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Summary

The acute effects of highly toxic chemicals in man and animals are often blatantly
obvious. However, the data obtained from experimental investigation of the chronic
effects of toxic chemicals often correlate poorly with epidemiological findings following
exposure of the population to these chemicals in the field. The reasons for this discrepancy
between experimental and epidemiological observations are numerous and complex.
The areas of erroneous predictions resulting from errors in data extrapolation, inaccurate
statistical methods, environmental variables and a lack of standard operating procedures
may account for some of the lack of correlation between experimental findings and
the in-field situation. Epidemiological studies may not give a true assessment of the
impact of a chemical on the population as a whole.

Introduction

Chemical accidents, such as the tragic events in Bhopal, India [1], can
produce acute, disastrous and fatal effects. The media-heightened public
awareness of the acute effects of these chemicals (spectacular nature of
numerous deaths in a disaster such as this) cannot be avoided [2, 3] . How-
ever, little is said concerning the more long-term or chronic effects of highly
toxic chemicals. Such effects may include the production of cancerous
growths (carcinogenesis), abnormal fetal development (teratogenesis),
abnormal reproduction and chronic, irreversible pathological changes.
Epidemiological investigations into the chronic effects of highly toxic
chemicals accidentally released into the biosphere are limited, and are
often in conflict with experimental data. At present, data concerning the
long-term effects of methyl isocyanate, released in the Bhopal incident,
are limited to subjective reports of persistent ‘‘respiratory problems’ [1].
However, a great deal of interest has been shown in the long-term effects
of this highly toxic chemical [4]. Because the data from the Bhopal in-
cident are so incomplete, laboratory investigations of other chemicals
will be compared with the epidemiological data available for accidental
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release and, in some instances, pharmacological use of these chemicals
to illustrate how and why discrepancies occur among these data.

The investigation of the chronic effects of many toxic chemicals have
often been fraught with poor experimental design, data analysis and in-
terpretation of results. Frequently, epidemiological data obtained from
the human population fail to correlate with experimental results indicating
that either false-positive of false-negative risk assessments have been made
using data obtained in the test species used. For example, in the Seveso
incident in Italy, where a large amount of 2,3,7,8-tetradichlorodibenzo-
p-dioxin (TCDD) or dioxin, was spilled into the atmosphere, epidemio-
logical data failed to correlate with results obtained from experiments
in the laboratory [5]. Considerable testing in rodents and largomorphs
revealed that dioxin was, in these species, a potent teratogen [6, 7], a
carcinogenic promotor [8}, and a hepatotoxin [9]. TCDD has also been
associated with reproductive toxicity [10], platelet depression [11}, im-
mune disturbances [12], chloracne [5] and extreme toxicity in low con-
centration [13]. During the Seveso accident, large amounts of dioxin were
released into the atmosphere, which were sufficient to produce a fall-out
of 15 mg of dioxin per kilogram of grass 900 meters from the factory.
The only clinical finding in humans exposed to this chemical was chloracne.
All other chronic effects were determined to be negligible, and were not
statistically greater than in other members of the population not exposed
to that chemical [5]. In this instance it appears that false-positive experi-
mental results did not produce adequate, or accurate information con-
cerning the effects, or risk of effects to the exposed local population.

The converse, where false-negative experimental results failed to predict
the drastic effects of a “non-toxic” chemical on the exposed population,
has also been shown to be true. Epidemiological data have been used to
demonstrate that thalidomide was a potent teratogen in humans [14],
whereas experimentally it appeared to be benign in rodents [15]. Similarly,
it was only recently that the impact of diethylstilbestrol use has been seen
in young women exposed in utero, in the form of neoplasia of the repro-
ductive tract [16]. This drug had previously passed all licensing requirements
[17], that recommended it to be ‘‘safe” for use in humans.

The reason why results from cellular and animal experiments, often do
not give an accurate assessment of risk for the human population at large,
is complex. Most erroneous predictions occur because of extrapolation
from cellular or animal models to man, inaccurate interpretations from
inappropriate use of statistical methods when evaluating data, lack of stan-
dard operating procedures, and unforeseen environmental effects. Finally,
sample size and sample bias in epidemiological studies may effect evalu-
ation of the effect of a chemical on the whole exposed population.

Data extrapolation

Extrapolating data from animals to man, or experimental models to
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man, is fraught with difficulties. Firstly, obvious genetic and metabolic
differences between the model and man may account for some differences
seen between the epidemiological and laboratory observations. In vitro
and in vivo tests are often used to predict the in-field situation. The Ames
test, where Salmonella bacteria are used to determine the mutagenicity
of a compound [18], may be a reasonable indication of mutagenicity
in bacteria; however, it may fail to predict mutagenicity in large mam-
malian organisms [19]. The old adage of ‘“the difference between mice
and men” is particularly true when laboratory rodents, and non-rodent
mammals, are used to test carcinogenicity, long term toxicity and tera-
togenicity of compounds. These differences occur among species and a-
mong strains of the same species [20, 21]. In other words, different strains
that are exposed to the same chemical can quite often differ statistically
among each other when similar end points are measured. Data obtained
from these experiments are used for licensing purposes[22, 23]. Using
in vitro and in vivo models for testing compounds to predict possible det-
rimental effects to humans is necessary. But unfortunately, blind acceptance
of the experimental results, with respect to risk assessment in man is some-
times made, without evaluating the possibility of false-negative or false-
positive results.

