosoguanidine 

Figure 1. Generalized structure of N-nitroso compounds. 
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Biological Activity of N-Nitroso Compounds 

Although NOC are acutely and subacutely toxic, embryotoxic, teratogenic, and 
mutagenic, it is their carcinogenicity that is of major interest. Preussmann and Stewart 
(7) have reviewed carcinogenicity and only a few points bear mentioning. 

N-nitrosamides are direct mutagens (i.e., without activation) in most genetic 
indicators (77). N-nitrosamines are not mutagenic in bacteria without the presence of 
mammalian enzymes and are often only weak bacterial mutagens with metabolic 
activation. Usually the nitrosamine must be preincubated with bacteria and mammalian 
activating enzymes to show strong mutagenicity. For example, nitrosodimethylamine 
(NDMA) is not mutagenic on S. typhimurium T A 100 unless a pre-incubation step is 
included (72). 

Tumors can be induced by NOC in most organs including esophagus, lung, 
stomach, pancreas, kidney, urinary bladder, nasal cavities, trachea, brain, peripheral 
nerves, skin, hematopoietic tissues (13). Symmetrical aliphatic N-nitrosamines are 
hepatotoxic and hepatocarcinogenic in rodents including mice, rat, hamster and 
guinea pig while cyclic or unsymmetrical aliphatic are primarily esophageal carcinogens 
(14). The addition of a functional group (e.g., hydroxyl group) often changes the 
primary organ affected. Nitrosamides often initiate tumors at the site of application. 

In general, the biological activity of NOC is thought to be related to alkylation of 
genetic macromolecules. N-nitrosamines are metabolically activated (oxidative 
dealkylation) or deactivated (reductive denitrosation) through hydroxylation at an oc-
carbon (75,16). The resulting hydroxyalkyl moiety is eliminated as an aldehyde, and 
an unstable primary nitrosamine is formed. The latter tautomerizes to a diazonium 
hydroxide and ultimately to a carbonium ion (Figure 2). Nitrosamides spontaneously 
decompose to a carbonium ion at physiologic pH by a similar mechanism. 

Exposure to Preformed N O C 

N-nitrosamines are stable and formed facilely under several chemical conditions. For 
this reason, they have been found in a number of consumer products, occupational 
settings, and environments. N-nitrosamides are unstable under most biological and 
environmental conditions and have not been found. The largest individual exposure 
results from tobacco which contains carcinogenic nitrosamines in part-per-thousand 
amounts (77). Occupational settings can expose humans to high levels (18). Other 
exposures are orders of magnitude lower. Daily exposure from western foods is 
probably less than 1 μg/day/person (5). 

Exposure to NOC through foods can be divided into two segments; preformed 
NOC in foods and NOC formed endogenously from food-derived precursors. Most 
western foods have been examined for NOC (5). The processes by which foods be
come contaminated with NOC have been discussed (79). These include: 

1. The use of nitrate and/or nitrite as intentional food additives, both of which are 
added to fix the color of meats, inhibit oxidation, and prevent toxigenesis by 
C. botulinum. 
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R2CH 

R'2CH 
N-N-0 

primary nitrosamine 

R2CH-N-N-0H 

-0H" 

RSC - 0 

R'zCH^ 
N-H + NO 

[O] 

R2CH 
N-H 

R'2C 
I 
OH 

R2CH-NH2 + R'2C-0 

R2CH-N2
V 

diazonium i o n 

R 2CH + 

carbonium ion 

a l k y l a t i o n 

Figure 2. Metabolic activation (oxidative dealkylation and deactivation 
(reductive denitrosation) of N-nitrosamines (75,76). 
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2. Drying processes in which the drying air is heated by an open flame source. 
N O x is generated in small amounts through the oxidation of N 2 , which 
nitrosates amines in the foods. This is the mechanism for contamination of 
malted barley products [e.g., beer (20)]. 

3. NOC can migrate from food contact materials such as rubber bottle nipples 
{21). 

4. NOC can also be added to foods if they are contaminants in a directly added 
substance such as spices (22) 

5. Cooking over open flames (e.g., over natural gas flame) can result in NOC 
formation in foods by the same mechanism as drying. 

Endogenous Formation 

In addition to dietary sources, the endogenous formation of NOC has been conclusively 
demonstrated (23). There are several lines of evidence that indicate the NOC are 
formed within the body: 

Epidemiology. It has been suggested that nitrate exposure is correlated with gastric 
cancer risk due to the endogenous formation of NOC (24,25). However, not all epi
demiological studies agree. Forman et al. (26) found a negative correlation between 
nitrate exposure and gastric cancer. One explanation is that many individuals exposed 
to high nitrate levels may also be consuming more vitamin C through vegetables rich 
both in nitrate and vitamin C (27). Vitamin C is an inhibitor of endogenous NOC 
formation (28). Consumption of nitrate from sources low in vitamin C (e.g., water) 
might be a higher risk. 

In vitro Nitrosation Chemistry. In vitro nitrosation carried out under gastric condi
tions of pH, concentration, temperature, and time have been reported. Typically, 
amines or amides are incubated with nitrosating agents in gastric aspirates or 
simulated gastric juice, and NOC formation measured. Gastric fluid from several 
species supports nitrosation (29-33). Sen et al. (34) incubated sodium nitrite (300 mg) 
and diethylamine (450 mg) in gastric juice from a variety of species. N -
nitrosomethylajnine (NDE A) was formed in most cases, although greater concentrations 
were formed in gastric juice from humans (3000 μg NDEA/24 ml; pH 1.3) and rabbits 
(720 μg NDEA/100 ml; pH 2.0) than rats (400 μg NDEA/100 ml; pH 4.6). A minimum 
of 0.2 mg sodium nitrite and 50 mg diethylamine were required to form detectable 
amounts of N D E A (0.2 mg) in 5 ml. This work supported the hypothesis of gastric 
nitrosation occurrence and pointed out the importance of pH. 

The formation of NOC in vitro has been reported using foods as sources of 
precursors. Siddiqi et al. (35) examined foods and teas from Kashmir (an Indian region 
of high risk for esophageal cancer) and found that 25 μΜ nitrite in artificial gastric 
juice gave significant amounts of N D M A , N-nitrosoproline (NPRO), N -
nitrosothiazoli(Une-4-carboxylic acid (NTCA) and/or N-nitrosopipecolic acid (NPIPC), 
suggesting that consumption of these native foods may be a risk factor in the regional 
prevalence of gastric cancer. 
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Often these studies are carried out at precursor levels (particularly nitrite) which 
are much higher than possible in the human stomach, or they are carried out in simple 
solutions that have little relevance to in vivo conditions. For example, the normal 
human gastric concentration of nitrite is approximately 0.12 mg/L (36) which is orders 
of magnitude lower than most in vitro experiments. 

Exposure to Precursors Resulting in Tumors. Several investigators have induced 
tumors in animals following administration of nitrite and amines or amides (37-44). 
The location and pathology of the resulting tumors are similar to those from admin
istration of the corresponding preformed NOC. As many as 20 amines have been fed 
to rats in combination with nitrite. Of these, 13 induced significant numbers of tumors. 
Amides yielded a similar response. For example, co-feeding 36 or 72 mmol methylurea/ 
kg diet and 14.5 m M nitrite in drinking water increased lung adenomas. Sodium 
ascorbate (58 mmol/kg diet) inhibited adenoma yield from the 36 mmol methylurea/ 
kg regimen by 98%. 

Excretion of N O C Following Exposure to Precursors. NOC or their adducts have 
been isolated from urine or tissues of animals and humans following administration 
of amines and nitrite (45-48). With a few exceptions (e.g., NPRO) most NOC are not 
excreted in urine due to rapid and extensive metabolism. Recently, we have recovered 
N D M A from ferret urine but only after animals were given 4-methyl-pyrazole to 
inhibit N D M A metabolism (47). The endogenous formation of N-nitrosoproline 
following administration of nitrate and L-proline has become a widely used procedure 
for measuring endogenous nitrosation in humans (49,50,25). Useofthe'Nitrosoproline 
test' as an index of endogenous nitrosation has recently been reviewed (57). Similar 
experiments have been conducted in ferrets (52,53) and rats (54,48). 

D N A adducts have also been isolated from the urine of rats treated with precursors 
to NOC. Gombar et al. (45) administered various amounts of di(methyl-
14C)methylnitrosamine, and collected 24-h urine from rats. The amount of 7-(methyl-
14C)methylguanine recovered from urine was linearly related to the dose of di(methyl-
14C)methylnitrosamine administered. Using this relationship, the amount of N D M A 
formed following gavage with 14C-aminopyrine and sodium nitrite was predicted (45). 
In rats, 7-methylguanine has also been isolated from stomach D N A following gavage 
with 30 μΓηοΙ/Kg (14C)methylamine hydrochloride and 700 μπιοΐ/kg nitrite (46). 

Direct Analyses of Gastric Contents. A direct approach to monitoring gastric 
nitrosation involves isolation of NOC from the stomach. Stomach contents have been 
collected either post-mortem (55,43,56) or by the placement of gastric fistulae (57-
59). Most such studies have investigated the nitrosation of amines because of the lack 
of direct specific analytical methods for nitrosamides (60- 62). Mirvish and Chu (55) 
indirectly found nitrosomethylurea (NMU) or nitrosoethylurea (NEU) in the stomachs 
of rats given methylurea (291 μπιοί) or ethylurea (289 μπιοί) and nitrite (145 μηιοί). 
N M U formation could be prevented by instilling sodium bicarbonate (i.e., raising the 
pH to inhibit N M U formation) before administration of precursors. Similarly, Maekawa 
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et al. (43) isolated 1-butyl-l-nitrosourea (BNU) 30 and 60 min after intubating 
pregnant rats with 861 μηιοΐ/kg butylurea and 725 μτηοΐ/kg sodium nitrite. 

Lintas et al. (58) examined N D M A formation in dogs given pentagastrin. Precur
sors (870 μιηοΐ nitrite and 400 μπιοί dimethylamine (DMA)) were provided either in 
a semisynthetic diet or were instilled through the fistula. The first sample (at 3 min) 
contained the highest concentration of N D M A (6.1 μΜ) and a pH of 4.0. Gastric pH 
reached 2.0 in approximately 15 min. When the gastric pH was less than 5, nitrite 
disappeared rapidly from the stomach. The concentration of nitrite at 12 min was 
typically one-fourth to one-tenth that present at 3 min. N D M A concentration 
decreased more rapidly than the nitrite concentration suggesting N D M A may be 
absorbed through the gastric mucosa. 

Another recent study also used fistulated dogs stimulated with pentagastrin (59). 
Formation of NPRO was monitored following instillation of 1.5 m M sodium nitrite, 
9.0 m M proline and a nonabsorbable marker (PEG). Gastric nitrosoproline concen
tration maximized at 3 μΜ in 30 min then decreased to 2.5 μΜ at 60 min. Thiocyanate 
(1.0 mM) increased gastric NPRO concentration by 10 fold and 1.3 m M ascorbic acid 
reduced NPRO concentration to approximately 1.5 μΜ. No NPRO was detected when 
the ascorbic acid dose was increased to 3.7 m M (molar ratio ascorbate: nitrite of 2.5). 
When both 1.0 m M thiocyanate and 1.3 m M ascorbic acid were present, the NPRO 
concentration was lower than that produced with thiocyanate alone. 

Licht et al. (59) developed a mathematical model to describe gastric nitrosation of 
proline in dogs. Kinetic data from in vitro studies were combined with mass balance 
equations to predict gastric nitrosation. The model adequately described the gastric 
NPRO concentration following addition of precursors. Inhibition by ascorbic acid and 
catalysis by thiocyanate were also demonstrated. Unfortunately the model has not 
been applied to NOC other than NPRO, which is non-carcinogenic. There is a need 
for an empirical data base against which to compare these predictions. 

We recently completed a series of experiments which quantified the amounts and 
conditions under which N-nitrosotrimethylurea (NTMU) forms in a full-sized pig's 
stomach (63, 64). Twenty-five to 125 μπιοί of nitrite increased N T M U formation 
linearly from 320 to 2560 nmol. Comparisons between pigs with disparate gastric pHs 
indicated a 4.5 fold greater formation at pH 1.9 than at 4.8. Ascorbic acid at 225 or 
341 μηιοί inhibited T M U nitrosation by an average of 54 and 84% respectively. These 
data indicate that amide nitrosation occurs in vivo at gastric nitrite concentrations 
representative of humans. 

Seven fruit and vegetable homogenates were tested for their effects on gastric 
T M U nitrosation. N T M U formation was reduced 93-94% by strawberries, 77% by 
brussel sprouts and kiwis, and less than 50% by orange juice and broccoli (65). 

Nearly all in vivo experiments have also used precursor concentrations in excess 
of those encountered in human exposure. Previous experiments where amide 
nitrosation has been studied in rodents utilized nitrite in amounts from 15 μιηοΐ in guinea 
pigs (0.29 to 0.37 kg BW, 56) to 145-725 μπιοί in rats (55,43). Assuming a rodent 
body weight of300 g the corresponding nitrite amounts administered to a 50 kg human 
would be large: 2.5 to 121 mmol. Amounts used in the fistulated dog experiments 
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ranged from 450 μπιοί to 14.5 mmol. In contrast the typical daily human exposure to 
nitrite is 90 to 250 μπιοί. 

A number of groups have attempted to circumvent the analytical problems of 
nitrosamides in gastric juice by using 'total apparent N O C methods (66-68). Such 
methods are group specific, but individual NOC are not quantified. The method may 
be subject to interferences from other components of biological samples such as C- and 
S-nitroso compounds and thionitrites. 

Significance of Endogenous N-Nitrosation. Exposure to NOC from endogenous 
formation may be quantitatively greater than exogenous exposure. The extent of 
reaction depends on precursor concentration, the chemical properties of the amine or 
amide, the gastric pH, microbial flora, and the presence of modulators such as 
ascorbate (an inhibitor) or thiocyanate (a catalyst). Gastric nitrite concentrations are 
greatest in hypochlorhydric individuals (especially those consuming a diet high in 
vegetables containing nitrate) and normal individuals consuming foodstuffs high in 
nitrite, such as cured meats. 

The extent to which endogenous nitrosation occurs under conditions relevant to 
human precursor exposure remains largely unknown. The high reactivity and rapid 
decomposition of nitrosamides, hinder their isolation and quantification. Analytical 
techniques for specific nitrosamides have only recently been developed (69). Con
sequently the majority of data on endogenous nitrosation are for stable nitrosamines 
(such as N-nitrosoproline) or 'total apparent N O C (nonspecific determination). 
Amide nitrosation is unlikely to be modeled effectively by amino acid markers, due 
to the different mechanisms of nitrosation (70). 

Exposure to Precursors 

Nitrosatable Compounds in Food & Drugs. The demonstration that NOC are 
formed in the body raises interest in the amounts, types and sources of precursors to 
which humans are exposed. Nitrate and nitrite are intentional food additives and 
contaminants and N O x compounds, which can nitrosate under a wide range of con
ditions, are present in the environment and are themselves formed endogenously (71). 
Several foods have the potential to form NOC in vivo (9,72,73). Dietary components 
such as choline may be metabolized to reactive precursors (dimethylamine) in vivo 
(72). Alkylureas and methylguanidine are present in fish products at levels from 20 
to 180mg/kg (9). Methylguanidine, which can yield methylnitrosourea upon nitrosation, 
may arise from creatine or creatinine. Shephard et al. (73) estimated the daily intake 
of nitrosatable precursors from the amounts of various food items consumed per 
person per year in Switzerland. Amides, in the form of peptides, and guanidine were 
the largest (approximately 100 g protein and 1 g creatine and creatinine per day) 
followed by primary amines and amino acids (100 mg/day), aryl amines, secondary 
amines, and ureas (1 to 10 mg/day). 

The ease of nitrosation and the amount of a given precursor ingested will 
qualitatively and quantitatively influence in vivo nitrosation. Using estimates of daily 
precursor intake, nitrite exposure, and in vitro nitrosation rates, Shephard et al. (73) 
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estimated in vivo nitrosation yields. Reaction was assumed to occur at the pH optimum 
(for amines) or at pH 2.0 (for amides), and gastric volume was assumed to be 1 L with 
constant reactant concentrations for 1 h. Two gastric nitrite concentrations were used, 
1.7 and 72 μΜ. At 1.7 μΜ nitrite, the predicted NOC yields were greatest from protein 
and methylurea (800 and 400 pmol, respectively), followed by guanidines and 
arylamines (approximately 100 pmol). At the higher nitrite concentration (72 μΜ), 
yields were largest with N-methylaniline and aniline (arylamines), followed by 
amides (in protein) and creatinine. From this analysis, dietary protein, ureas (particularly 
methylurea), guanidines, and arylamines represent the greatest potential for nitrosation 
in vivo. 

Arnines are also prevalent. For example, monomethylarnine (MMA) is a widespread 
component in fish and vegetables, and is readily nitrosated in the stomach. Moreover, 
M M A was detected in human gastric fluid at alevelof 3.7nmol/ml (74). Dimethylamine 
(DMA) is a degradation product of trimethylamine-oxide in marine fish. D M A is 
produced by the action of an endogenous enzyme found in gadoid fish (75). D M A is 
also formed during the toasting processing of oat flakes (76). Piperidine and pyrrolidine 
are nitrosamine precursors in black pepper (77). Trimethylamine (TMA) is a degra
dation product of trimethylamine-oxide in marine fish by the action of microbial 
enzymes (75). T M A occurs in human gastric fluid at 2.0 nmol/ml (74). Aminopyrine, 
an analgesic drug, is rapidly nitrosated to give N D M A (78) and is carcinogenic when 
administrated with nitrite (79). 

Several amino acids containing a secondary amine function can be nitrosated. 
Proline, hydroxyproline, sarcosine, and D-fructose-L-amino acids (which are reaction 
products of non-enzymatic browning) are examples of amino acids which form NOC 
(80). Nitrosated product of D-fructose-L-tryptophan was mutagenic in S. typhimurium. 
Thermal decomposition of amino acids may result in the formation nitrosatable 
amines (81). N-nitrososarcosine, N-nitrosoproline and N-nitroso-4-hydroxyproline 
can decarboxylate to form N D M A , nitrosopyrrolidine (NPYR) and N-nitroso-3-
hydroxypyrrolidine, respectively (82). 

Other more complex nitrosatable amines can be derived from foods. Wakabayashi 
et al. (83) isolated P-caxboline-3-carboxylic acid and its stereoisomer, both nitrosatable, 
from Japanese soy sauce. Several nitrosatable indoles and mutagen precursors have 
been isolated from Chinese cabbage (84,85). 

Nitrate and nitrite in foods. Vegetables are the largest source of dietary nitrate. 
Knight at al. (86) estimate that vegetables contribute over 90% of nitrate exposure. 
Nitrate is present at significant levels (up to 64 mmol/kg) in a variety of vegetables, 
particularly celery, spinach, cabbage, and lettuce (87). Leaf and stem tissues accu
mulate the highest levels of nitrate, followed by roots (88). Turnip petioles were found 
to contain over 3% N 0 3 - N on a dry weight basis. Petioles of spinach, beet and kale 
accumulated about 2% nitrate. Nitrite was estimated to be present in concentrations 
corresponding to about 1% of nitrate in vegetables (89). Representative nitrate and 
nitrite levels of some fresh and pickled vegetables are listed in Tables 1 and 2. 

The average western diet contains 1 to 2 mmol nitrate/person/day (4). High 
consumption of vegetables and/or high nitrate water can substantially increase this so 
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Table 1. Nitrate and Nitrite Contents in Vegetables 

Nitrate (mg/kg) Nitrite (mg/kg) 

Artichoke 12 0.4 
Asparagus 44 0.6 
Green beans 340 0.6 
Lima beans 54 1.1 
Beets 2400 4 
Broccoli 740 1 
Brussels sprouts 120 1 
Cabbage 520 0.5 
Carrots 200 0.8 
Cauliflower 480 1.1 
Celery 2300 0.5 
Com 45 2 
Cucumber 110 0.5 
Eggplant 270 0.5 
Endive 1300 0.5 
Kale/collard 800 1 
Leek 510 NR 
Lettuce 1700 0.4 
Melon 360 NR 
Mushroom 160 0.5 
Onion 170 0.7 
Parsley 1000 NR 
Peas 28 0.6 
Pepper, sweet 120 0.4 
Potatoes 
White 110 0.6 
Sweet 46 0.7 
Pumpkin and squash 400 0.5 
Radish 1900 0.2 
Rhubarb 2100 NR 
Spinach 1800 2.5 
Tomatoes 58 NR 
Turnip 390 NR 
Turnip greens 6600 2.3 

SOURCE: Reference 120. 
NOTE: N R = not reported. 
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Table 2. Nitrate and Nitrite Contents in Japanese Pickled Vegetables 

Nitrite (mg/kg) Nitrate (mg/kg 

Eggplant, fermented in rice bran 0.6-3.4 2.1-94.3 
Turnip, fermented in rice bran 1.2-29.7 130-510 
Cucumber, fermented in rice bran 1.2-3.7 4.2-32.6 
Cucumber seasoned with soy sauce 0.1-4.2 1.4-8.3 
Chinese cabbage, salt-fermented 4.9 358 
Chinese cabbage, kimchi 1.6 312 
Nozawa-na, salted fermented turnip leaves 2.7-27.1 373-614 
Taka-na, fermented broad leafed mustard 1.2 14.7 
Karashi-na, fermented mustard leaves 4.3 561 
Kizarni-suguki, a kind of fermented turnip 2.1 176 
Red turnip, salt-fermented 1.2-3.4 198-298 
Oriental melon, kasuzuke 0.7-1.3 26.8-45.6 
Radish root, fermented bettara-zuke 1 417 
Radish root, takuan 1.8 283 
Turnip, fermented, senmai-zake 2.8; 3.1 198; 212 

SOURCE: Reference 96. 
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the interindividual variation in nitrate intake is large. The nitrate content of drinking 
water is generally low in the U.S., averaging 21 μΜ. However, levels averaging as 
high as 1600 μΜ (100 mg/L) have been reported (6). Nitrate and/or nitrite salts 
(potassium and sodium) are added to meats, poultry and fish in the low hundreds of 
mg per kg range as functional ingredients. Nitrate, when reduced by microorganisms, 
acts as the reservoir of nitrite during storage. 

Nitrate and nitrite are also found in some foods to which they are not directly 
added, particularly fermented foods. For example, nitrate and nitrite have been found 
in oyster sauce, dried shrimp, shrimp sauce, shrimp paste, fish sauce, Chinese sausage, 
and dried squid (90). The nitrate and nitrite levels of some meat products were listed 
in Table 3. Dietary nitrite and nitrate intakes from several countries have been 
estimated (Table 4). 

Dietrepresentstheprincipalsourcesofexogenousexposuretonitrite(97,92). Cured 
meat products are the largest dietary source of preformed nitrite (4). For example, 
bacon sold in the United States is cured with 120 mg sodium nitrite per kg (93). The 
National Research Council (6) estimated the average residual nitrite content of cured 
meat products as 10 mg/kg. Higher levels (49 mg/kg) can be present in freshly cured 
meat (94). Bacon and ham may contain 15 to 70 mg nitrite/kg (87). Consumption of 
100 g of meat with 50 mg/kg residual nitrite would expose an individual to 109 μπιοί 
nitrite. Nitrite is estimated to be 20 and 40 μmol/person/day for average and high cured 
meat diets, respectively (6). White (97,92) using consumption data, estimated dietary 
nitrite exposure at 50 μπιοΐ/day. 

Other nitrosating agents, such as, nitrogen oxides (NO, N 0 2 , N 2 0 3 and N 2 0 4 ) were 
found in the gases produced by combustion of fuels such as kerosene or natural gas 
(95). Nitrogen oxides are responsible for NOC in malt products (e.g., beer; 20) and fish 
cooked on open flames (96). Products of N 2 0 3 and methyl oleate were capable of 
nitrosating 2,6-dimethylmorpholine (97). When the products were added to ground, 
uncured pork and fried, N D M A and NPYR were detected. Ethylnitrite produced by 
combustion of kerosene or city gas was found to be an organic nitrosating species (95). 

Nitrite in Gastric Fluid 

The average nitrite content of fasting gastric fluid ranges from 1 to 7 μΜ for indi
viduals with normal gastric function (98-102). The low concentrations have been 
attributed to low dietary intakes of nitrite, rapid absorption and oxidation to nitrate 
(703), and reaction with other gastric components (704). Gastric nitrite can, however, 
achieve higher concentrations following a meal. Forty minutes after eating a meal 
consisting of a fried egg (40 g), bread (32 g), butter (16 g), cheese (22 g), biscuits (17 
g), milk (200 mL) and luncheon meat (80 g) the gastric nitrite concentration reached 
300 μΜ (104). 

The major source of nitrite exposure is the reduction of dietary nitrate. Ingested 
nitrate is rapidly absorbed from the stomach and approximately 25% is secreted in 
saliva. Of this, approximately 20% is reduced by oral microflora to nitrite (706). 
Therefore, the molar conversion of dietary nitrate to nitrite has been estimated to be 
5 to 6% (6, 707). The daily exposure to nitrite resulting from reduction of ingested 
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Table 3. Nitrate and Nitrite Contents in Meat Products 

Nitrate (mg/kg) Nitrite (mg/kg) 

Unsmoked side bacon 134 12 
Unsmoked back bacon 160 8 
Peameal bacon 16 21 
Smoked bacon 52 7 
Corned beef 141 19 
Cured corned beef 852 9 
Corned beef brisket 90 3 
Pickled beef 70 23 
Canned corned beef 77 24 
Ham 105 17 
Smoked ham 138 50 
Cured ham 767 35 
Cooked ham 109 17 
Canned ham 44 5 
Cottage roll 553 28 
Semicured ham 73 23 
Unsmoked sausage 21 7 
Smoked sausage 129 12 
Wiener 97 7 
Beef wiener 109 7 
Luncheon meat 42 5 
Pickle and Pimento loaf 51 4 
Meat, macaroni, and cheese loaf 75 22 
Mock chicken loaf 107 11 
Salami 86 12 
Beef salami 71 27 
Bologna 77 19 
Belitalia (garlic) 247 5 
Pepperoni (beef) 149 23 
Summer sausage 135 7 
Ukranian sausage (Polish) 77 15 
German sausage 71 17 

SOURCE: Reference 120. 
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Table 4. Dietary nitrate and nitrite levels 

Nitrate* Nitrite* Country Reference 

4.78 0.68 Japan 96 
1.21 0.02 USA 6 
1.53 0.03 Britain 86 

0.48-8.06 0.01-0.11 Sweden 121 
2.89 0.09 Netherlands 107 

*rnmoles/person/day. 

nitrate, has been estimated as 264 μπιοί (108), 217 μπιοί (73), 173 μπιοί (107), and 91 
μπιοί (109). 

The oral microflora which catalyze nitrate reduction are also capable of colonizing 
the stomach provided the pH is sufficiently high (110,111,101). Individuals with an 
achlorhydric gastric environment may experience greater than 6% conversion of 
nitrate to nitrite. Furthermore nitrite is more stable at alkaline pH. As a result, fasting 
gastric nitrite concentrations are higher (22 to 613 μΜ) in hypochlorhydric individuals 
than in lower gastric pH individuals (36,112-115). Daily nitrite exposure for indi
viduals with a bacterially-colonized hypoacidic stomach has been projected to be as 
much as 1280 Mmol (109). 

Individuals under treatment for gastric ulcer with blockers or omeprazole, which 
raise gastric pH, have higher nitrate reductase bacteria numbers (102), higher gastric 
nitrite concentrations (777, 776,102,117 ) and higher levels of 'total' NOC (777). 

Although the estimates of nitrite exposure described above include nitrite derived 
from exogenous nitrate, they do not include nitrite derived from endogenously 
synthesized nitrate. Nitrate balance studies have conclusively shown that 1-2 mmol 
nitrate is endogenously formed per day in healthy adults (775,28). This amount is 
similar to dietary exposure. The contribution of endogenously formed nitrite and 
nitrate to gastric nitrite or endogenous NOC formation is unknown. 

Conclusions 

NOC have not been directly linked to human cancer but there is considerable indirect 
evidence that some portion of human cancer risk is related to NOC exposure. Humans 
are exposed to NOC through several vectors with tobacco being the largest. Foods also 
contain NOC albeit in much lower amounts. Several studies suggest that the formation 
of NOC within the body is the largest and most widespread route of exposure. Foods 
and diet influence endogenous formation by being the major source of precursors as 
well as a source of nitrosation inhibitors such as vitamin C. A combination of 
physiological factors such as gastric pH, residence time, and oral nitrate reductase 
activity may determine the amount of NOC formed within an individual. The 
formation of nitrosating agents via the arginine-nitric oxide pathway (779) may prove 
to be an additional and important source of NOC exposure. 
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Chapter 34 

Ethyl Carbamate in Alcoholic Beverages and 
Fermented Foods 

Gregory W. Diachenko, Benjamin J. Canas, Frank L. Joe, and 
Michael DiNovi 

Division of Food Chemistry and Technology, U.S. Food and Drug 
Administration, 200 C Street, SW, Washington, DC 20204 

Significant research and regulatory activity have been focused on ethyl 
carbamate (EC) as a result of Canada's establishment of regulatory limits 
for EC in alcoholic beverages. Industry, academic, and government 
laboratories have developed analytical methods for E C and confirmed its 
presence in a wide variety of alcoholic beverages. Although EC is an 
animal carcinogen, insufficient toxicological data are available for a 
meaningful human risk assessment. The Food and Drug Administration 
has requested additional toxicological studies and established voluntary 
E C reduction programs with the United States wine and distilled spirits 
industries. These programs aim at identifying factors contributing to E C 
formation and reducing EC to the lowest levels that are technologically 
feasible. This chapter presents recent industry and government data on EC 
levels in alcoholic beverages and fermented foods and an initial assessment 
of EC intake from these sources. Results of studies conducted by industry 
as part of their voluntary EC reduction programs are also presented. 

Since December 1985, when Canada announced regulatory limits for ethyl carbamate 
(EC) in alcoholic beverages, considerable research and regulatory activity have been 
focused on this compound. The reported presence of E C in alcoholic beverages was 
of immediate food safety concern because it is a well-known animal carcinogen. 
Following the Canadian findings and regulatory action, the U.S. Food and Drug 
Administration (FDA) initiated a wide range of activities. These activities included 
a limited survey of alcoholic beverages, evaluation of EC toxicity data, assessment of 
other sources of E C exposure, and most important, working with industry to reduce 
E C levels. 

The current status of the toxicological evaluation can be addressed by noting the 
conclusion of the Cancer Assessment Committee of F D A ' s Center for Food Safety and 
Applied Nutrition, which stated, "... that the data were not sufficient to perform a 
meaningful assessment of the risk posed by urethane in alcoholic beverages..." (/). 
At FDA's request, the National Toxicology Program (NTP) has initiated toxicological 

This chapter not subject to U.S. copyright 
Published 1992 American Chemical Society 
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research to provide the data needed for a quantitative estimate of the risk due to E C in 
alcoholic beverages. While awaiting the results of NTP* s toxicological studies, F D A 
has addressed the exposure side of the risk assessment equation. The remainder of this 
paper will focus on providing an overview of the efforts of FDA and industry to 
determine E C concentrations, total EC exposure, and ways to reduce E C in alcoholic 
beverages to the lowest level that is technologically feasible. 

F D A and the Bureau of Alcohol, Tobacco, and Firearms (B ATF) initially surveyed 
domestic and imported alcoholic beverages for EC to confirm the Canadian reports 
and assess the frequency and levels of EC's occurrence. Table 1 summarizes the 
findings of EC in a wide range of beverages collected from January 1986 through 
August 1987 (2). The average levels for various product classes varied dramatically, 
with fruit brandy, bourbon whiskey, sherry, and sake having the highest values. These 
higher-level product classes also included the greatest percentages of samples that 
exceeded the following Canadian E C regulatory limits: 150 ppb in distilled spirits; 
100 ppb in dessert wines (>14% alcohol, e.g., port and sherry); 30 ppb in table wines 
(< 14% alcohol); 400 ppb in fruit brandy and liqueur; and 200 ppb in sake. The U.S. 
data were consistent with the Canadian findings (3) and suggested the need to reduce 
EC levels and generate the toxicological and exposure data necessary for F D A to 
evaluate the risk posed by EC. 

To enable a more complete assessment of the total human exposure to EC, FDA 
(4,5) developed analytical methods and analyzed a wide variety of fermented foods. 
The selected foods included many that had previously been reported by Ough (6) to 
contain low concentrations of EC. Canas et al. (4,5) analyzed a greater number and 
variety of fermented foods, and their results are summarized in Tables 2 and 3. 
Average levels of E C were generally <5 ppb, with the exception of soy sauce. 
Imported beer and ale, soy sauce, bread, instant miso soup and yeast spread (small-
volume ethnic or health foods), and wine vinegar contained the highest E C concen
trations. Heating some fermented foods may also increase E C levels. Canas et al. (4) 
have reported that toasting increased the average E C content of bread by 2.6 times. 
Foods produced at least partially by yeast fermentation (Table 2) seemed to be much 
more likely to contain E C than those fermented by lactic acid bacteria, acetic acid 
bacteria, or molds (Table 3). The non-yeast fermented products ranged from cheese 
to fermented meats, with E C being undetected in almost all samples. 

Average EC levels found in the various categories of fermented foods (Tables 2 
and 3) and alcoholic beverages (Table 1) were used to estimate per capita exposure to 
EC. The E C exposure results listed in Table 4 were obtained by combining the average 
E C concentrations with food intake data derived from various sources (7-9). Distilled 
spirits and wines were found to contribute most of the average per capita exposure to 
E C and therefore merit special attention. When converted to percentages (Table 5), 
these two categories provide 92% of the total exposure to EC from foods and 
beverages. Beer, ale, and other malt beverages contributed 4%, with bakery products 
and other fermented foods yielding the remaining 4%. It should be noted that the 
alcoholic beverage levels were taken from the previously presented 1986-87 FDA/ 
B A T F data. These exposure percentages are expected to change in the future as 
industry's voluntary programs result in significant E C reductions in retail products. 
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Table 1. Summary of FDA and BATF Data on Ethyl Carbamate Levels (ppb) in 
Alcoholic Beverages9 

Product Class N° Average Median 
% Exceeding 
Canadian Limit0 

Brandy (Grape) 45 41.9 25.0 0 
Brandy (Fruit) 89 1197.0 704.0 58 
Bourbon (Stock) 150 173.9 116.0 53 
Bourbon (Retail) 114 155.6 126.5 38 
Rum 29 21.2 16.0 0 
Liqueur 162 104.4 19.5 5.5 
Scotch 48 48.9 46.5 0 
Sherry 30 128.8 89.5 47 
Port 23 59.0 29.0 17 
Grape Wine 362 12.8 8.0 8.6 
Sake 16 286.2 265.5 63 
a A s of 8/87; Diachenko et al., 1988 (2). 
^Number of samples. 
cCanadian regulatory limits: distilled spirits — 150 ppb; port and sherry — 100 ppb; 
grape wine — 30 ppb; fruit brandy — 400 ppb; sake — 200 ppb. 

Table 2. Summary of FDA Data on Ethyl Carbamate in Fermented Foods and 
Beverages (Yeast Fermentation) 

Ethyl Carbamate (ppb) 
Product Class Na Range Average0 Median 

Malt Beverage (USA) 32 NDC-l 0.3 ND 
Malt Beverage (Import) 38 ND-13 2.7 2 
Bread 34 ND-8 1.7 1 
Doughnuts 6 ND ND ND 
Soy Sauce 20 ND-84 16.5 9 
Soy Bean Paste (Miso) 1 4 - -
Instant Soup (Dry Miso) 4 ND-6 3.0 3 
Yeast Spread 1 51 - -
Apple Cider 8 ND-3 0.4 ND 
Wine Vinegar 6 4-26 8.8 7 

SOURCE: Data obtained from published and unpublshed reports of Canas et al. (44). 
a N = number of samples. 
^Average has been calculated assuming "0" for "ND" values. 
C N D = below 1-1.5 ppb (ng/g) limit of detection. 
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Table 3. Summary of FDA Data on Ethyl Carbamate in Fermented Foods and 
Beverages (Non-Yeast Fermentation) 

Ethyl Carbamate (ppb) 
Product Class Na Range Average Median 

Misc. Sauces 6 ND° ND ND 
Olives 6 ND-2 0.3 ND 
Pickles & Relish 6 ND ND ND 
Apple Cider Vinegar 2 ND ND ND 
Powder Vinegar 1 ND - -
Cheese 17 ND ND ND 
Yogurt 14 ND-3 0.4 ND 
Cultured Buttermilk 3 ND ND ND 
Sour Cream 4 ND ND ND 
Orange Juice & Drink 10 ND ND ND 
Salami & Pepperoni 6 ND ND ND 
Tea 6 ND ND ND 

SOURCE: Data obtained from published and unpublshed reports of Canas et al. (4,5). 
a N = number of samples. 
^Average has been calculated assuming "0" for "ND" values. 
C N D =below 1-1.5 ppb(ng/g) limit of detection. 
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Table 4. Estimated Per Capita Exposures to Ethyl Carbamate (EC) From Food 

Food EC Level0 Food Intake EC Exposure 
(ppb) (g/person/day) (pglpersonlday) 

Beer, Ale, Malt Bev. b 0.14 
Domestic 0.3 336 
Imported 2.7 14 

Winesb 0.78 
Domestic 23.4 25.8 
Imported 21.5 8.2 

Dist Spirits0 2.8 
Domestic 122 18.5 
Imported 84 6.5 

Bakery Products0 0.13 
White 3.0 39.9 
Dark (wheat) 1.0 10.7 
Other 1.0 3.4 

Yogurt0 0.4 4.3 0.002 
Soy Saucec 16.5 1.65 0.03 
Olives0 0.3 0.3 0.00008 
Inst Soup (Miso)0 3.0 4.2 0.01 
Wine Vinegar** 8.8 1.0 0.009 
Apple Cider (alc.^ 0.4 25.8 0.01 
Total 3.88 
aAverage EC levels are taken from Tables 1-3, or from subcategories of raw data used to 
prepare these tables. 
°The food intake figures are derived by using thedomestic and imported proportions of total 
beer, wine, or distilled spirits intake from the Statistical Abstracts of the United States (7), 
1987 (1985 intake, per capita disappearance). 
cIntake figures are derived from the Market Research Corporation of America (MRCA) 14-
day average survey (5-yearmenu census, 1982-87) (8) and U.S. Department of Agriculture 
(USDA) 1977-78 survey portion sizes (9). 
^Intake figure is taken from USDA 1977-78 survey (9). Wine vinegar has been assumed 
to be an equivalent substitute for Italian salad dressing. 
eIntake figure is that for domestic wine; see footnote b. Hard cider was deemed to be an 
equivalent substitute for wine. 