Teratological studies have their own particular problems. Firstly, every
compound is apparently teratogenic [24]. It is only a matter of finding
the narrow window in the dose scale at which defective development oc-
curs. Secondly, the rodent, and sometimes rabbit models, can' produce
numerous, and sometimes statistically significant numbers of non-specific
terata when given concentrations of a compound that produces mater-
nal toxicity [25]. These two observations mean that compounds are often
labelled as teratogens when, in actual fact, they are not [26]. To be a
teratogen a compound should either produce defective development at
a level that is not toxic to the mother, or produce specific repeatable de-
fects at levels that are toxic to the mother [26].

Similarly problems have been experienced with carcinogenicity studies
when extrapolations to man were made. Most carcinogencity studies demand
almost lifelong administration of the compound [27]. As a number of
tumors are age related and have different clinical meanings with respect
to the rate of growth, occurrence of metastases, and subsequent death
of the individual, sorting out significant biological or statistical differences
is often difficult [28]. In fact, there is a 25—50% chance of having a false-
positive results for a compound if the standard statistical formulation
of tests for the null hypothesis are used [27].

Classification of masses into hyperplasia, benign tumor or malignancy
is based upon an opinion of a pathologist [29]. Situations arise where
this judgement varies widely from pathologist to pathologist [30]. There-
fore, it is essential that one pathologist examines all the study to keep
operator bias to a minimum [31]. In fact, all slides should be read by



286

one pathologist without prior knowledge from which treatment group
the slides came. Attempts have been made to grade the severity of path-
ological changes as mild, moderate or severe so that comparisons can be
made [31]}. However, subjective ranking on a 5 point scale that has been
recently used may be superior [32]. This ranking provides the means for
application of nonparametric statistical analysis. Variation among path-
ologists in both the rank of severity and, the spread of use of the scale,
may result in invalid statistical interpretations. Data generated from studies
in which no pathologist was used are open to even more variation, and
are somewhat questionable.

Statistical methods

Statistical analysis of data may also account for some of the differences
between experimental data and epidemiological data gained from human
exposure to chemicals. In the past, claims to have an effect where no sta-
tistical evaluation of data had been undertaken were numerous, particularly
in the field of teratology (an example is given in Ref. [33]). Sometimes
percentages and means were considered sufficient “proof” but are in actual
fact only descreptive statistics [34]. Without some means of evaluating
the variation or spread of the data, probabilistic testing of the Neymen-
Pearson or “‘null” hypothesis is impossible [35].

Often the wrong statistical test has been applied to data to obtain the
required probability (P) value. Grading of lesions, ranking the severity of
defects, etc., constitute ordinal data and not interval data such as organ
weights, body measurements, etc. Various non-parametric statistical anal-
yses are available for ordinal and nominal data [36]. Failure to use the
correct procedure to test for differences in the Neyman-Pearson hypothesis
may have resulted in erroneous probability values. This problem has been
further exacerbated by abuse of packaged computer programs. Since their
introduction in the 1960s, packaged computer programs have freed re-
searchers from much of the pain-staking computational labour of statistical
analysis. Although many meaningful projects could not have been attempted
without these packages, the very ease and use of these packages has led
to their abuse. In particular, performing all possible T- tests among numerous
groups, calculating many correlations, and circling the ones with probability
values less than 0.05, and performing step-wise regressions, all can easily
lead to spurious statistical conclusions [35]. Even when the correct test
is applied to the corresponding data, readers and writers often forget that
a probability value of 0.05 means that there is a 1 in 20 chance that the
difference among groups may be due to chance alone.

Spurious results can be produced by not correctly defining the experimen-
tal unit. Usually one assumes that the experimental unit is the test animal
or the in vitro test unit but often the results are not expressed as a function
of this experimental unit. This mistake is common in the teratology studies,
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where results can often be expressed as defects per fetus in a treatment
group. The mistake here is that the dam should have been used as the ex-
perimental unit [37] and the defect should be expressed as defects per
fetus per dam [37]. Similarly, carcinogenicity studies should express fin-
dings per individual rather than so many tumors per treatment group.
In the case of carcinogenicity studies it has been proposed that rather than
Neyman-Pearson hypothesis testing, more complicated mathematical models
be used to eliminate some of the false-positive findings that arise from
incorrect groupings [27].

Standard operating procedures

Standard operating procedures and good laboratory practice guidelines
are used to try and eliminate some of the day-to-day variation among tech-
nicians, and stabilize environmental variables so that comparison of the
test article can be made with other environmental variables being held
constant [38]. Failure to comply with standard operating procedures, or to
use standard operating procedures, may result in data that are not suitable
for extrapolation or to form the basis for risk assessment of the population
at large.