Table 5. Relative Exposure to Ethyl Carbamate (EC) From Food and Alcoholic 
Beverage Sources 

Food Category EC Exposure*1 % Daily Exposure 
(μg/person/day) 

Beer, Ale, Malt Beverages 0.14 4 
Distilled Spirits & Wines 3.58 92 
Bakery Products & Other Fermented Foods 0.16 4 
Total 3.88 
a E C exposure data are taken from Table 4 and grouped into larger food categories. 
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Soon after learning of the Canadian actions, FDA worked with the domestic 
industry to develop voluntary industry programs aimed at reducing E C in their 
alcoholic products to the maximum extent that is technologically feasible. The basic 
goals of these programs are (1) to reduce EC below target levels for various products; 
(2) to monitor EC levels to measure progress; (3) to investigate the sources and 
mechanism of EC formation; and (4) to investigate practical process changes to reduce 
EC levels. 

On December 24,1987, FDA formally accepted a proposal by the Distilled Spirits 
Council of the United States (DISCUS) to reduce E C levels to 125 ppb in all new 
whiskey produced as of January 1,1989. DISCUS also made a commitment to conduct 
research on EC formation and processing modifications that would make it possible 
to reduce E C levels to this goal (7). Recently, research by MacKenzie et al. (70) 
identified a series of cyanide-related precursors involved in EC formation in Scotch 
whiskey. They indicated that the precursors included cyanide and copper cyanide 
complex anions, lactonitrile and isobutyraldehyde cyanohydrin, and cyanate and 
thiocyanate anions. DISCUS members have also developed several changes in the 
distillation process that have reduced E C levels in the final product of some distillers 
(77), including the following: (1) using copper packing in the upper part of the 
distillation still to improve the separation efficiency of the distillation process; (2) 
eliminating entrainment (carryover of liquid feedstock (beer) with distilled vapors) to 
prevent carryover of E C or its precursors into the high wines; (3) improving cleanup 
procedures and increasing the frequency of still cleanout or rinsing to minimize E C 
precursor buildup; and (4) tightening controls on the operating parameters of the still 
such as adjustment of the rates of beer fed to the still. 

As part of their voluntary agreement with FDA to determine their progress in 
lowering E C levels, DISCUS has provided quarterly summaries of their members' 
daily analyses of new distillate (72). Their monitoring data indicate considerable 
variability in weekly averages both within and between distillers. However, the use 
of numerous variations of the recommended processing changes has enabled all 16 
active bourbon whiskey distillers to achieve average E C levels that are below their 
target of 125 ppb in almost all new production at the point of distillation. Many 
distillers have achieved weekly averages below 30-40 ppb. Unfortunately, a com
plicating factor has recently been discovered, as some companies have found that E C 
levels in a few batches may increase over time (7 ). As a result, F D A has requested that 
industry revise its sampling and analysis protocols to ensure that future data reflect E C 
levels found in aged products as purchased by consumers. DISCUS members are also 
investigating ways to eliminate unidentified volatile precursors that appear to cause 
these post-distillation E C increases. 

On January 25, 1988, F D A formally accepted a voluntary program proposal 
submitted by the Wine Institute and American Association of Vintners, representing 
the U.S. wine industry. In addition to providing a commitment for research and 
monitoring, this program set target goals for EC levels in table and dessert wines. The 
agreement provided that (a) starting with the 1988 harvest, the volume-weighted 
average level of E C in table wines (<14% alcohol) would not be greater than 15 ppb; 
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(b) starting with the 1989 harvest, the volume-weighted average level of E C in dessert 
wines (>14% alcohol) would not exceed 60 ppb; and (ς) starting with wines produced 
from the 1995 harvest, no more than 1% of the volume of table wine would contain 
>25 ppb EC and no more than 1% of the volume of dessert wine would contain >90 
ppb (7). Although these targets are below the Canadian regulatory limits, the 
commitment was also made to conduct an annual survey, and if possible, accelerate 
the target date or modify the goals to reduce E C levels to the greatest extent possible. 

To move toward attaining these goals, the wine industry supported extensive 
research on the mechanism of E C formation and also investigated practical measures 
to reduce EC levels. Ough (13) demonstrated that urea, citrulline, and carbamyl 
phosphate could all react with ethanol to produce EC. Several other precursors for EC 
formation were also investigated, and after thorough testing Ough concluded that urea, 
a natural by-product of yeast metabolism, is the main precursor of E C in wines (74). 
He also demonstrated that arginine was the major amino acid metabolized by yeast to 
produce urea. Any urea that is not utilized by the yeast during fermentation can then 
react with ethanol over time to form EC. If the juice or musk originally contained high 
levels of nitrogenous compounds that are metabolized by yeast before urea, more urea 
would remain after fermentation to form higher EC concentrations. Ough (13) also 
demonstrated that citrulline, another amino acid found in various grapes, is a precursor 
of E C in wines, although not to as great an extent as urea. 

Based on these research findings, the wine industry made the following recom
mendations to all U.S. wineries concerning ways to minimize development of E C in 
wines (75; Wine Institute, personal communication, 1989): (1) encourage grape 
growers to minimize fertilization of vineyards, as research indicates that heavily 
fertilized vineyards tend to contain relatively high levels of arginine and other 
nitrogenous compounds; (2) analyze grapes from heavily fertilized vineyards for total 
α-amino acids, as research suggests that grapes exceeding 1500 ppm may develop 
significant E C potentials during fermentation; (3) if possible, use prise de mousse 
yeast to produce wine with lower levels of urea and EC, especially if the juice has high 
levels of total α-amino acids; and (4) fortify dessert wines at the point in fermentation 
when urea levels are lowest, as EC potentials are significantly affected by the urea 
levels at the time the fermentation is halted by fortification. A more recent EC-
reduction process has also been developed that recommends the addition of urease, an 
enzyme that removes the unmetabolized urea, to wines which contain higher post-
fermentation urea levels (Wine Institute, personal communication, 1989). As these 
recommendations for reducing EC are instituted, it is expected that average E C levels 
and the percentage of commercial wines with higher E C concentrations will be 
lowered. 

In 1989 the wine industry conducted its initial EC survey to establish a baseline for 
measuring future progress. The results of this survey are summarized in Table 6 (76). 
The 5 ppb mean and volume-weighted average values for the 193 samples of bottled 
table wines (<14% alcohol) from 43 different wineries were well below the target goal 
of 15 ppb (on a volume-weighted average basis). This initial survey of table wines 
from 1989 or earlier harvests indicated that none exceeded the 25 ppb target goal for 
the 1995 harvest. Dessert wines containing >14% alcohol were also below their 1989 
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Table 6. Summary of 1989 Wine Industry Ethyl Carbamate Survey 

Ethyl Carbamate (ppb) 

Wine Class Na Range 
Weighted % Exceeding 

Mean Averaged Goaf 

<14% alcohol 193 1-24 5 5 0 
>14% alcohol 37 1-862 80 33 2 4 

SOURGE : Unpublshed data provided by the Wine Institute (76). 
a N = number of samples. 
^Weighted Average represents the average level computed by the Wine Institute using a 
weighting factor that takes into account the market share or production volume represented 
by each winery. 
Percentage of survey samples that exceeded the wine industry target goals for the 1995 
harvest, which are that no more than 1 % of the volume of table wine (< 14% alcohol) would 
be above 25 ppb and no moc than 1 % of the volume of dessert wine (>14% alcohol) would 
be above 9 0 ppb (7). 
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target of 60 ppb on a volume-weighted average basis. However, because of a number 
of high-level samples, ranging up to 862 ppb, the mean level was more than twice the 
volume-weighted average that takes into account the market share represented by each 
winery. In this case, 24% of the 37 samples of dessert wine exceeded the 90 ppb goal 
for the 1995 harvest. It is important to note that these wines probably represent 
products that were produced before any of the previously mentioned recommenda
tions for reducing E C levels in wine were implemented. The wine industry has been 
requested to reconsider their target levels based on these encouraging results. 

F D A has also alerted all countries that export alcoholic beverages to the U.S. of 
the need to develop E C programs with target goals similar to those adopted by the U.S. 
industry. Research papers published by workers in Britain, France, Germany, and 
Switzerland suggest that some progress has been made in understanding and control
ling E C formation within these countries. Tanner (77), of the Swiss Federal Research 
Institute, has made recommendations for reducing E C in stone fruit brandies, which 
had the highest E C levels of any alcoholic beverage category. His first recommenda
tion, similar to that of the U.S. industry, was to conduct more controlled distillations. 
This process change was probably intended to improve the efficiency of E C separa
tion. His other recommendations were to distill the mash within 2 months and to stop 
crushing the stones or pits of the stone fruits. These recommendations apparently 
focus on reducing the release of potential EC precursors from the pits, such as cyanate 
and cyanic acid, which can react with vicinal dicarbonyl compounds such as diacetyl 
in the presence of ethanol to form EC. At this time we have no data on how effective 
these process recommendations have been in reducing E C levels in fruit brandy. 

In summary, it appears that both the U.S. distilled spirits and U.S. wine industries 
have made significant progress toward understanding and controlling E C formation 
and achieving their target goals. F D A will be involved in several future EC-related 
activities that will include (1) surveys of alcoholic beverages (by BATF) to monitor 
E C levels in commercial products; (2) monitoring results of the industries' sampling 
programs and progress in lowering EC levels; (3) evaluating the results of the National 
Toxicology Program and any other new toxicological studies, when available; and 
finally, (4) combining new toxicological information with updated exposure data to 
perform a quantitative assessment of the risk posed by E C in alcoholic beverages. 
F D A will also continue to work closely with the distilled spirits and wine industries 
in their efforts to reduce E C to the lowest levels technologically feasible. 
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Chapter 35 

Composition and Safety Evaluation of Potato 
Berries, Potato and Tomato Seeds, Potatoes, 

and Potato Alkaloids 

Mendel Friedman 

Food Safety Research Unit, Western Regional Research Center, 
Agricultural Research Service, U.S. Department of Agriculture, 800 

Buchanan Street, Albany, CA 94710 

Potatoes and potato berries frequently contain antinutritional and toxic 
compounds including inhibitors of trypsin, chymotrypsin, and car-
boxypeptidase; hemagglutinins; and glycoalkaloids. The glycoalkaloid 
content of the berries is about 10 times that of a commercial potato variety. 
Male mice were fed freeze-dried potato berries at 1,5,10,20, and 40% of 
the diet and solasodine up to 1600 mg per kg diet. Gross clinical 
observations, body weight, and feed intake were recorded weekly. At 14 
days, all surviving animals were autopsied, organs weighed, and blood 
chemistry analyzed. Selected tissues from mice fed the control, solasodine, 
and 20% potato berry diets were examined histologically. All mice fed the 
40% potato berry diet died. Mice fed 20% or less potato berries and those 
fed the solasodine diet gained less weight than controls. Additional effects 
were noted mainly in the solasodine-fed animals. These included elevated 
serum alkaline phosphatase, glutamic-pyruvic transaminase (GPT), and 
glutamic-oxaloacetic transaminase (GOT); elevated liver weight as percent 
of body weight; decreased body-weight gain; and increased incidence of 
liver cholangiohepatitis and gastric gland dilation/degeneration. In a 
separate study, potato and tomato seeds were fed at 1, 2, and 4% and 
potatoes at up to 40% of the diet. The only significant effects noted were 
a decrease in serum GPT in mice fed all levels of the seeds and an increase 
in pancreatic weights in mice fed the high levels of potatoes. The 
pancreatic effect may result from the trypsin inhibitors in the potatoes. 
Solanaceae alkaloids are also treported to inhibit cholinesterase, disrupt 
cell membranes, and induce teratogenicity. Possible research strategies in 
food safety, nutrition, and plant physiology to minimize adverse effects of 
alkaloids are discussed. 

The Solanaceae or "nightshade" family of plants contains many plants important to 
man. These include agricultural crops such as capsicum, eggplant, potato, and tomato; 

This chapter not subject to U.S. copyright 
Published 1992 American Chemical Society 
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430 FOOD SAFETY ASSESSMENT 

the toxic weeds (black nightshade and Jimsonweed); and tobacco. These plants 
produce antinutritional and toxic compounds, both during growth and after harvest. 
These compounds include glycoalkaloids (Figures 1 and 2, Table 1), trypsin and 
carboxypeptidase inhibitors, and hemagglutinins (lectins) (1-7). 

Relatively high concentrations of glycoalkaloids have been found in Solanaceae 
plants consumed by man, such as potatoes and tomatoes (8). Levels are especially high 
in green and damaged potatoes and immature green tomatoes (3-7). Glycoalkaloids 
are far more toxic to man than to other animals studied (9-14). Levels of 3 to 6 mg/ 
kg are reported lethal, a toxic potency comparable to strychnine, although there 
appears to be considerable individual variation in the susceptibility of animals and 
humans (13). The toxicity may be due to adverse effects such as anticholinesterase 
activity of the glycoalkaloids on the central nervous system (14-15) and to disruption 
of cell membranes adversely affecting the digestive system and general body metabolism 
(76). Inducement of teratogenicity by these alkaloids (10) makes pregnant women 
particularly susceptible (17-19). There also are reports that extracts of potatoes are 
more toxic than one would expect on the basis of their alkaloidal content (13), sug
gesting the presence of additional toxic compounds of unknown structure and function 
(20-21). Worldwide, up to 25% of the potato crop has to be discarded because 
glycoalkaloid levels are above the maximum deemed to be safe (13). 

The possible human toxicity of the Solatium glycoalkaloids, including about 30 
reported deaths and over2000cases of poisoning, has been documented (12,13). These 
reports and the apparent relationship between at-birth prevalence of human malfor
mation and the severity of blighted potatoes in the diet of the mothers (79), has led to 
the establishment of guidelines limiting the glycoalkaloid content of new potato 
cultivars. According to Morris and Lee (73), these guidelines may be too high. 

As part of a program designed to improve food safety through identification and 
elimination of naturally occuring Solanaceae toxicants, we evaluated the safety of 
potato berries, potatoes, and potato and tomato seeds added to a 10% protein casein 
diet fed to mice for 14 days. This study is part of a broader objective designed to (a) 
identify and characterize Solanaceae alkaloids, glycoalkaloids, hydrolysis products, 
and biosynthetic intermediates; (b) to develop a relative toxicity (potency) scale for 
these compounds; (c) to identify and characterize key enzymes in the biosynthetic 
pathways; and (d) to suppress the synthesis of those enzymes which catalyze the 
formation of the more toxic compounds using antisense RNA and related molecular 
biology techniques. This overview discusses some of these concepts. 

Materials and Methods 

Alkaloids, trypsin, chymotrypsin, carboxypeptidase, N-oc-tosyl-arginine methyl ester 
(TAME) , N-benzoyl-L-tyrosine ethyl ester (BTEE), [Tris (hydroxymethyl)-
aminomethane] (Tris), and other reagents were obtained from Sigma Chemical Co. (St. 
Lous, MO). Potato berries and experimental potato varieties were kindly provided by 
D. Corsini, Cereal and Vegetable Crop Production Laboratory, ARS, USDA, Aber
deen, Idaho; potato seeds by J. Pavek, USDA, University of Idaho, Aberdeen, Idaho; 
and tomato seeds by R. Mitchell, N K Company, Gilroy, California. 
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Table 1. Steroidal Glycoalkaloids 
Steroidal glycosides Sugar moiety Glycoside structure 

Solanidine glycoalkaloids Rham 
ot-Solanine Solatriose A: R-Gal 

Glu 
β-Solanine Solabiose B: R-Gal-Glu 
a-Solanine Galactose C: R-Gal 

Rham-a 
a-Chaconine Chacotriose D: R-Glu 

Rham-b 
Pj-Chaconine Chacobiose E: R-Glu-Rham-a 
|̂ -Chaconine Chacobiose F: R-Glu-Rham-b 
Δ-Chaconine Glucose G: R-Glu 

Glu 
Dehydrocommersonine Commertetraose H: R-Gal-Glu 

Glu 
Demissidine glycosides Glu 

Demissine Lycotetraose I: R-Gal-Glu 
Xyl 

Commersonine Commertetraose As H 
Leptinidine glycosides 

Leptininel Chacotriose AsD 
Leptinine II Solatriose As A 

Acetylleptinidine glycosides 
Leptinel Chacotriose AsD 
Leptinell Solatriose As A 

Tomatidenol glycosides 
a-Solamarine Solatriose As A 
β-Solamarine Chacotriose AsD 

Solasodine glycosides 
Solasonine Solatriose As A 
Solamarine Chacotriose AsD 

Tomatidine glycosides 
a-Tomatine Lycotetraose As I 
Sisunine (neotomatine) Commertetraose As H 

3-1 2-1 2-1 
Solaidixine -Gal-Glu-Glu-Rham 
Solasurine -Glu-Rham 
Solashabanine Gal, 3 Glu, Rham 
Solaradinine Gal, 4 Glu, Rham 
Solapersine Gal, Glu, 2 Xyl 
Solatifoline Glu, Gal, Rham 
Sisunine Gal, 3 Glu 
Solaverbascine 
N-methyl-solasodine 
12-P-Hydroxysolasodine 
Solanocapsine 

SOURCE: Adapted from References 6,8,61,62 
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A l l compositional and feeding studies were carried out with powdered samples 
prepared as follows: frozen potato berries were crushed with a metal block and 
potatoes were cut into small cubes and then freeze-dried by lyophilization. Potato and 
tomato seeds were ground in an Omni mill which was kept cold with dry ice. 

Compositional Analyses. Procedures for amino acid, enzyme inhibitor, and lectin 
contents of potato berries, potato seeds, and potatoes were adapted from the literature 
(2,2-26) 

Amino Acid Composition. The following three analyses with flour containing about 
5 mg of protein (Ν X 6.25) were used to establish the amino acid composition (23): 
(a) standard hydrolysis with 6 N HC1 for 24 h in evacuated sealed tubes; (b) hydrolysis 
with 6 N HC1 after performic acid oxidation to measure half-cystine and methionine 
content as cysteic acid and methionine sulfone, respectively; (c) basic hydrolysis by 
barium hydroxide to measure tryptophan content (22). The reproducibility of these 
analyses is estimated to be ± 3%, based on past experience (23-24). 

Trypsin Inhibitor. Potato powder (100 mg) was suspended in 10 mL Tris-HCl (pH 
8.1) buffer with stirring for 1 hr at room temperature. The suspension was centrifuged 
for 10 min and the supernatant was diluted 1:2 with Tris buffer. Twenty | i L of this 
solution were used for the inhibition assay. The following conditions were used: 
temperature 25°C; buffer, 0.046 M Tris-HCl containing 0.0115 M CaCl 2 pH 8.1; 
substrate, 10 m M T A M E (37.9 mg/10 mL Hfi); enzyme, 1 mg/mL, 1 m M HC1. The 
enzyme solution was diluted to 10-20 μg/mL. In the absence of inhibitor, 2.6 mL 
buffer and 0.3 mL T A M E were added to a 3 mL cuvette followed by 0.1 mL diluted 
enzyme solution. The absorbance was recorded at 247 nm (A 2 4 7 ) for 3 min on a Perkin-
Elmer Lambda 6 spectrophotometer. The increase in absorbance was then determined 
from the initial linear portion of the curve. In the presence of inhibitors, 2.6 mL buffer, 
0.1 mL enzyme solution, and 20 \\L of inhibitor solution (prepared to give 50% 
inhibition) were pre-incubated for 6 min. The reaction was started by adding 0.3 mL 
T A M E ; A 2 4 7 was then recorded for 3 min. Values were based on sample dilutions 
yielding 40 to 60% inhibition (25). Enzyme activity is defined by the following 
equation: Units/mg = (AA 2 4 7/min X 1000 X 3)/ (540 X mg enzyme used). 
A trypsin unit (TU) is defined as the amount of trypsin that catalyzes the hydrolysis 
of 1 μπιοί of substrate/min. A trypsin inhibitor unit (TIU) is the reduction in activity 
of trypsin by 1 TU. 

Chymotrypsin Inhibitor Assay. Potato powder (200 mg) was suspended in 10 mL 
Tris-HCl (pH 8.1) buffer with stirring for 1 hr at room temperature. The suspension 
was centrifuged for 10 min. Twenty \iL of the supernatant was used for the inhibition 
assay. The following conditions were used: buffer, 0.08 M Tris-HCl containing 0.1 
M CaCl 2 , pH 7.8; substrate, 1.07 mM BTEE (8.4 mg/25 mL 50% methanol); enzyme, 
1 mg/mL, 1 m M HC1. The enzyme solution was diluted to a concentration of 10-20 
μg/mL. In the absence of inhibitor, 1.5 mL buffer, 1.4 mL BTEE, and 0.1 mL enzyme 
solution were added and the increase in absorbance at 256 nm ( A ^ was recorded for 
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3 min. The A A ^ m i n was then calculated from the initial linear portion of the curve. 
In the presence of inhibitor, 1.5 mL buffer, 0.1 mL enzyme solution, and 20 piL in
hibitor were incubated for 6 min before adding 1.4 mL BTEE and recording as 
above. Buffer plus substrate served as controls for all measurements. Values were 
based on sample dilutions yielding 40 to 60% inhibition (25). Enzyme activity is 
defined by the following equation: Units/mg = ( A A ^ r n i n X 1000 Χ 3)/(964 X mg 
enzyme used). 

One chymotrypsin unit (CU) is defined as the amount of chymotrypsin that 
catalyzes the hydrolysis of 1 μπιοί of substrate/min. A chymotrypsin inhibitor unit 
(CIU) is the reduction in activity of chymotrypsin by 1 C U . 

Carboxypeptidase Inhibitor Assay. Potato powder (300 mg) was suspended in 10 
mL of Tris-HCl (pH 7.5) buffer with stirring for 1 hr at room temperature. The 
suspension was centrifuged for 10 min. One hundred pL of the supernatant was used 
for the inhibition assay. The method was adapted from Worthington (25). Reagents 
were 0.025 M Tris-HCl buffer containing 0.5 NaCl, pH 7.5; 1 m M hippuryl-L-
phenylalanine in 0.025 M Tris-HCl buffer, and 10% L i C l . 

The enzyme was dissolved in 10% L i C l to a concentration of 1-3 units/mL. The 
rate of hydrolysis of hippuryl-L-phenylalanine by carboxypeptidase in the absence 
and presence of inhibitors was determined by measuring the increase in absorbance at 
254 nm. Specifically, into each cuvette was pipetted 2.9 mL of substrate solution, 
which was then incubated at 25°C for 3-4 min to reach temperature equilibrium. The 
diluted enzyme solution (0.1 mL) was then added and the absorbance at 254 nm was 
recorded for 3-5 min. The change in absorbance ( Δ Α ^ ) was calculated from the initial 
portion of the curve. 

One carboxypeptidase unit is defined as the amount of carboxypeptidase that 
catalyzes the hydrolysis of one micromole of hippuryl-L-phenylalanine per min at pH 
7.5 and 25°C. 

Pure soybean Kunitz trypsin inhibitor (KTI) and pure soy Bowman-Birk chy
motrypsin inhibitor (BBI) were used as standards with each trypsin and chymotrypsin 
inhibition assay. The calculated values, which are averages from 2 to 3 separate 
determinations, are based on the individual inhibitor control values. For car
boxypeptidase, the extent of inhibition by the potato flours was estimated from the 
observed decrease in enzyme activity without the use of a pure inhibitor standard to 
correct for any day-to-day variability in the assay. 

Lectin (Hemagglutinin) Assay. The sample (100 mg) was mixed with 5.0 mL of the 
phosphate buffered saline (PBS), pH 7.2 buffer. Lectin was extracted by stirring for 
1 h at room temperature. After extraction, the resulting slurry was immediately chilled 
and centrifuged at 9000 g for 5 min in a Beckman Microfuge (Beckman Instruments, 
Palo Alto, CA). When necessary, the extracts were diluted with isotonic phosphate 
buffer (PB S, 0.05 M NaH 2P0 4 and 0.15 M NaCl, pH 7.2) before plating so that incipient 
activity would fall midrange in the plated series. 
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Samples (50 pL) of glutaraldehyde-stabilized rabbit red blood cells (Sigma Κ
Ι 629) diluted with a buffer to 1% hematocrit were added to equal volumes of serially 
diluted extracts and a buffer blank. Agglutination was observed visually after 1 h (26). 

Lectin activity is calculated as the reciprocal of the minimum amount (mg/mL) of 
soy flour required to cause agglutination of blood cells under these test conditions. 
This value is derived from the minimum experimental value ^g/50mL) which pro
duces hemagglutination. For the experimental value, the lower the number the more 
potent the activity, whereas the opposite is true for the calculated values. The results 
of four separate assays conducted on each sample were averaged. 

Feeding Studies, Histology, and Clinical Chemistry. Mice feeding studies were 
carried out for 14 days as previously described (27-30). Clinical chemistry was 
provided by W . M . Spangler, D . V . M . (California Pathology Consultants, West Sac
ramento, CA) and histology by Spangler and M . A . Stedham, D . V . M . (Pathology 
Associates, Frederick, MD), as previously described (57). 

Specifically, mice (Swiss Webster strain, Simonsen Laboratories, Inc., Gilroy, 
CA) were housed singly or two per cage. The cages were polycarbonate with stainless 
steel wire tops and pine shavings for litter. Feed and water were provided ad libitum. 
The temperature of the animal room was 22 ± 10%. The light cycle was 6AM - 6PM light 
and 6PM - 6AM dark, as regulated by an automatic timer. Animals were assigned so that 
all treatment groups had nearly the same initial body weight. 

The effect on weight gain and other parameters was examined by feeding mice 
10% protein (N casein X 6.25 =11.9% actual casein) diets fortified with various levels 
of freeze-dried potato berries and potatoes, milled potato and tomato seeds, and the 
alkaloid solasodine, as listed in the tables. 

Animals surviving to the end of the study were anesthesized using ether and killed 
by exsanguination via an axillary space incision and severance of the brachial artery. 
A blood sample was obtained from the axillary space incision. Serum samples were 
prepared, frozen on dry ice and stored at -80°C. Animals were subjected to autopsy 
in which selected tissues were examined grossly and weighed. For animals from three 
diets of the potato berry study (control, solasodine, and 20% potato berry) a portion 
of each liver was homogenized in three volumes (w:v) cold 0.01 M KC1 buffer. The 
homogenate was centrifuged at 20,000 rpm for 20 minutes and the supernatant frozen 
on dry ice and stored at -80°C for later analysis of N-demethylase activity. The caudate 
lobes of these livers were retained for histological evaluation. Tissues for histological 
evaluation were fixed in 10% buffered neutral formalin, embedded in paraffin, 
sectioned, and stained with hematoxylin and eosin. For surviving animals, the liver, 
stomach, and testes of mice fed potato berries and the liver, stomach, and kidneys of 
mice fed potato seeds were histologically examined. Evalutions were made "blind" 
without reference to treatment. In addition, the livers of three mice fed the 40% potato 
berry diet and removed from the study when found moribund were also evaluated. 

Serum cholinesterase (ChE) was determined according to the method of Ellman 
et al. (32). A Boehringer Mannheim Diagnostic Model 8600 automated clinical 
chemistry analyzer was used for all other serum clinical chemistries. Liver N -
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demethylase was determined using the method of Dalton and DiSalvo for the 
Technicon AutoAnalyzer II (33). 

Embryotoxicity . The Frog Embryo Teratogenesis Assay (Xenopus) was used to 
evaluate the embryotoxicity of Solanaceae alkaloids and glycoalkaloids (34-35). 

Statistical Methods. Lesion incidence and mortality data were analyzed by Fisher's 
Exact Test, one-tailed (36). Feed and water consumption and body weight gain were 
screened for outliers and subjected to analysis of variance and comparison of means 
using Duncan's Multiple-Range Test (37). Other data were analyzed for effects of 
treatment using the General Linear Model Procedure of SAS (38). Analysis of co-
variance for continuous effects of dose was used to determine if overall dose-related 
responses had occurred. 

Results 

Amino Acids. Tables 2 and 3 show the complete amino acid composition of potato 
berries, potato seeds, and potatoes, with tomato seeds included for comparison (39). 
The values of the amino acid scoring pattern of the essential amino acids for an ideal 
protein, as defined by the Agricultural Organization of the United Nations (40), are 
also shown for comparison in Table 3. Noteworthy is that: (a) the protein of all of these 
products is high quality by the F A O requirements; (b) all potato products have a 
similar amino acid composition, with about one half of the total consisting of aspartic 
acid (plus asparagine); (c) potato berries and potatoes, but not potato seeds contain 
significant amounts of Δ-amino-butyric acid (GABA); and (d) nitrogen (protein) 
content of the tomato seeds is more than twice that of potato seeds and about twice that 
of the other potato products (see footnotes to tables). 

Enzyme Inhibitors. Table 4 shows that potatoes, but not potato berries, contain 
significant amounts of inhibitors of digestive enzymes such as carboxypeptidase A , 
trypsin, and chymotrypsin. 

Lectins. Table 5 shows that the lectin content of potato berries is about 2 to 3 times 
that of potatoes but only about one fourth that of raw soy flour. Note that the lower 
the number of the activity, X , the higher the potency, whereas for the parameter 1/X 
(see last column in Table 5), activity is directly related to the size of this reciprocal. 

Glycoalkaloids. Table 6 lists, for potato berries and two varieties of potatoes, the a-
chaconine and α-solanine content determined by an HPLC procedure and the total 
glycoalkaloid content determined by colorimetric (bromphenol) method. The data 
show that (a) the α-chaconine level of the berries is 7 to 15 times greater than that of 
the potatoes; and (c) the total glycoalkaloid content of the berries is 7 to 16 times 
greater than in the two potato varieties. The cited values are based on improved assays 
developed in the course of this work, details of which will be published separately (41). 
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Table 2. Amino Acid Content of Potato Berries, Potato Seeds, Potatoes, and 
Tomato Seeds (A = g/100g; Β = g/16g N) 

Amino Commercial 
Acid Potato berries Potato seeds Potatoes Tomato seeds 

(A) (B) (A) (B) (A) (B) (A) (B) 

Asp 5.78 40.6 2.27 9.35 6.02 51.3 3.25 9.9 
Thr 0.30 2.07 0.82 3.38 0.29 2.43 1.00 3.0 
Ser 0.43 3.03 1.15 4.74 0.34 2.85 1.54 4.7 
Glu 2.52 17.70 5.33 21.9 2.09 17.8 6.01 18.4 
Pro n.dS n.d n.d n.d 0.46 3.94 n.d n.d 
Gly 0.42 2.96 1.22 5.01 0.23 1.98 1.44 4.4 
Ala 0.46 3.21 1.09 4.48 0.25 2.13 1.28 3.9 
Val 0.39 2.73 1.19 4.90 0.57 4.87 1.32 4.0 
Cys a 0.22 1.56 0.42 1.72 0.11 0.93 0.50 1.5 
Met b 0.17 1.20 0.52 2.16 0.15 1.23 0.62 1.9 
De 0.38 2.64 0.89 3.65 0.34 2.92 1.05 3.2 
Leu 0.55 3.86 1.51 6.22 0.44 3.75 1.77 5.0 
Tyr 0.39 2.75 0.91 3.76 0.36 3.05 1.44 4.4 
Phe 0.45 3.15 1.15 4.73 0.48 4.11 1.26 3.2 
His 0.26 1.84 0.56 2.31 0.20 1.73 0.70 2.1 
Lys 0.63 4.45 1.29 5.32 0.59 5.02 1.97 6.0 
Arg 0.52 3.66 2.07 8.51 0.62 5.31 2.86 8.7 
Tiyc 0.014 0.102 0.13 0.53 0.063 0.536 0.15 0.4 
y - A B A d 0.18 1.27 none none 0.25 2.15 none none 
X e — — — — 0.02 0.17 — — 
x f — — — — 0.02 0.16 — — 
Total 4.1 98.8 22.52 92.7 13.6 118.7 28.10 86 

NOTE: Nitrogen (N) content, % potato berries, 228; potato seeds, 3.89;commer
cial potatoes (flesh), 1.78; tomato seeds, 522. 
•Determined as cysteic acid after perforrnic acid oxidation. 
bDetermined as methionine sulfone after perforrnic acid oxidation. 
cDetermined after hydrolysis by barium hydroxide. 
Ύ Amino-butyric acid. 
'Unknown peak eluting before Asp. 
TJnknown peak eluting before Lys. 
gNot detected by 590 nm photometer. 

 J
ul

y 
15

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 F
eb

ru
ar

y 
14

, 1
99

2 
| d

oi
: 1

0.
10

21
/b

k-
19

92
-0

48
4.

ch
03

5

In Food Safety Assessment; Finley, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



FRIEDMAN Composition and Safety Evaluation of Potato Products 

Table 3. Amino Acid Content (g/16 g Ν) of Different Potato Varieties 

Experimental variety 
Amino Commercial (Lenape) {No. 2461) 

FACP Acid Flesh Peel Flesh Peel Flesh Peel FACP 

Asp 51.3 55.2 42.6 47.0 45.4 43.5 
Thr 2.43 2.64 3.18 3.26 3.01 3.27 4.0 
Ser 2.85 3.01 3.34 3.63 3.21 3.48 
Glu 17.8 11.2 16.6 13.5 17.3 13.1 
Pro 3.94 3.66 4.49 4.94 3.50 3.20 
Gly 1.98 2.43 2.92 3.15 2.73 2.93 
Ala 2.13 2.48 2.45 2.78 2.63 3.06 
Val 4.87 4.48 4.24 4.39 4.36 4.30 5.0 
Cys 0.93 0.95 1.31 1.60 1.11 1.11 3.5b 

Met 1.23 0.99 1.04 1.30 1.33 1.09 
He 2.92 3.09 2.95 3.37 3.07 3.33 4.0 
Leu 3.75 4.56 5.37 5.81 5.20 5.56 7.0 
Tyr 3.05 2.51 2.80 2.63 2.68 2.70 6.0e 

Phe 4.11 4.25 4.22 4.17 3.77 3.% 
His 1.73 1.57 1.52 1.51 1.53 1.52 
Lys 5.02 4.18 1.89 4.80 4.69 4.61 5.5 
Arg 5.31 3.57 5.80 3.66 6.37 3.45 
Try 0.54 0.11 0.470 0.26 0.13 0.48 
γ-ABA 2.15 1.46 2.52 1.89 2.44 1.74 
X 0.17 0.21 — — — — 
X 0.16 — — — 0.14 — 
Total 118.4 112.6 112.7 113.6 114.6 106.4 

NOTE: Nitrogen (N) content, %: commercial flesh, 1.78; commercial peel, 
2.59; Lenape flesh, 1.55; Lenape peel, 1.78; No 2461 flesh, 1.86; No 2461 
peel, 2.14. 
aProvisional arnino acid scoring pattern for an ideal protein (2,40). 
b Cys + Met. cTyr + Phe. 

Table 4. Carboxypeptidase A, Chymotrypsin, and Trypsin Inhibition 
by Freeze-dried Potatoes and Potato Berries (units inhibited/g sample) 

Sample Carboxypeptidase A Chymotrypsin Trypsin 

Russett potatoes3 144 ± 8.7 260 ±5.5 768 ± 3 2 
Potatoes (No 3194p 94 ± 9.9 409+17 1280±67 
Potato berries 0 0 0 

NOTE: A l l values are averages from three separate deterrninations± standard 
deviation. 
a Obtained from a local store;D Experimental variety. 
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Table 5. Lectin (Hemagglutinin) Activity of Potato Berries, 
Potatoes, and Raw Soy Flour Against Rabbit Red Blood Cells 

Sample Activity (Χ/* 1ΙΧ(1(β) 

Potato berries 13 ±2.5 (5)* 77 ±15 
Potatoes-No 3194b 38 ±4.7 (5) 42 ±7.4 
Potatoes - Russer0 24 ± 4 2 (5) 26 ±32 
Raw soy flour 3.5 ±0.7 (3) 290±5.8 
aMinimum amount of freeze-dried flour (in μg/50μL) causing hemag
glutination after 1 hr, 
b Experimental variety; 
c Obtained from a local store; 
d Average ± standard deviation. Values in parentheses are number of 
separate determinations. 

Table 6. Glycoalkaloid Content of Potato Berries and Potatoes 

a-Chaconine a-Solanine Total glycoalkaloid content 
(mgllOOgfresh weight? (mgllOOgfreshweightf 

Potato berries 22.1± 1.43c 15.9 ±0.80 44.6 ±2.71 
Potatoesd 3.68 ±0.43 1.96 ±0.05 6.37 ±0.71 
(No 3194) 
Potatoese 1.35 ±0.08 0.65 ±0.02 2.86 ±0.54 
aDetennined by an HPLC procedure (41); 
bDetermined by a bromphenol blue colorimetric procedure; 
C A U values are averages from three separate determinations ± standard 
deviation; 
experimental variety; 
Commercial variety obtained from a local store. 
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Mortality and Clinical Signs. Table 7 lists the ingredients of the control diet used in 
all feeding studies. A l l animals fed 40% potato berries died or were removed from the 
study when they became moribund. This mortality (5/5) significantiy exceeded the 
zero mortality of all other groups (P £ 0.05) (Table 8). Clinical conditions observed 
in animals fed this high level of berries included rough fur, lethargy, and hunched body 
posture. A l l other animals appeared healthy and exhibited no gross clinical signs 
related to the diet. 

Body Weight. Controls gained significantiy more weight than animals fed 20% or 
more potato berries (Tables 8-9) and those fed the solasodine diet (P < 0.01, Fig. 3). 
Animals fed potato seed diets gained at a rate equal to that of those fed the control diet 
(data not shown). 
Mice fed commercial-variety potatoes at 5% in the diet gained significantly less 
weight than the control animals (P < 0.05) (Table 9). (At Ρ < 0.01, however, potatoes 
up to 40% in the diet did not affect weight gain). Relative pancreas weights were 
significantly elevated (P < 0.05) by 20% or more experimental potatoes and by 10% 
or more commercial potatoes in the diet. This is probably a trypsin inhibitor effect 
(30,43,44). Serum GPT was significantly elevated (P < 0.05) in mice fed the 
commercial potato diet at 40%. 

Feed Consumption. For animals fed 20 or 40% potato berries, feed consumption 
could not be determined accurately due to feed spillage. Overall 14-day feed 
consumption (g/day) was less than that of the control in mice fed solasodine or 10% 
berries (P £ 0.01), but not in those fed 1 or 5% berries (Table 9). However, on a body 
weight basis (g/kg body weight/day) there were no differences from the control. Feed 
consumption of animals fed the potato and tomato seed diets was unaffected (data not 
shown). 