Environmental variables that exist during the experiment, but not in
the field, may account for some differences that have been observed between
experimenter’s results in the field situation. Rodents, and other experimental
animals, can come into contact with compounds in their local environment,
which may effect the toxicity of a test compound. Particularly of note
is bedding material used in the cages of experimental animals. Here, pine
chips, and other bedding material that contain hydrocarbons, may induce
biotransforming enzymes, in particular the cytochrome P-450 oxidase
group [39]. Such induction of biotransforming enzymes may change the
animal’s ability to biotransform toxic compounds, to either a more toxic
compound or .a harmless metabolite [40]. The effects of this biotrans-
formation is not always taken into account by using negative controls.

Rodents, in particular, respond differently to stress than humans. Back-
ground high-frequency noise [41], handling and any other maternal stress
may affect reproduction and produce increased numbers of defective fetuses
mediated through change in the dam [25, 26], whereas these observations
have not been made in humans. Diurnal rhythms and seasonal factors [42,
43], sex [44], nutritional status [45], age and body weight [46] may
confuse the issue further. All of these factors have been associated with
changes in metabolic activities [46] and hence the toxicity produced by
xenobiotics. Standard operating procedures attempt to control these vari-
ables. Even though these variables are controlled within the experiment,
they may account for some of the differences seen between the experimen-
tal and epidemiological data.
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Methods of chemical administration

Routes of administration are also important with respect to absorption,
distribution, and biotransformation of a compound [47]. Often toxic
chemicals are administered to a rodent or other laboratory species through
a rather unusual route such as intravenous or intraperitoneal. This may
yield valuable information for pharmacologists, concerned with some as-
pects of biotransformation, but does not mimic the exposure seen in the
“real-life’” situation. Experiments using such routes of application may
be poor predictors of the action of chemicals in individuals exposed by
oral, respiratory or dermal routes.

The concentration of a chemical administered during experiments when
compared with accidential exposure may differ. Often large, but sub-lethal,
doses of toxic compounds are administered over a prolonged period in order
to produce positive results. It may be necessary to produce experimental
toxicity for prolonged periods of time to see what toxicological effects
result, but this does not necessarily equate with what we see in the field.
Often, in order to be able to produce long-term carcinogenic, teratogenic
or reproductive effects experimentally [25, 26}, a narrow-dose range must
be utilized for a protracted period. Unfortunately, data gained from such
experimentation [25, 26], although necessary for evaluation of the toxi-
city of a compound, are used to produce a black and white verdict con-
cerning the compound’s teratogenicity, carcinogenicity and long-term
pathological effects.

Non-scientific interference

To some extent risk assessment, based upon data obtained from ex-
perimental models is limited by public opinion and the media. Usually,
when the carcinogenicity of a compound is even preliminarily suspected
it can be legislated to be a carcinogen through media and public pressures
[48], thus cementing a positive result in place, be it true or false. The
position of animal rights activists and the growing unwillingness of the
population to allow experimentation on animals that serve as good models
for human exposure, will lead to more in vitro testing, and subsequent
possible increased false-negative and false-positive results.

Epidemiological studies

Finally, epidemiological evaluation may be the reason for failure of
correlation between experimental data and the in-field situation. Grouping
and sampling of the population for a retrospective or prospective epide-
miological study can result in work-up bias, test-review bias and incorporation
bias {49]. This may result in false-positive or negative-results, with respect
to the real effect on the population. Similarly, by selecting too few in-
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dividuals from the population, false-negative findings are common [50].
In both cases the experimental design, methodological approach, and sta-
tistical analysis of an experiment to evaluate risk to the population fol-
lowing chemical exposure may have been correct, but the epidemiological
or retrospective study in these situations has failed to predict the real sit-
uation throughout the population.

Conclusions

In summary, laboratory data, obtained from animal models used for
predicting the potential chronic effects of highly toxic chemicals, are ex-
tremely useful in giving qualitative indication of risk to the population
following accidental exposure to these toxic chemicals. This is providing
that correct interpretations have been made from the data following correct
data analysis. No accurate quantitative assessments of risk can be made
from data generated from the laboratory, because of false-positive and
false-negative results. Laboratory results are often misleading, because of
different subjective interpretations, erroneous extrapolations, poor ex-
perimental technique, abnormal groupings or incorrect evaluation of data.
Conversely, epidemiological results may be inacurrate because of bias in
the method of sampling and size of the sample group.

The net effect of the differences between experimental and epidemio-
logical data is to separate individuals into two groups of thought: those
who don’t believe in subtle, but chronic effects of minute quantities of
toxic chemicals; and those who believe that any toxic chemical always
produces devastating long term biological effects. With the case in hand,
highly toxic chemicals are likely to produce acute toxicity and probably
death, as in the Bhopal case. However, the long-term effects on the in-
dividual following one exposure of these highly toxic chemicals at a dose
at which overt clinical disease does not occur, are likely to be minimal.

Hopefully, the use of animal models for predicting the potential chronic
effect of highly toxic chemicals will continue with increased awareness
of what assumptions are being made when evaluating the risk to man.
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