Organ Weights. Relative weights (Tables 10,11 ) of the liver, kidneys, testes, and 
pancreas did not differ significantly from control mice fed potato or tomato seed at up 
to 4% in the diet or potato berries at up to 20% in the diet. For animals fed solasodine, 
the relative liver weight was significantly elevated (P < 0.01). Pancreatic weights of 
mice fed potato diets were greater than those of controls. 

Clinical Chemistries. Solasodine in the diet resulted in markedly increased levels of 
serum alkaline phosphatase, glutamic-pyruvic transaminase (GPT), and glutamic-
oxaloacetic transaminase (GOT) (Tables 12,13). The increase in bilirubin, while less 
dramatic, was significant. Statistical analysis of dietary effects on GOT, GPT, and 
alkaline phosphatase in mice fed the potato preparations did not include the solasodine 
positive control; inclusion of this group created problems with the heterogeneity of 
variances, which violated the assumptions of analysis of variance. In mice fed the 
potato berries at 20%, serum concentrations of GOT, GPT, and liver N-demethylase 
were significantly elevated (P < 0.01 ). Cholinesterase was unaffected. For animals fed 
potato seeds at 1,2, or 4% in the diet, the GPT levels were significantly less than in 
the controls (P < 0.05). Other values were unaffected. 
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Table 7. Control Diet Formulation 

Ingredient Percent in Diet 

Casein 11.9 
Com oil 8.0 
Water 5.0 
Fiber (Alphacel) 3.0 
Vitamin mixture8 2.0 
Choline chloride 0.2 
Mineral mixture, AIN-76b 5.0 
Cornstarch: Dextrose0 64.9 
Total 100.0 

alkgofthevitaniinmixtiire^ 
i.u. DL-oc-tocopherol acetate; 1 g menadione; 4.5 g nicotinic acid; 1 g riboflavin; 
1 g pyridoxine HC1; 1 g thiamine HC1; 3 g calcium pantothenate; 20 mg D-biotin; 
200 mg folic acid; 1.35 mg B 1 2 ; 5 g inositol; 45 g ascorbic acid; 
bAIN(1977)(42); 
cRatio was 2:1 for potato berry study and 1:2 for potato seed study.Adjustment 
produced neglible effects on food consumption. 
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Table 9. Body Weight Gain and Feed Consumption of Mice Fed Casein and 
Casein Plus Solasodine Diets 

Casein" Diet2b Diet3c Diet4d Diet5e Diettf Diet 7* 

Body wqght gain (g) 
Days 0-7 7.0** 6.8 a b A 7.0»°* 7.6» ο Α 8.0^ 6.2 b A 4 .2 c B 

Days 0-14 13.4*A 12.4^ 12.6&A 13.6&A 14.2^ 12.4^ 8.2 b B 

Feed consumption (g/mouse/davV 
Days 0-7 3 . 2 a b A B 3 . 1 ^ ^ 3 . 2 a b A B 3 .5^ 3 .5^ 3 . 3 a b A B 2.8 c b 

Days 0-14 4.7a 4.2 a 4.4a 4.7a 4.4a 4.2a 4.2 a 

Feed consumption (g/kg bodvweighfl: 
Days 0-7 214a 205a 216 s 228a 223a 225a 216 s 

Days 0-14 251 a b 230b 242 a b 248 a b 240 a b 241 a b 278a 

a 10% protein based on Ν content; 
b 5 mg solasodine/100g diet; 
c lOmg solasodine/100g diet; 
d 20mg solasodine/100g diet; 
e 40mg solasodine/100g diet; 

f 80mg solasodine/100g diet; 
β 160mg solasodine/100g diet. 

Figure 3. Body weight gains in mice fed casein and casein-plus-solasodine diets. 
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Table 11. Organ Weights of Mice Fed Casein and Casein (10% Protein) 
Plus Solasodine (160 mg per 100 g) Diets 

Casein Casein + Solasodine 

Absolute organ weight ($) 
Brain 0.469s 0.446* 
Liver 1.217bA 1.540** 
Kidneys 0.325a 0.275a 

Relative organ to body weight (%) 
Brain 1.982a 2.484a 

Liver 5.121** 8.421** 
Kidneys 1.366* 1.479* 

See footnote to Table 8. 
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Table 13. Clinical Chemistries in Mice Fed Casein Diets Containing Potato 
Berries, Potatoes (No 3194} or Solasodine 

Alkaline 
Diets GOT GPT phosphatase Bilirubin 

(IU/L) (IU/L) (IU/L) (mg/lOOmL) 

Casein 101 b B 2 6 b B 197 b B 
1 2bcB 

(10% protein) 
Potato berries (%) 

1 106 b B 2 6 b B 229 b B 15bcAB 
5 136 b B 

3 9 b B 228 b B . 1 2bcB 
10 1 1 4 b B 4 8 b B 235 b B 14bcAB 
20 152 b B 69bB 252 b B 2Qat>AB 

*w 
Potatoes (%) 

1 8 9 b B 2 5 b B 215 b B 12bcB 
5 102»>B 2 5 b B 233 b B .10=8 

10 1 1 4 b B 34bB 246 b B .10=B 

20 H2bB 3 lbB 265 b B .10=B 

40 1 1 7 b B 38>>B 245 b B l2bcB 
Solasodine 374aA 3 2 9 0 A 617^Β .26^ 
(80mg/100g) 

See footnote to Table 8. 
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Histology. The liver, stomach, and testes of mice controls, mice fed solasodine, and 
mice fed the potato berry diet were histologically examined. The incidence of liver 
cholangiohepatitis (4/5) and of gastric gland dilation/degeneration (3/5) in mice fed 
solasodine (Table 14) was significantiy (P < 0.01) above the zero incidence of the 
controls and the animals fed potato berries. There were no other significant findings. 
For the potato seed study, the liver, stomach, and kidneys were examined. There were 
no lesions resulting from ingestion of the potato seeds. Tomato seeds fed up to 4% in 
the diet were also nontoxic. 

Discussion 

Several reported pharmacological and toxicological effects of Soianum alkaloids will 
be briefly summarized to help place our recent findings into proper perspective. 

Toxicology of Alkaloids There is a large species-variation in the susceptibility to 
glycoalkaloids. The glycoalkaloids appear to be much more toxic to man than to other 
animals studied. The human burden of glycoalkaloids is somewhat cumulative since 
their residence time in certain organs, such as the liver, is quite long. In fact, 
glycoalkaloids from the diet which are stored in the body might be mobilized at times 
of increased metabolic stress (pregnancy, starvation, debilitating illness) with deleterious 
effects (45). Adverse effects of glycoalkaloids include anticholinesterase activity on 
the central nervous system; disruption of cell membranes, adversely affecting the 
digestive system and general body metabolism; interference with calcium transport, 
embryotoxicity, and teratogenicity. 

a. Inhibition of Cholinesterase. Organophosphorous insecticides and nerve gases 
exert their primary toxicologic effects by preventing the hydrolysis of acetylcholine, 
which is involved in the transmission of nerve impulses in the peripheral nervous 
system, spinal cord, and brain. The resulting accumulation of acetylcholine induces 
neuromuscular block. The solanaceous alkaloids also are moderate inhibitors of 
cholinesterase (74-75). This inhibition may provide a biochemical basis for some of 
the observed toxicological manifestations of the alkaloids, especially of embryotoxicity 
and teratogenicity. However, additional studies are needed to demonstrate this 
possibility. 

b. Disruption of Cell Membranes. An unanswered question is whether the 
toxicity/repellant action of glycoalkaloids is related to their ability to disrupt cell 
membranes. Roddick and colleagues (76) studied the disruption of liposome mem
branes by potato and tomato glycoalkaloids. They report that a mixture of chaconine 
and solanine acting synergistically, is more effective than the individual alkaloids in 
lysing rabbit erythrocytes, red beet cells, and Penicillum notatum protoplasts. They 
also report that the nature of the carbohydrate side chain in different glycoalkaloids 
appears to influence the cell disruption process. 

This biochemical parameter needs to be extended further and defined in order to 
establish whether it can serve as an index of mammalian toxicity. One approach is to 
develop a relative scale of cell disruption in rabbit and human erythrocytes and to 
relate the observed findings to relative toxicities of the glycoalkaloids. 
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Table 14. Histology Data of Mice Fed Casein and Casein Plus Solasodine Diets 

Number of animals 

Stomach: 
Gastric gland degeneration (diffuse) 0/5· 0/5"» 2/5c 3/5" 

Liven 
Cholangiohepatitis (diffuse chronic) 0/5 0/5 1/5 3/5 
Cholangiohepatitis (diffuse subacute) 0/5 0/5 2/5 1/5 
Cholangiohepatitis (pooled) 0/5 0/5 3/5 4/5 
Hepatic necrosis (multifocal acute) 0/5 0/5 0/5 1/5 

NOTE: N O significant changes: duodenum, ileum, jejunum, cecum, colon, kidney, and 
pancreas 
a 10% protein from casein control; 
b 10% protein + 40 mg solasodine/100 g diet; 
c 10% protein + 80 mg solasodine/100 g diet; 
d 10% protein + 160 mg solasodine/100 g diet 
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c. Dietary Effects. Dietary constituents in the food and the process of digestion 
and metabolism can be expected to modify the adverse manifestations of the 
glycoalkaloids. For example, Renwick and colleagues (18) reported that vitamins 
lower the incidence of glycoalkaloid-induced spina bifida. A need, therefore, exists 
to define the role of nutrients and non-nutritive fiber in the toxicities of glycoalkaloids. 

Also needing clarification are the relative hydrolytic stabilities during the digestion 
of oligosaccharide side chains attached to the glycoalkaloids. In a relevant study, 
Nilsson et al. (46) showed that oligosaccharides undergo partial to complete hydrolysis, 
depending on their structure, when exposed in vitro to human gastric juice or to the 
intestinal mucosa of the rat. Experiments are needed to define the digestion products 
of glycoalkaloids in order to relate the process to observed toxic manifestations. If 
carbohydrates of solanine and chaconine are cleaved at different rates during digestion 
in the rat intestine, then the real target of our toxicity studies should be the resulting 
hydrolysis products. 

d. Spina Bifida, Embryotoxicity, Teratogenicity. According to the Merck 
Manual (47), spina bifida (the defective closure of the vertebral column) is one of the 
most serious neural tube defects compatible with prolonged life. The malformation is 
fairly common in the North American white population, with an incidence of about 1.5 
per 1000 live births. The incidence seems to be partly environmentally related, and 
is much higher in some parts of the country than in others (48). 

The literature (9-70, 77, 79) shows that glycoalkaloids have the ability to induce 
spina bifida, anencephaly (absence of part of the brain and skull), embryotoxicity, and 
teratogenicity. According to Morris and Lee (75), the most likely candidate(s) for the 
teratogenic agent is the potato glycoalkaloid or a metabolic product, possibly trans
formation products induced by cytochrome P-450 (49J0). 

Although there appears to be a large variation in susceptibility to glycoalkaloid-
induced teratogenicity among various animal species, possibly due to differences of 
the mother-to-fetus transport among the species (57), the evidence indicates that 
glycoalkaloids suppress fertility, enhance infant mortality, and induce neurological 
defects (52). 

The biochemical mechanisms of the neurological impairment is largely unknown. 
Structural, stereochemical, and electronic configurations of the glycoalkaloid molecule 
seem to be paramount in influencing the teratogenic response (10). These authors 
suggest that those compounds with a basic nitrogen atom in the F-ring, shared or 
unshared with ring E, and with bonding capabilities a to the steroid plane may be 
suspect as teratogens. This plausible hypothesis merits further study to demonstrate 
its predictability, since it is generally recognized that stereochemical and structural 
features govern chemical and physiological properties of steroidal compounds (53). 
I propose the following approaches to attempt to clarify the mechanism of teratoge
nicity and suggest ways to prevent it: 

(1) Establish whether die true teratogens are native glycoalkaloids or their 
digestive or metabolic products. Develop a chemical structure-develop
mental toxicity correlation. 

(2) Establish relative susceptibilities of the glycoalkaloids to activation or 
modification by the cytochrome P-450 oxidase system in the liver. Since 
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some of the glycoalkaloids have been shown to be hepatotoxic, this 
information wil l be useful for designing strategies to lessen both 
hepatotoxicity and teratogenicity. 

(3) Define the effect of dietary modification on the teratogenic process. The 
key question is whether nutrient-glycoalkaloid interactions can reduce 
embryotoxicity and teratogenicity. 

(4) Since the nucleophilic strengths of the unshared electrons on the steroid 
ring may influence binding affinities of the glycoalkaloids to cell receptor 
sites, ascertain if the basicities (pK values) and metal ion affinities of the 
ring nitrogens are useful indicators of toxicity, including teratogenicity 
(54). 

(5) Carry out computer modeling of glycoalkaloid-receptor site interactions 
and computer graphic studies (55) to define electronic and stereochemical 
features which govern toxicity and teratogenicity of the glycoalkaloid 
molecules. This information will be useful for predicting the safety of 
known (and unknown) alkaloids and for designing measures to counteract 
toxic manifestations by competitive inhibition of cell receptor binding 
sites. (Such modeling studies are widely used and have led to the discov
eries of the drugs A Z T for AIDS and mercaptopurine for cancer.) 

Recent Findings 

Our results show that solasodine, the aglycone of solasonine, a steroidal glycoalkaloid 
present in various Solatium species (56), adversely affected body-weight gain as well 
as the livers of male mice fed the compound at relatively high levels in the diet for two 
weeks, as evidenced by gross liver weight, histopathological evaluation, and increased 
levels of GPT, GOT, alkaline phosphatase, and total bilirubin in the serum. The 
absence of serum cholinesterase inhibition is consistent with the results of Roddick 
(76), who reported that solasodine did not inhibit human or bovine cholinesterase 
activity in vitro. Potato berries contain high levels of glycoalkaloids (57-58; Table 5). 
At 20% in the diet, potato berries resulted in reduced weight gain comparable to that 
resulting from 1600mg solasodine/kg diet. However, other symptoms of glycoalkaloid 
exposure — liver pathology and increase in relative liver weight — did not occur. 
Elevations in serum chemistries were slight. When potato berries were fed at 40% in 
the diet, the animals did not survive. Histopathological examination of the livers of 
the three mice removed when moribund revealed no significant changes and the cause 
of death in these animals was not determined. 

Potato seeds, produced by the potato berry on ripening, produced no i l l effects 
when fed at 4% in the diet. (The slightly significant reduction in serum GPT levels in 
mice fed the seed diets is probably spurious.) 

Since we do not know the exact weight ratio of seed to flesh in the berries, we 
cannot unequivocally state whether seeds rather than flesh contain toxic compounds 
responsible for the adverse effects of the berries. 

A related study on the safety of seeds from another Solanaceae plant, (Datura 
stramonium) or Jimsonweed, shows that these seeds are toxic at the 4% dietary level 
(311 
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Since high levels of the potato alkaloid solasodine, when fed to mice as part of a 
nutritionally adequate casein diet, produced liver damage and reduced body weight 
gain but no mortality, our results imply that the adverse effects of feeding high levels 
of potato berries added to the same casein diet may be due to the alkaloid content of 
the berries or to other toxic compounds. 

We have used growth assays in mice for a number of years to assess the 
antinutritional and toxic potential of new amino acids formed during food processing 
(27-18,59-60). We have detected and monitored antinutritional changes involving 
losses in nutritive value through destruction of proteins, amino acids, carbohydrates, 
and other nutrients and the formation of antinutrients or toxic materials. The purpose 
is to obtain an objective measurement of nutritional value or to detect the presence of 
toxic material in food. Reduced weight gain in mice fed a nutritionally adequate casein 
diet supplemented with potentially toxic materials, such as the potato alkaloid 
solasodine or potato berries, is a major criterion of toxicity. Other criteria include feed 
consumption, clinical chemistry, and histopathology. 

Our results show that the mouse provides a useful animal model to study toxic 
manifestation of Solanaceae alkaloids and potato products. Mouse bioassays have a 
major advantage. They require about one-fifth of the test material needed in rats. 

The F E T A X (Frog Embryo Teratogenesis Assay: Xenopus) was used to evaluate 
the embryotoxicity and potential teratogenicity of potato alkaloids and related com
pounds. According to Dawson et al. (34), this in vitro assay is both time and cost 
effective and correlates with more extensive teratogenicity evaluations in live animals. 

Friedman et al. (35) showed that Solanaceae alkaloids and glycoalkaloids are 
embryotoxic in the F E T A X assay (Figure 4). The data suggest that α-chaconine is 
teratogenic and more embryotoxic than α-solanine, in terms of the median lethal 
concentration after 96 h exposure (96-hr L C 5 0 ) and the concentration inducing gross 
terata in 50% of the surviving animals (96-hr EC50-malformation), and the minimum 
concentration needed to inhibit the growth of the embryos. Since these two compounds 
differ only in the nature of the carbohydrate side chain attached to the 3-0H group of 
solanidine, the side chain appears to be an important factor governing teratogenicity. 
The aglycones demissidine, solanidine, and solasodine were less toxic than the 
glycosides α-chaconine and α-solanine. The in vitro teratogenesis assay should be 
useful for predicting the teratogenic potential of Solanaceae alkaloids, glycoalkaloids, 
and related natural and processing induced food toxicants. 

Future Studies 

Most of the pharmacological and toxicological studies on glycoalkaloids have been 
done with either α-chaconine or α-solanine. Very little biological data are available 
on the hydrolysis products (metabolites) of these glycoalkaloids (Figures 2 and 5) or 
on some twenty other glycoalkaloids present in different varieties of potatoes and 
tomatoes (Table 1). Biological studies should focus on twoprimary toxicity endpoints: 
(a) embryotoxicity-teratogenicity; and (b) hepatic dysfunction including the recently 
discovered induction of hepatic ornithine decarboxylase (ODC) by potato alkaloids 
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Figure 4. Upper: Two-headed frog embryo caused by exposure to α-solanine for 96 h. 
Lower Typical malformations induced by increasing concentrationsof a-solanine (35). See 
ref. 35 for a discussion of embryonic potencies of potato alkaloids. 
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Figure 5. HPLC of acid hydrolysis products from a mixture of cc-chaconine and cc-solanine 
(41). 

(61). If the in vitro F E T A X assay of structurally different Solanum alkaloids could be 
related to in vivo teratogenicities in higher animal species, then the relatively simple 
and inexpensive frog assay could be used to screen plant foods for potential teratoge
nicity. Only compounds which are teratogenic in the in vitro test would require 
confirmation with pregnant animals. 

Because of their acute toxicity, the identification and characterization of 
glycoalkaloid toxicants and their biosynthesis in potatoes (62-67; Figure 6) has long 
been the subject of research, with considerable progress made. However, a critical 
analysis of the literature reveals that many problems remain to be solved. For example, 
the need exists to develop a better understanding of why structurally related 
glycoalkaloids vary greatly in their pharmacological and toxicological activities. 
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Figureo. Biosynthesis ofpotato and tomato alkaloids. Although tentative assignments have 
been made to the structures of the intermediates, httle informaiton is available on the 
enzymes which catalyze the indicated transformations. (See References 6 and 62-67). 
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(t-L-rhamnose 
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Lessening of the toxicity of potato cultivars by direct genetic modification will 
require a significant effort in the chemistry and toxicology of the variety of 
glycoalkaloids present in the potato tuber. We have identified an enzyme, glucosyl 
transferase, the inactivation of which should result in greatly decreased levels of 
glycoalkaloid toxicants (62). 

The implementation of the gene inactivation aspect of our multi-disciplinary 
studies would be greatly enhanced by a thorough characterization of the biosynthesis, 
chemistry, biochemistry, and safety of these toxic principles. The more information 
we have on the specific glycoalkaloids involved in animal and human toxicity, the 
more effective we will be at preventing their accumulation in potatoes and other plants. 

The described findings with potato alkaloids complement related studies on the 
chemisty and toxicology of anthraquinones, atropine, ergot alkaloids, and scopolamine 
in toxic weed seeds (2,31,50,68-71). 
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cell membrane disruption, 451 
cholinesterase inhibition, 451 
dietary effects, 453 
embryotoxicity, 453 
spina bifida, 451 
teratogenicity, 453-454 

Allergenic food proteins 
acid stability, 323 
common features, 321,323 
heat stability, 323 
list, 321,322* 
molecular size and shape, 323 
structure, 323-324 

Allergic reactions, description of types, 
316,318 

Ames test, reliability and relevance, 93 
Amino acids, precursor of N-nitroso 

compounds, 408 
Analytical chemistry, 15-16 
Anaphylactoid reactions, description, 324 
Andreas, Marggraf, analytical chemistry, 15 
Animal feeding studies, IFBC food safety 

assessment recommendations, 96 
Animal safety testing, review of current 

trends, 88-97 
Antibody-hybridization technique, 

extended-shelf-life foods, 246 
Anticipated residues 
controlled studies, 217-220 
monitoring data, 220-222 

Antimicrobial substances, wholesomeness of 
food, 2 
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Nabisco Brands, Inc., 2 
National Center for Food Safety 

and Technology, 232 
National Food Processors Association, 48 
The Pennsylvania State University, 297 
The Procter & Gamble Company, 391 
Reed College, 181 
Research Institute for Fragrance 

Materials, 149 
RJR Nabisco, 73 
Rutgers, The State University, 243,278 

Technical Assessment Systems, Inc., 214 
U.S. Department of Agriculture, 250,429 
U.S. Environmental Protection Agency, 41 
U.S. Food and Drug Administration, 

26,99,105,132,140,261,419 
University of Minnesota, 346 
University of Nebraska, 316 
The University of Texas Health Science 

Center at San Antonio, 8 
University of Wisconsin—Madison, 36,316 
William S. Middleton V A Hospital, 316 

Subject Index 

Absorption 
distribution, metabolism, and excretion 

studies, 90-91 
olestra, 393-394 

Accum, Frederick, food adulteration types 
and detection methods, 16 

Active ingredient, definition, 42 
Activity, definition for QSAR, 182 
Acute and chronic toxicity testing, 

food additive safety assessment 
dosing protocols, 10 
L D ^ values, 99-100 
maximum tolerated dose, 100-101 
novel foods, 102-104 
standards for valid negative 

carcinogenicity bioassays, 102 
Acute toxicity 
definition, 214 
function of tests, 89 

Adulterated food, definition, 264 
Aeromonas hydrophila, food poisoning, 234 
Aflatoxins 
com, 264 
cottonseed and cottonseed meal, 

265,269r,273 
imported food products, 265,270f,273 
milk and milk products, 265,270f,273 
occurrence, 264 
peanut products, 265,266i,271 
potency estimates, 55-56 
regulation, 264-266* 
tree nut products, 265,267f,271 

Aging, antioxidants, 369,371 
Alkaloid toxicology 
cell membrane disruption, 451 
cholinesterase inhibition, 451 
dietary effects, 453 
embryotoxicity, 453 
spina bifida, 451 
teratogenicity, 453-454 

Allergenic food proteins 
acid stability, 323 
common features, 321,323 
heat stability, 323 
list, 321,322* 
molecular size and shape, 323 
structure, 323-324 

Allergic reactions, description of types, 
316,318 

Ames test, reliability and relevance, 93 
Amino acids, precursor of N-nitroso 

compounds, 408 
Analytical chemistry, 15-16 
Anaphylactoid reactions, description, 324 
Andreas, Marggraf, analytical chemistry, 15 
Animal feeding studies, IFBC food safety 

assessment recommendations, 96 
Animal safety testing, review of current 

trends, 88-97 
Antibody-hybridization technique, 

extended-shelf-life foods, 246 
Anticipated residues 
controlled studies, 217-220 
monitoring data, 220-222 

Antimicrobial substances, wholesomeness of 
food, 2 
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Antioxidants 
controversies surrounding use, 348 
coronary artery disease, 366-368 
definition, 347 
food processing, 371-372 
future research needs, 372-373 
health benefits, 346,358-368 
health risks, 354-358 
mechanism, 347-348 
risk-benefit ratio for food processing, 372 
structures 
chelators, 348,349/ 
enzyme-catalyzed lipid peroxidation 

inhibitors, 348,353/ 
lipid-soluble natural chain-breaking 

compounds, 348,352/ 
lipid-soluble synthetic chain-breaking 

compounds, 348,351/ 
water-soluble chain-breaking compounds, 

348,35Qf 
tumor formation, 309-310 
types, 347 
wholesomeness of food, 2 

Appert, Nicholas, heat processing and 
vacuum packaging, 18 

Article handling, Good Laboratory 
Practice, 116 

Artificial intelligence, food process 
control systems, 167-168 

Arylamines, precursor of N-nitroso / 
compounds, 408 

Aryltriazenes, 183-184 
Aseptic processing of particulate-containing 

food systems, 244 
Aspartame 
food idiosyncrasies, 326 
postmarketing survey, 207-213 

Assize of Bread, description, 10 
Atherosclerosis 
formation, 360 
oxidative modification of low-density 

lipoproteins, 360 

Β 

Bacillus cereus, target of food-processing 
systems, 245 

Bacterial mutagenicity assays 
advantages, 79-82 
description, 77 

Bacterial mutagenicity assays—Continued 
disadvantages, 84,85; 
food safety assessments, 84,86 
influencing factors, 82-84 
limitations, 79 
methodology, 82-83 
physical-chemical factors, effect on test 

materials, 83-85; 
predictability of short-term assays, 

77,79,81; 
prediction of carcinogenicity, 77 
strains used in Ames assay, 83,85; 
utility, 80,82 

Bacteriophages, microbial safety in 
extended-shelf-life foods, 246 

Basic four food groups 
guidelines vs. actual consumption, 282,284/ 
See also Food groups 

Bible, references to food safety, 9 
Biological activity, W-nitroso compounds, 

402,403/ 
Biology, olestra, 392-393 
Biotechnology, public perception, 39 
Bliss, dose-response principle, 13 
Boyle, Robert, tests for food safety 

evaluation, 16 
Breastfeeding, food allergy 

development, 320 
Bureau of Alcohol, Tobacco, and Firearms, 

ethyl carbamate in foods, 
420,421; 

Butylated hydroxyanisole, 356-358 

C 

Calcium 
intake of women 19-50 years of age, 

287,291/ 
tumor formation, 307 

Caloric intake, tumor formation, 301-302 
Campylobacter, foods implicated in 

outbreaks, 238; 
Campylobacter jejuni 
food poisoning, 234 
target of food-processing systems, 244 

Cancer 
dietary practice, 297 
environmental factors, 297 
inhibition by antioxidants, 369 
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INDEX 

Cancer—Continued 
See also Diet-carcinogenesis 

relationship, Tumor formation 
Cancer death rate statistics, pesticide 

health risk determination, 56-57 
Carbohydrates, tumor formation, 303-304 
P-Carboline-3-carboxylic acid, precursor of 

W-nitroso compounds, 408 
Carboxypeptidase inhibitor assay, 437 
Carcinogen(s) 
classifications, 60,61* 
food sources, 60 
plant foods, metabolic activation, 300-301 
sequences of carcinogenesis, 60 

Carcinogen potencies, probability 
distribution, 135-137/ 

Carcinogen testing, decision point 
approach, 60,62* 

Carcinogenesis-diet relationship, See 
Diet-carcinogenesis relationship 

Carcinogenesis process, 299-300 
Carcinogenicity, antioxidants, 356*-358 
Carcinogenicity studies 
bioassays, 91,92* 
standards for negative bioassays, 102 
weight of evidence indices, 92* 

β-Carotene 
coronary artery disease, 367-368 
tumor formation, 304 

Celiac disease 
description, 326 
mechanism, 316 

α-Chaconine, structures, 430,431*,434,435/ 
Chain interruptors, mechanism, 347-348 
Cheese dip 
potential hazards, 126* 
risk-assessment worksheets, 126-12<y 

Chelators, structures, 348,349/ 
Chemical analysis of food ingredients, 143-144 
Chemical and physical hazard characteristic 

ranking, description, 124,125* 
Chemical mutagenicity prediction, 

quantitative structure-activity relationships 
aryltriazenes, 183-184 
imidazoquinoline-type mutagens, 186-189 
nitro-substituted polycyclic aromatic 

hydrocarbons, 184-185 
Chemical safety of irradiated foods 
analytical data, 333-336* 
FDA review of irradiation policy, 342-344 

467 

Chemical safety of irradiated foods— 
Continued 

radiolytic product data and biological 
tests, 340-342 

reporting of data at meetings, 338-339 
role of IFIP, 339-340 
testing demands of anti-food-irradiation 

activists, 337-338 
toxicological safety testing, 332-333 
volatile flavor component analysis, 338 
See also Food irradiation 

Chemicals, public demand for toxicity 
information, 181 

Chemiclearance, description, 340 
Chemistry, olestra, 392* 
Chemophobia, consumer perception, 280 
China, food safety regulations, 9 
Cholesterol, cancer incidence, 303 
Choline, tumor formation, 307-308 
Chronic animal bioassay, short-term 

bacterial assays, 77,79,81* 
Chronic studies, function, 91 
Chronic toxicity, definition, 214 
Chylomicrons, synthesis, 360 
Chymotrypsin inhibitor assay, description, 

436-437 
Clinical testing of food product safety, 

112-113 
Clostridium botulinum 
foodborne illness, 236 
probability-based growth models, 251-253* 
target of food-processing systems, 244 

Clostridium perfringens 
food poisoning, 234 
food-processing systems, 244 
foodborne illness, 236 
kinetics-based growth model, 254 

Color additives, 377 
Color Additives Amendment of 1960, 

description, 11,385-386 
Colors, wholesomeness of food, 2 
Compliance with Good Laboratory Practice 

regulations, 117-118 
Concern levels, 144,145/ 
Consumer perceptions 
diet beliefs and practice, 279-280 
relationship to true food safety issues, 28-29 

Consumption estimates 
calculation of amount consumed, 202 
dietary exposure to pesticides, 222-224 
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468 FOOD SAFETY ASSESSMENT 

Contamination of food, risk vs. benefit, 39 
Copper, tumor formation, 308 
Corn, aflatoxin levels, 265,267-269*,271 
Coronary artery disease 
antioxidants 
low-density bpoproteins, 363-365 
protection, 366-368 
treatment, 358 

epidemiology, 359 
lipoproteins, effect on formation, 360,362-365 
prevalence, 359 
prevention strategies, 359-360 

Cottonseed and cottonseed meal, aflatoxin 
levels, 265,269;,273 

Crop-to-food map, example, 223; 
Current trends in animal safety testing 
absorption, distribution, metabolism, and 

excretion studies, 90-91 
Ames test, 93 
carcinogenicity of bioassays, 91-93 
categorization of chemicals by toxic 

potency, 90; 
chronic studies, 91 
future challenges, 94 
IFBC food safety assessment 

recommendations, 94-96 
reproductive indices, 91; 
Salmonella test, 92-93 
status, 97 
subchronic-chronic indices, 90; 
teratological indices, 91; 
toxicity texts for new food additives, 89; 

D 

12D thermal process, overprocessing for food 
safety, 243-244 

Databases, comparison to expert system, 191 
Delaney Clause 
description, 11,29 
function, 141 
zero-risk requirements, 29 

Designer foods, potential use, 31-32 
Diagnostics, 176-177 
Diet 
cancer risk, 297 
definition, 278 
level of pesticide residues, 49-53 
types of chemicals, 278 

Diet-carcinogenesis relationship 
carcinogenesis process, 299-300 
carcinogenic exposure and metabolic 

activation, 300-301 
dietary factors that alter experimental 

carcinogenesis, 298,299; 
evidence, 298 
tumor formation, 301-310 

Diet-health association 
consumer beliefs and practice, 279-280 
disease risk vs. eating patterns, 292-294; 
examples, 280-283/ 
hypertension, 285,286/ 
nutrition labeling, 278-279 
obesity, 282-284/ 
recommended dietary allowances, 

287-291,293 
smoking, 282,285,286/ 

Dietary choices, modulating effect of food 
constituents, 26-27 

Dietary exposure assessment, 
risk analysis 

anticipated residues, 217-222 
consumption estimates, 222-224 
EXPOSURE Series, 224-226/ 
nature and magnitude of residue, 215 
residue analytical methods, 216 
surveys, 225,227-229 
tolerances, 216-218/ 

Dietary fat, tumor formation, 302-303 
Dietary lipid oxidation products, 368-37Qf 
Dimethylamine, precursor of N-nitroso 

compounds, 408 
Direct steam injection under pressure 

aseptic systems, 244 
Disease risk, eating patterns, 292-294; 
Disqualification, Good Laboratory Practice 

regulations, 117 
Distilled Spirits Council of the United 

States, ethyl carbamate in alcoholic 
products, 424 

DNA-reactive carcinogens, 60-68 
Dose-probing design, description, 100 
Dose-response principle, development, 

13-14 
Dosing protocols, types, 100 
Double-blind challenge test, food 

allergies, 319 
Drug(s), definition, 107 
Drug absorption, olestra, 397-398 
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INDEX 

Drug-metabolizing enzymes, bioactivation of 
carcinogens, 301 

Dye, definition, 386 

Ε 

Eating patterns 
changes, 2 
disease risk, 292-294* 

ED^, definition, 89 
Embryotoxicity, glycoalkaloids, 453 
Emerging pathogens, 237 
Endogenous formation of N-nitroso 

compounds, 404-407 
Enteral food products for special medical 

purposes, description, 110 
Enteropathogenic Escherichia coli, foodborne 

outbreaks, 239 
Environment, deleterious conditions, 

detection and response by living 
systems, 36 

Environmental auditing, HazardExpert, 198 
Environmental impact of food ingredients, 

FDA guidelines, 146 
Enzyme activity, definition, 436 
Enzyme-catalyzed lipid peroxidation 

inhibitors, structures, 348,353/ 
Epigenetic carcinogens 
definition, 77 
predictability of short-term bacterial 

assays, 77 
short-term tests, 63,69*,70 

Equipment, Good Laboratory Practice, 116 
Escherichia coli 0157:H7, food 

poisoning, 234 
Ethyl carbamate in alcoholic beverages and 

fermented foods 
alcoholic beverages, 420,421/ 
FDA-approved programs to reduce levels, 

424-427 
future FDA-monitored investigations, 427 
non-yeast-fennented foods and beverages, 

420,422* 
per capita exposures, 420,423* 
relative exposure, 420,423* 
research and regulatory activity, 

419-420 
yeast-fermented foods and beverages, 

420,421* 

469 

Evaluation of pesticide residues in food 
safety 

food consumption information, 53-54 
level of residues in diet, 49-53 
potency estimation, 54-57 

Expert systems 
applications, 174-175 
comparison to databases, 191 
components, 168,169/ 
description, 168 
diagnostics, 176-177 
importance, 192 
inferencing, 170-171 
knowledge acquisition, 171 
levels of use, 192 
object-based systems, 168,170,173/ 
real-time process control, 177-178 
role of expert users, 192 
rule-based systems, 168 
sensor fusion, 175-176 
tools, 171-172 

EXPOSURE 1 and EXPOSURE 4, dietary 
exposure to pesticides, 224-226/ 

Exposure estimate 
determination, 48-49 
food consumption information, 53-54 
level of pesticide residues in diet, 

49-53 
potency estimation, 54-57 

Exposure level of chemicals in food, 
determination, 214-215 

F 

Facilities, Good Laboratory Practice 
regulations, 116 

Fats, U.S. food supply, 282,284/ 
Favism, description, 325 
Federal Food, Drug, and Cosmetic Act 

of 1906 
description, 10 
food safety regulations, 73 

Flavor, wholesomeness of food, 2 
Flavor priority ranking system 
computer printout, 156* 
consumption ratios, 153* 
data used, 151 
database information, 155-156 
definitions, 150 
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Flavor priority ranking system—Continued 
development, 150 
extrapolation of U.S. consumption to 

European consumption, 158 
flavor inventory, 158,160-162 
function, 162 
history, 149-150 
hybrid priority levels, 152/ 
International Committee on Flavor Priority 

Setting, 156,158,159*,162 
limitations, 150-151 
priority assignment, 154 
procedure, 151-153* 
risk basis, 151 
role, 151 

Flavoring substances, 149 
Folacin, intake by women 19-50 years of age, 

287,293/ 
Food 
changing use and safety concerns, 

105-107 
consumer trends, 239-240 
definition, 88,107 
health, 26 
lipid oxidation, effect on properties, 347 
safety over quality, 243 

Food additives 
acute and chronic toxicity testing, 

99-104 
risk vs. benefit, 39 
safety estimation, 105 

Food Additives Amendment 
description, 10-11 
function, 89,140-141 
testing required, 141 

Food allergies 
causes, 316,320 
diagnosis, 319 
elimination diets, 321 
pharmacological treatments, 321 
proteins, 321,322* 
trace-quantity detection of allergens, 

320-321 
treatment, 319-320 
types, 316,317* 

Food and Drug Act of 1906, food safety 
regulations, 73 

Food composition, IFBC food safety 
assessment recommendations, 96 

Food consumption, estimation, 53 

Food, drug, and color additives 
color additives, 380-385 
forms, 386 
list, 377,378/ 
regulatory status in United States, 

380,381*,385-386 
restrictions on use, 386 
safety, 380,382-385 
total pounds certified by year, 377,379/ 

Food-drug hybrid, categorization, 107 
Food groups 
basic four, 281-283/ 
percentage of total intake by women 19-50 

years of age, 292,293* 
Food industry 

artificial intelligence technologies, 166 
safety concerns, 240,241* 

Food ingredients 
categories, 142 
safety evaluation, FDA guidelines, 140-147 

Food irradiation 
classification as food additive, 337 
opposition, 332 
safety of product, 332 

Food poisoning microorganisms 
emerging pathogens, 237-238*,239 
examples, 234,236-239 
sources, 233 

Food processing 
artificial intelligence in process control 

systems, 167-168 
expert systems and neural networks, 

174-178 
productivity vs. quality and regulatory 

requirements, 167 
Food-processing industry, development, 18 
Food-processing issues, antioxidants, 

371-372 
Food-product developments, 106 
Food safety 
assumptions, 110-112 
control measures, 240 
definition, 11 
discussion, 232-241 
expert view, 37*,38 
FDA, ranking of issues, 37*,38 
food-drug spectrum, 107-110 
future challenges, 94 
guarantee, 2 
history, 8-11,73 
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Food safety—Continued 
infant formulas, 108 
influencing factors, 233 
medical foods, 109-110 
precedence over quality, 243 
public perception, 38 
real vs. perceived risks, 48 
regulations, 73 
relative risks, 232* 
risk vs. benefit, 38-39 
special dietary use foods, 107,110 
strategies for testing, 19,21* 
testing guidelines, 112-113 

Food safety assessment 
constraints, 107 
genetic toxicology testing strategies, 74-78 
guidelines, 6-7 
history 
analytical chemistry application to 

food, 15-16 
Assize of Bread, 10 
Biblical references, 8,9 
Chinese regulations, 9 
Color Additive Amendment, 11 
Delaney Clause, 11 
development, 12-19 
dose-response principle, 13-14 
FDA regulatory decisions, 22,23* 
Food Additive Amendment, 10-11 
Food, Drug, and Cosmetic Act, 10 
future, 22,24 
microbiology, 17-19 
modern times, 19-21* 
observational epidemiology and 

toxicology, 12 
Pliny's documentation, 10 
Roman laws, 9 
science-law relationship, 11 
test to target species prediction, 14-15 
United States legislation, 10-11 

IFBC recommendations, 94-96 
influencing factors, 105 
limitation, 105 
present status, 97 
testing program, 74-76/ 

Food sensitivities, 324-326 
Food supply 
abundance in United States, 48 
safety improvement, 274 

Food survey, anticipated residues, 220-222 

471 

Food technology, processing tools, 2 
Foodborne bacterial growth, approaches, 251 
Foodborne carcinogens, liver-cell short-term 

tests, 60,62-70 
Foodborne illness, 232-235* 
Foods for special dietary use, 107-108 

G 

Gad c I, description, 323-324 
Gastric contents, endogenous formation of 

W-nitroso compounds, 405-407 
Gastrointestinal safety, olestra, 395,396* 
Generally recognized as safe substances 

(GRAS), safety determinations, 142 
Genetic toxicology testing strategies 
categories of assays, 74* 
FDA-recommended short-term genotoxicity 

testing, 80,81* 
food safety council recommended assays, 

80,81* 
in vivo assays, 77,78* 
short-term in vitro assays, 77,78* 

Genotoxic carcinogens, definition, 60 
Gompertz function, prediction of microbial 

growth in foods, 254-258* 
Good laboratory practice regulations, 

114-119 
Guanidines, precursor of W-nitroso 

compounds, 408 

H 

Hammett substituent constants, 
limitations, 182 

Hazard analysis and critical control point 
(HACCP) system 

applications, 30 
example, 126*-129/ 
principles, 120 
risk assessment, 121-125 
risk assessment worksheets, 126-129/ 

HazardExpert 
advantages, 198 
commercial form, 194 
description, 192-193 
development for EPA, 193 
knowledge bases, 194-195 
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HazardExpert—Continued 
metabolic transform rules for toxicity 

prediction, 195,196/ 
toxicokinetic effect calculation rules, 

192,195,197/ 
uses, 198 

Health 
definition, 278 
indicator conditions, 278 

Health benefits of antioxidants 
antiaging effect, 369,371 
cancer inhibition, 369 
coronary artery disease treatment, 359-370 
immune responses, 371 
microorganism inhibition, 358 
toxins, 371 

Health-diet association, See Diet-health 
association 

Health risks of antioxidants, 354-358 
Heat processing of food, development, 18 
Hemaglutinin assay, description, 437-438 
Hepatocyte-DNA repair test for foodbome 

carcinogens, 63-65;,67; 
High-temperature short-time pasteurization, 

177-178 
Hippocrates, founder of modern medical 

science, 12 
Human clinical testing 

IFBC food safety assessment 
recommendations, 96 

importance, 111 
risk vs. benefit, 106-107 

Hydrophobicity, measurement, 182 
Hypersensitivity, classifications, 316 
Hypertension, 285286/ 

Idiosyncratic reactions to foods, 325-326 
Imidazoquinoline-type mutagens, prediction 

of chemical mutagenicity using QS AR, 
186-189 

Immune responses, antioxidants, 371 
Immunoglobulin Ε mediated food allergies, 

318-322* 
Imported food products, levels of 

aflatoxins, 265,270;,273 
In vivo genotoxicity assays, list, 77,78; 
Indirect food additives, definition, 132 

Infant Formula Act of 1980, function, 108 
Inferencing, expert systems, 170-171 
Intake amounts of food, calculation, 205; 
International Committee on Flavour Priority 

Setting, members, 156,158,159; 
International Food Biotechnology Council 

(IFBC) 
food safety assessment procedure, 94-96 
function, 45 

International Project in the Field of Food 
Irradiation (IFIP), 339-340 

Iron, tumor formation, 308 
Irradiated foods, See Chemical safety of 

irradiated foods, Food irradiation 
Ischemic heart disease, reduction of 

morbidity and mortality, 102 

Κ 

Kinetics-based models, microbial 
growth in foods 

advantages, 255,259 
cubic models, 255,256; 
examples, 254-255,257;,258; 
incubation temperature, 252,254-258; 

Knowledge acquisition, expert systems, 171 
Knowledge bases of HazardExpert, rules, 

194-195 
Koch, Robert, microbiological hazards of 

foods, 17-18 

L 

Lactobacillus plantarwn, kinetics-based 
growth models, 254 

Lactose intolerance, description, 325 
Lake, definition, 386 
Lavoisier, analytical chemistry, 15-16 
Law, food safety, See Food safety 
LD^, 89,99 
Lead, 27-28 
Lectin assay, description, 437-438 
Legislation governing food, Delaney 

Clause, 29 
Limit of quantification, 50-53 
Limit test, description, 100 
Lipid oxidation, food properties, 347 
Lipid-soluble natural chain-breaking 

antioxidants, structures, 348,352/ 
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Lipid-soluble synthetic chain-breaking 
antioxidants, structures, 348,351/ 

Lipoproteins 
coronary artery disease formation, 360,362 
oxidation in vivo, 365-366 
oxidative modification, 362-365 
synthesis, 360 

Listeria, 237-238* 
Listeria monocytogenes 

food poisoning, 234 
kinetics-based growth model, 255,258* 
target of food-processing systems, 244 

Low-nutrient-density foods, 102-104 

M 

Magic bullet approach, 247-248 
Management, responsibility in Good 

Laboratory Practice, 115 
Mathematical modeling of microbial growth 
advantages, 255,259 
extended shelf life, 246-247 
history, 250-251 
kinetics-based models, 252,254-258* 
probability-based models, 251-253* 

Maximum tolerated dose, 100-101 
Medical foods, 109 
Menu census surveys 
applications and user groups, 202,203* 
calculation of intake amounts, 202,205* 
daily diaries, 202,204* 
development, 201 
diet information, 202 
function, 201-202 
homemakers' attitudes, 206-207 
household demographic information, 202 
intake study reports, 202,205-206 
postmarketing survey of aspartame, 

207-213 
pyschographic information, 202 
special diets, 206 
use of concentrations by brand 

and flavor, 206 
Metabolic capabilities of animals, 

predictability of short-term bacterial 
assays, 79,81* 

Metabolic food disorders, 325 
Metabolic transformation rules, 

HazardExpert, 195,196/ 

Microbial contamination, risk vs. 
benefit, 38-39 

Microbial growth in foods, mathematical 
modeling, 250-258 

Microbial safety in extended-shelf-life 
foods 

antibody-hybridization technique, 246 
bacteriophages, 246 
identification of microorganisms, 245 
magic bullet approach, 245,247-248 
predictive mathematical models, 246-247 

Microbiological hazards 
characteristic ranking, 121,122* 
foods history, 17 
identification of microorganisms in 

foodborne disease, 18-19 
Microbiologically sensitive raw materials and 

ingredients, examples, 123 
Microbiology of food ingredients, FDA 

guidelines, 147 
Microorganisms 

food as growth environment, 250 
identification in foodborne disease, 18 

Milk, aflatoxin levels, 265,270*^73 
Milled com products, aflatoxin levels, 

265^68*^72 
Minimal risk situations, threshold of 

regulation, 132-138 
Monitoring programs, anticipated residues, 

220-222 
Monomethylamine, precursor of N-nitroso 

compounds, 408 
Multiple linear regression equations, 

activity-structure correlation 
forQSAR, 182 

Mutagenesis testing, bacterial test systems, 
74-86 

Mycotoxins 
definition, 261 
food safety, 265,271-273 
occurrence in food, 261-270 
accuracy of data, 262-263 
aflatoxins, 264-273 
difficulties in control, 263 
environmental effect, 261-262 
natural contaminants, 263,266* 
rates of entrance, 262 

research, 274 
safety improvement, 274 
toxicity, 261 
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Ν 

National Center for Food Safety and 
Technology, 240-241 

National food surveys, dietary exposure 
assessment, 225,227-229 

Naturally occuring toxicants, effect on safe 
food, 30-31 

Nature of diets, changes, 2 
Neural networks, 172-178 
Nightshade family of plants, See Solanaceae 
Nitrate, 408-413 
Nitrate in gastric fluid, occurrence, 411,413 
Nitrenium ion, 187-189 
Nitrite 

antimicrobial activity, 251 
dietary intake by country, 411,413 
meat products, 41 l,412i 
precursor of N-nitroso compounds, 408-413 

Nitrite in gastric fluid, 411,413 
Nitro-substituted polycyclic aromatic 

hydrocarbons, prediction of chemical 
mutagenicity using QSAR, 184-185 

Nitrogen oxides, occurrence, 411 
N-Nitrosamides 
endogenous formation, 404-407 
formation, 400 
occurrence, 402 
structures, 400,401/ 

N-Nitrosamines 
dietary modifications, 300 
formation, 400,404-407 
occurrence, 402 
structures, 400,401/ 
tumor formation, vitamin C, 305-306 

Nitrosatable compounds in food and drugs, 
exposure, 407 

N-Nitroso compounds 
biological activity, 402,403/ 
categories, 400,401/ 
endogenously formed compounds, 404-407 
exposure sources, 400 
formation, 400 
precursors, 407-413 
preformed compounds in foods, 402,404 
structures, 400,401/ 

No-effect levels, 14 
Nonclinical laboratory study, protocol for 

Good Laboratory Practice, 116-117 
Nonnutrients, 310 

Nonproteinaceous pesticides, evaluation, 42 
Nonsensitive foods, examples, 124 
Novel foods, 102-104 
Novice users of expert systems, role, 192 
Nutrition, perception, 31 
Nutrition labeling, development, 278-279 
Nutrition Labeling and Education Act 
description, 386 
function, 107,109-110 

Nutrition of food ingredients, FDA 
guidelines, 146-147 

Nutrition research, olestra, 396-397 
Nutritional imbalance, risk vs. benefit, 39 

Ο 

Obesity, 281-284/ 
Object-based expert systems, 

description, 168 
Office of Pesticide Programs, transgenic 

procedures, 41-42 
Olestra, 391-398 
Organization, Good Laboratory Practice 

regulations, 115 
Orphan Drug Act of 1982, function, 109 
Oxidation, food deterioration, 347 
Oxidation of lipids, 347 
Oxidative modification, low-density 

lipoproteins, 362-365 

Ρ 

Paracelsus, dose-response principle, 13 
Pasteur, Louis, microbiological hazards of 

foods, 17-18 
Peanut products, aflatoxin levels, 

265,266f,271 
Personnel, Good Laboratory Practice 

regulations, 115-116 
Pesticidal active ingredient, categories, 42 
Pesticidal product, definition, 42 
Pesticide(s) 
adverse effects, 214 
beneficial poisons, 214 
definition, 42 
occurrences in foods, 214 
risk vs. benefit, 39 
toxicity, 214 
wholesomeness of food, 2 
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Pesticide residues 
consumer perceptions vs. true food safety 

hazard, 28-29 
level in diet 
hypothetical distribution, 49-51/ 
limit of quantification, 50,52/ 
no significant risk levels vs. method 

detection limits, 49/ 
validity of detection method, 53 

Pien Chio, relationship of health and 
disease to natural causes, 12 

Plasma lipoproteins, classes, 360,361/ 
Pliny the Elder, documentations of food 

adulteration, 10 
Postmarketing survey of aspartame 
calculation of intake amounts, 205/ 
exposure of children 0-12 years old, 

207,208/ 
intake by children 2-5 years old, 209,2lOf 
intake by children 6-12 years old, 207-209/ 
intake by diabetics, 209,211/213 
intake by reducers, 209,212/213 

Potato(es), composition and safety 
evaluation, 429-460 

Potato alkaloids, composition and safety 
evaluation, 429-460 

Potato berries, composition and safety 
evaluation, 429-460 

Potato seeds, composition and safety 
evaluation, 429-460 

Potency estimation, 54-56 
Potential EPA data requirements, 

toxicological evaluation of transgenic 
plant pesticides 

antibiotic resistance gene transfer, 47 
product characterization, 43-44 
toxicology, 44-45,46/ 

Precursors of W-nitroso compounds, 
nitrosatable compounds in food and 
drugs, 407 

Prescott, Samuel C , heat in food 
processing, 18 

Probability-based models, microbial 
growth in foods, 251-253/^55,259 

Procedures for the Appraisal of the Safety 
of Chemicals in Foods, Drugs, and 
Cosmetics, dose-response principle, 
13-14 

Process control strategies, artificial 
intelligence techniques, 166 

Product characterization, transgenic 
plant pesticides, 43-44 

Product development, HazardExpert, 198 
Proportional-integral-derivative 

controller, 177 
Protein 
allergies, 321,322/ 
tumor formation, 303 

Proteinaceous pesticides, evaluation, 42 
Proxmire Amendment, function, 108 

Q 

Quality assurance unit, responsibility in 
Good Laboratory Practice, 116 

Quantitative stmcture-activity 
relationships (QSAR), 181-183 

Quantity of food eaten, determination, 205 
Quantum chemical calculations, parameters, 

182-183 

R 

Radioallergosorbenttest, food allergies, 319 
Rat liver epithelial cell-hypoxanthine 

guanine phosphoribosyl transferase 
mutagenesis assay for foodborne 
carcinogens, 63,68/ 

Real-time process control, 177-178 
Recommended dietary allowances for women 

19̂ -50 years of age, 287-291/293/ 
Records, Good Laboratory Practice 

regulations, 117 
Redbook, description, 144,146 
Refinement, definition, 158 
Repair of damaged DNA, predictability of 

short-term bacterial assays, 79,81/ 
Reproduction studies, indices, 91/ 
Retinoids, 304-305 
Risk, food safety issues, 232/ 
Risk assessment 
categories, 121,122/ 
chemical and physical hazard 

characteristic ranking, 124,125/ 
definition, 36 
description, 121 
food safety, 37/,38 
hazard analysis, 121 
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Risk assessment—Continued 
microbiological hazard characteristic 

ranking, 121 
worksheets, 126,127-129/ 

Risk communication for food safety, 32 
Risk perception, 36-38 
Roman Empire, food safety laws, 9 
Rule-based expert systems, 

description, 168 

S 

Safe food 
application of risk concepts, 30 
consumer perceptions, 28-29 
coordination of disciplines, 26 
designer foods, 31-32 
expectations, 27 
goals, 27-28 
hazard analysis critical control 

point, 30 
lead levels, 272-8 
legislation, 29-30 
naturally occurring toxicants, 30-31 
risk communication, 32 

Safety, definition, 141 
Safety decision tree, food safety 

assessment, 74,75/ 
Safety evaluation of olestra 
adsorption, 393-394 
biological properties, 392-393 
chemistry, 392* 
drug absorption, 397-398 
ester distribution specifications, 392* 
gastrointestinal safety, 395,396* 
nutrition research, 396-397 
structure, 392 
toxicology, 394*,395 

Safety issues with antioxidants in foods 
carcinogenicity, 356*-358 
food processing, 371-372 
future research, 372-373 
health benefits, 358-371 
potential health risks, 354-358 
risk-benefit ratio, 346 
toxicity, 354-356 
types and mechanisms of antioxidants, 

347-353 
Safety of food, See Food safety 

Salmonella 
description, 234 
food poisoning, 234 
foodborne illness, 234,236 
kinetics-based growth model, 255,257/ 
target of food-processing systems, 244 
test for mutagenicity, 92-93 

Salt, health effects, 285 
Science, relationship to food safety laws, 11 
Selenium, tumor formation, 308-309 
Sensitive ingredient, definition, 123 
Sensitivity of Method regulations, 

development, 14 
Sensor fusion, 175-176 
Seriously adverse data, definition, 154 
Shelled corn, aflatoxin levels, 

265,267-268^71-272 
Short-term in vitro genotoxicity assays, 

list, 77,78* 
Short-term tests for DNA-reactive 

carcinogens 
decision point approach to carcinogen 

testing, 60,62*,63 
hepatocyte-DNA repair test, 63-67 
rat liver epithelial cell-hypoxanthine 

guanine phosphoribosyl transferase 
mutagenesis assay, 63,68; 

Short-term tests for epigentic carcinogens, 
foodborne chemicals, 63,69*,70 

Skin-prick test, food allergies, 319 
Smoking, health effects, 282,285,286/ 
Solanaceae, examples, 429-430 
Solanaceae safety evaluation 

alkaloid toxicology, 451,453-454 
amino acid composition analytical 

procedure, 436 
amino acid content, 439-441* 
body weight gains, 443,445-446*/ 
carboxypeptidase inhibitor assay 

procedure, 437 
chymotrypsin inhibitor assay procedure, 

436^137 
clinical chemistries, 438-439,443,449^450* 
compositional analytical procedure, 436 
control diet formulation, 443,444* 
embryotoxicity evaluation procedure, 439 
enzyme inhibitor content, 439,441* 
experimental materials, 430 
experimental procedure, 436 
feed consumption, 443,445-446* 
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Solanaceae safety evaluation—Continued 
feeding study procedure, 438 
future studies, 455,457-460 
glycoalkaloid content, 439,442* 
histology, 438,451,452/ 
lectin content, 437-439,442/ 
mortality and clinical signs, 443 
organ weights, 443,447-448/ 
recent findings, 454-456/ 
statistical method procedure, 439 
trypsin inhibitor procedure, 436 

a-Solanine, structures, 430,431/,434,435/ 
Solanum alkaloids, 430-433/ 
Special dietary use foods, See Foods for 

special dietary use 
Spina bifida, 453 
Staphylococcus aureus 
food-processing systems, 244 
food poisoning, 234 
foodborne illness, 236 

Steroidal glycoalkaloids, structures, 430,431/ 
Strawberries, allergic reaction, 324 
Study director, responsibility in Good 

Laboratory Practice, 115 
Subchronic studies, function, 90/ 
Suggestively adverse data, definition, 154-155 
Sulfite, food idiosyncracies, 325-326 
Supervised learning, neural networks, 174 
Sweet com, aflatoxin levels, 265,269/,272-273 

Τ 

Target risk level, avoidance probabilities 
vs. human dietary intake, 136-138 

Teratogenicity, glycoalkaloids, 453-454 
Teratology, 91 
Test to target species, principle for 

prediction, 14-15 
Testing facility operation, Good Laboratory 

Practice, 116 
Threshold of regulation, 132-138 
α-Tocopherol, tumor formation, 307 
d-a-Tocopheryl acetate, toxicity, 354/,355 
Tolerance, 216-218/ 
Tomato seeds, composition and safety 

evaluation, 429-460 
Tools, expert systems, 171 
Toxicity 
antioxidants, 354/-356 
chronic and acute, definition, 214 

Toxicodynamic effect calculation rules, 
HazardExpert, 195,198,199/ 

Toxicokinetic effect calculation rules, 
HazardExpert, 195,197/ 

Toxicological Principles for the Safety 
Assessment of Direct Food Additives and 
Color Additives Used in Food, 144,146 

Toxicological tests for foods 
types of tests 19,20/ 
See also Genetic toxicology testing strategies 

Toxicology 
food ingredients, concern levels, 144 
olestra, 394/,395 
tools, 73 
transgenic plant pesticides, 44-46/ 

Toxin interactions, antioxidants, 371 
Transgenic plant(s), 41-45 
Transgenic plant pesticides, 42-46/ 
Tree nuts (domestic), aflatoxin levels, 

265,267/271 
Trevan, dose-response principle, 13 
Trimethylamine, precursor of N-nitroso 

compounds, 408 
Trypsin unit, definition, 436 
Tumor formation 
antioxidants, 309-310 
calcium, 307 
caloric intake, 301-302 
carbohydrates, 303-304 
choline, 307-308 
copper, 308 
dietary fat, 302-303 
iron, 308 
nonnutrients, 310 
protein, 303 
selenium, 308-309 
vitamin A, 304-305 
vitamin C, 305-306 
vitamin D, 306-307 
vitamin E, 307 
zinc, 308 

Tunnel vision medicine, definition, 292 
Tunnel vision nutrition, definition, 292 

U 

Underwood, William Lyman, heat in food 
processing, 18 

United States, history of food regulation, 
10-11 
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Urbanization, variety of wholesome food, 2 
Ureas, precursor of N-nitroso 

compounds, 408 
U.S. Department of Agriculture-National 

Cancer Institute-recommended dietary 
guidelines, health factors, 292,294* 

U.S. Food and Drug Administration (FDA) 
adulterated food compliance programs, 

264-266* 
ethyl carbamate in alcoholic products, 

424-427 
ethyl carbamate in foods, 419-421* 
food irradiation safety testing policy, 

342-344 
ranking of food safety issues, 37*,38 
regulatory decisions, influencing 
factors, 22,23* 

U.S. Food and Drug Administration 
guidelines 

authority, 140 
basic principles of testing, 140 
categories of ingredients, 142 
chemical analysis of substance, 140 
criteria for evaluation, 142-143 
Delaney Clause, 141-142 
environmental impact of substance, 146 
Food Additive Amendment, 146 
microbiological analysis of substance, 147 
nutrition of substance, 146-147 
toxicological analysis of substance, 144-146 

V 

Vibrio species 
food poisoning, 234 
foodborne outbreaks, 239 

Vitamin A, tumor formation, 304-305 
Vitamin B 6 , intake by women 19-50 years of 

age, 287^89/ 

Vitamin C 
coronary artery disease, 367 
toxicity, 355-356 
tumor formation, 305-306 

Vitamin D, tumor formation, 306-307 
Vitamin Ε 
coronary artery disease, 366-367 
definition, 366 
intake by women 19-50 years of age, 

287,289/ 
regeneration, 348,353/ 
toxicity, 354-355 
tumor formation, 307 

W 

Water-soluble chain-breaking antioxidants, 
structures, 348,35Qf 

Wiley, Harvey, use of animal models for food 
additive experiments, 15 

Wine Institute and American Association of 
Vintners, ethyl carbamate in alcoholic 
products, 424-427 

Y 

Yersinia 
foods implicated in outbreaks, 239 
symptoms, 238-239 

Yersinia enterocolitis 
food poisoning, 234 
food-processing systems, 244 

Ζ 

Zinc, tumor formation, 308 

Production: Paula M. Bérard 
Indexing: Deborah H. Steiner 

Acquisition: Barbara C. Tansill 
Cover design: Amy Meyer Phifer 

Printed and bound by Maple Press, York, PA 

 J
ul

y 
15

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 F
eb

ru
ar

y 
14

, 1
99

2 
| d

oi
: 1

0.
10

21
/b

k-
19

92
-0

48
4.

ix
00

2

In Food Safety Assessment; Finley, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 


	bk-1992-0484%2Efw001
	Title Page
	Copyright
	ACS Symposium Series
	Foreword

	bk-1992-0484%2Epr001
	Preface
	Disclaimer


	bk-1992-0484%2Ech001
	Chapter 1 Food Safety Assessment Introduction

	bk-1992-0484%2Ech002
	Chapter 2 History of Food Safety Assessment From Ancient Egypt to Ancient Washington
	A Short History of Food Safety
	Science and Law
	Art To Science—Food Safety Evaluation
	Dose-Response/Risk Assessment
	Test To Target Species—Animal Models
	Analytical Chemistry
	Microbiology
	Modern Times
	Conclusions
	Bibliography


	bk-1992-0484%2Ech003
	Chapter 3 What Is Safe Food?
	Goals Change
	Consumer Perceptions
	Legislative Changes
	Mechanisms for Asssuring The Safety of Food—HACCP
	Naturally Occurring Toxicants
	Positive Use of Natural Components—Designer Foods
	Risk Communication
	Conclusion
	Literature Cited


	bk-1992-0484%2Ech004
	Chapter 4 Risk—Benefit Perception
	Risk Perception versus Risk Assessment
	Food Safety: The Expert View
	Food Safety: The Public Perception
	Risks versus Benefits
	Conclusions
	Literature Cited


	bk-1992-0484%2Ech005
	Chapter 5 Toxicological Evaluation of Genetically Engineered Plant Pesticides Potential Data Requirements of the U.S. Environmental Protection Agency
	Product Characterization
	Source of Pesticidal Genetic Material
	Pesticide Products
	Vector System
	Recipient Plant
	Gene Expression in the Plant
	Product Analysis and Residue Chemistry.

	Toxicology
	Additional Issues and Concerns
	Summary
	Literature Cited


	bk-1992-0484%2Ech006
	Chapter 6 Evaluating Pesticide Residues and Food Safety
	Level of Pesticide Residues in the Diet
	Food Consumption Information
	Potency Estimation
	Conclusion
	Literature Cited


	bk-1992-0484%2Ech007
	Chapter 7 Liver Cell Short-Term Tests for Food-Borne Carcinogens
	Short-term Tests for DNA-reactive Carcinogens
	Short-term Tests for Epigenetic Carcinogens
	Conclusions
	Literature Cited


	bk-1992-0484%2Ech008
	Chapter 8 Bacterial Test Systems for Mutagenesis Testing
	Role of Genetic Toxicology in Food Safety Assessment
	Genetic Toxicology Testing Strategies
	Bacterial Mutagenicity Assays
	Genetic Toxicology Batteries
	Utility of Bacterial Mutagenicity Assays
	Methodology For Bacterial Mutagenicity Assays
	Major Factors Affecting Bacterial Mutagenicity Assays
	Disadvantages of Bacterial Mutagenicity Assays
	Use of Bacterial Mutagenicity Assays in Food Safety Assessments
	Literature cited


	bk-1992-0484%2Ech009
	Chapter 9 Current Trends in Animal Safety Testing
	Literature Cited


	bk-1992-0484%2Ech010
	Chapter 10 Acute and Chronic Toxicity Testing in the Assessment of Food Additive Safety
	Literature Cited


	bk-1992-0484%2Ech011
	Chapter 11 Usefulness of Clinical Studies in Establishing Safety of Food Products
	Changing Food Use and Safety Concerns
	The Food-Drug Spectrum
	Food Safety Assumptions
	Guidelines for Clinical Testing
	Comment


	bk-1992-0484%2Ech012
	Chapter 12 Good Laboratory Practice Regulations The Need for Compliance
	Historical Perspective - A Brief Overview
	Purpose and Content of the Good Laboratory Practice Regulations
	Conclusions - Where Do We Go From Here?
	Literature Cited


	bk-1992-0484%2Ech013
	Chapter 13 Importance of the Hazard Analysis and Critical Control Point System in Food Safety Evaluation and Planning
	Risk Assessment (HACCP Principle 1)
	Example of the Combined Hazard Analysis and Hazard Category Assignment for Cheese Dip
	Conclusion
	Acknowledgment
	Literature Cited


	bk-1992-0484%2Ech014
	Chapter 14 Threshold of Regulation Options for Handling Minimal Risk Situations
	Need for a Threshold-of-Regulation Policy
	Selection of a Threshold Level
	Use of Carcinogen Potencies to Establish a Threshold of Regulation
	Summary and Conclusions
	Literature Cited


	bk-1992-0484%2Ech015
	Chapter 15 Food Ingredient Safety Evaluation Guidelines from the U.S. Food and Drug Administration
	Background
	Criteria for Safety Evaluation
	Chemistry and Food Technology
	Toxicology
	Environmental Impact
	Nutrition
	Microbiology
	Summary
	Bibliography


	bk-1992-0484%2Ech016
	Chapter 16 A Flavor Priority Ranking System Acceptance and Internationalization
	Acknowlegments
	Literature Cited


	bk-1992-0484%2Ech017
	Chapter 17 Expert Systems and Neural Networks in Food Processing
	Background
	Expert Systems
	Neural Networks
	Applications of Expert Systems and Neural Networks
	Summary
	Literature Cited


	bk-1992-0484%2Ech018
	Chapter 18 Predicting Chemical Mutagenicity by Using Quantitative Structure—Activity Relationships
	QSAR Methodology
	Quantum Chemical Calculations
	Triazenes
	Nitro-Polycyclic Aromatic Hydrocarbons
	IQ-type Mutagens
	Conclusion
	Acknowledgment
	Literature Cited


	bk-1992-0484%2Ech019
	Chapter 19 HazardExpert An Expert System for Predicting Chemical Toxicity
	What Is An Expert System And Why Is It Not A Database?
	Expert Knowledge, Not Published Reports
	Two Levels Of Use, Expert And Novice
	HazardExpert - An Introduction To The Idea
	Custom Work For The EPA
	HazardExpert - A Commercial Product
	The Heart Of HazardExpert - The Knowledge Bases
	Metabolism And Its Role In Predicting Toxicity
	Toxicokinetic Effect Calculation Rules
	Toxicodynamic Effect Calculation Rules
	Lock Into The Future, Not Into The Past.
	HazardExpert - The Range Of Possible Uses
	Conclusions
	Acknowledgment
	Literature Cited


	bk-1992-0484%2Ech020
	Chapter 20 Using the Menu Census Survey To Estimate Dietary Intake Postmarket Surveillance of Aspartame
	The Menu Census Surveys
	The Post Marketing Survey of Aspartame - An Intake Study Example
	Conclusion


	bk-1992-0484%2Ech021
	Chapter 21 Dietary Exposure Assessment in the Analysis of Risk from Pesticides in Foods
	Estimates of the Magnitude of the Residue
	Consumption Estimates
	Estimating Dietary Exposure
	Literature Cited


	bk-1992-0484%2Ech022
	Chapter 22 Current Concerns in Food Safety
	Salmonella
	S. aureus
	C. perfringens
	C. botulinum

	Emerging Pathogens
	Listeria
	Campylobacter
	Yersinia
	Vibrios

	Enteropathogenic E. coli
	Consumer Trends Concerning Foods
	Control Measures
	Food Industry Safety Concerns
	Literature Cited


	bk-1992-0484%2Ech023
	Chapter 23 High-Technology Approaches to Microbial Safety in Foods with Extended Shelf Life
	Acknowledgment
	Literature Cited


	bk-1992-0484%2Ech024
	Chapter 24 Predictive Microbiology Mathematical Modeling of Microbial Growth in Foods
	Historical
	Probability-Based Models
	Kinetics-Based Models
	Concluding Remarks
	Literature Cited


	bk-1992-0484%2Ech025
	Chapter 25 Mycotoxins in Foods and Their Safety Ramifications
	Results and Discussion
	Conclusions
	Literature Cited


	bk-1992-0484%2Ech026
	Chapter 26 Diet—Health Relationship
	Diet
	Health
	Diet-Health Association
	Consumer Beliefs and Practices
	Disease-Health Practices Associations
	Obesity
	Smoking
	Hypertension
	RDA's (RDI's) and Dietary Intakes
	Oxidant Stress
	Disease Risk and Eating Patterns
	Summary
	Acknowledgment
	Literature Cited


	bk-1992-0484%2Ech027
	Chapter 27 Diet and Carcinogenesis
	Diet and Cancer Risk
	The Carcinogenesis Process
	Carcinogenic Exposure and Metabolic Activation
	Mechanism of Action of Selective Nutrients and Non-nutrients
	Summary and Conclusions
	Literature Cited


	bk-1992-0484%2Ech028
	Chapter 28 Food Allergies
	True Food Allergies
	Other Food Sensitivities
	Conclusion
	Literature Cited


	bk-1992-0484%2Ech029
	Chapter 29 Chemical Safety of Irradiated Foods
	The Chemical Safety of Irradiated Foods
	Literature Cited


	bk-1992-0484%2Ech030
	Chapter 30 Safety Issues with Antioxidants in Foods
	Antioxidants: Types and Mechanisms
	Studies of Potential Health Risks of Antioxidants
	Health Benefits of Antioxidants
	Dietary Oxidation Products and CAD
	Cancer
	Aging, Immune Responses, Toxin Interactions
	Antioxidants and Food Processing Issues
	Future Research Needs
	Acknowledgments
	Literature Cited


	bk-1992-0484%2Ech031
	Chapter 31 Safety and Regulatory Status of Food, Drug, and Cosmetic Color Additives
	The Safety of the FD&C Color Additives
	Regulatory Status of the FD&C Color Additives
	Literature Cited


	bk-1992-0484%2Ech032
	Chapter 32 Safety Evaluation of Olestra A Nonabsorbable Fat Replacement Derived from Fat
	Chemistry
	Biological Properties
	Absorption and Toxicology
	Gastrointestinal Safety
	Nutrition Research
	Drug Absorption
	Conclusion
	Literature Cited


	bk-1992-0484%2Ech033
	Chapter 33 Nitrate, Nitrite, and N-Nitroso Compounds Food Safety and Biological Implications
	Biological Activity of N-Nitroso Compounds
	Exposure to Preformed NOC
	Endogenous Formation
	Exposure to Precursors
	Nitrite in Gastric Fluid
	Conclusions
	Acknowledgments
	Literature Cited


	bk-1992-0484%2Ech034
	Chapter 34 Ethyl Carbamate in Alcoholic Beverages and Fermented Foods
	Literature Cited


	bk-1992-0484%2Ech035
	Chapter 35 Composition and Safety Evaluation of Potato Berries, Potato and Tomato Seeds, Potatoes, and Potato Alkaloids
	Materials and Methods
	Results
	Discussion
	Recent Findings
	Future Studies
	Acknowledgments
	Literature Cited


	bk-1992-0484%2Eix001
	Author Index
	Affiliation Index

	bk-1992-0484%2Eix002
	Subject Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	K
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	U
	V
	W
	Y
	Z



	Cit p_10_1:1: 
	Cit p_1_1:1: 
	Cit p_8_1:1: 
	Cit p_18_1:1: 
	Cit p_22_1:1: 
	Cit p_23_1:2: 
	Cit p_4_1:1: 
	Cit p_5_1:1: 
	Cit p_7_1:1: 
	Cit p_9_1:1: 
	Cit p_11_1:1: 
	Cit p_12_1:1: 
	Cit p_6_1:1: 
	Cit p_2_1:1: 
	Cit p_3_1:1: 
	Cit p_8_1:2: 
	Cit p_13_1:1: 
	Cit p_14_1:1: 
	Cit p_15_1:1: 
	Cit p_16_1:1: 
	Cit p_17_1:1: 
	Cit p_6_1:2: 
	Cit p_24_1:1: 
	Cit p_31_1:2: 
	Cit p_33_1:1: 
	Cit p_34_1:1: 
	Cit p_41_1:1: 
	Cit p_17_1:2: 
	Cit p_19_1:1: 
	Cit p_20_1:1: 
	Cit p_23_1:1: 
	Cit p_10_1:2: 
	Cit p_21_1:1: 
	Cit p_25_1:1: 
	Cit p_27_1:1: 
	Cit p_28_1:1: 
	Cit p_30_1:1: 
	Cit p_31_1:1: 
	Cit p_32_1:1: 
	Cit p_33_1:2: 
	Cit p_36_1:1: 
	Cit p_37_1:1: 
	Cit p_38_1:1: 
	Cit p_39_1:1: 
	Cit p_40_1:1: 
	Cit p_43_1:1: 
	Cit p_44_1:1: 
	Cit p_61_1:1: 
	Cit p_63_1:1: 
	Cit p_63_1:2: 
	Cit p_81_1:1: 
	Cit p_85_1:1: 
	Cit p_86_1:1: 
	Cit p_87_1:1: 
	Cit p_92_1:1: 
	Cit p_100_1:1: 
	Cit p_104_1:1: 
	Cit p_105_1:1: 
	Cit p_106_1:1: 
	Cit p_107_1:1: 
	Cit p_108_1:1: 
	Cit p_109_1:1: 
	Cit p_111_1:1: 
	Cit p_112_1:1: 
	Cit p_113_1:1: 
	Cit p_114_1:1: 
	Cit p_116_1:1: 
	Cit p_117_1:1: 
	Cit p_118_1:1: 
	Cit p_119_1:1: 
	Cit p_121_1:1: 
	Cit p_122_1:1: 
	Cit p_123_1:1: 
	Cit p_123_1:2: 
	Cit p_124_1:1: 
	Cit p_125_1:1: 
	Cit p_26_1:1: 
	Cit p_29_1:1: 
	Cit p_38_1:2: 
	Cit p_40_1:2: 
	Cit p_41_1:2: 
	Cit p_45_1:1: 
	Cit p_45_1:2: 
	Cit p_47_1:1: 
	Cit p_48_1:1: 
	Cit p_50_1:1: 
	Cit p_51_1:1: 
	Cit p_52_1:1: 
	Cit p_53_1:2: 
	Cit p_54_1:1: 
	Cit p_55_1:1: 
	Cit p_57_1:1: 
	Cit p_57_1:2: 
	Cit p_62_1:1: 
	Cit p_64_1:1: 
	Cit p_65_1:1: 
	Cit p_66_1:1: 
	Cit p_67_1:1: 
	Cit p_68_1:1: 
	Cit p_69_1:1: 
	Cit p_73_1:1: 
	Cit p_74_1:1: 
	Cit p_76_1:1: 
	Cit p_77_1:1: 
	Cit p_79_1:1: 
	Cit p_80_1:1: 
	Cit p_82_1:1: 
	Cit p_82_1:2: 
	Cit p_24_1:2: 
	Cit p_32_1:2: 
	Cit p_35_1:1: 
	Cit p_42_1:1: 
	Cit p_46_1:1: 
	Cit p_49_1:1: 
	Cit p_53_1:1: 
	Cit p_54_1:2: 
	Cit p_56_1:1: 
	Cit p_58_1:1: 
	Cit p_59_1:1: 
	Cit p_60_1:1: 
	Cit p_70_1:1: 
	Cit p_71_1:1: 
	Cit p_72_1:1: 
	Cit p_75_1:1: 
	Cit p_77_1:2: 
	Cit p_78_1:1: 
	Cit p_83_1:1: 
	Cit p_84_1:1: 
	Cit p_88_1:1: 
	Cit p_89_1:1: 
	Cit p_91_1:1: 
	Cit p_93_1:1: 
	Cit p_94_1:1: 
	Cit p_95_1:1: 
	Cit p_96_1:1: 
	Cit p_97_1:1: 
	Cit p_99_1:1: 
	Cit p_101_1:1: 
	Cit p_102_1:1: 
	Cit p_16_1:2: 


