In order to speculate as to whether
such products would be produced com-
mercially, one might attempt to deter-
mine what value could be ascribed to
their availability. Complete steriliza-
tion of meats, fruits, and vegetables
could yield products superior to those
now available as fully preserved foods,
specifically canned or dried products.
Such quality improvements could justify
added costs and make economics a
secondary consideration. For example,
the ability to sterilize a truly roasted
piece of meat (dry-heat-cooked outside
the storage container and then radiation-
sterilized after packaging) would repre-
sent a substantial quality improvement
over conventional thermal processing.
Consumer acceptance of such an item
might warrant its commercial prepara-
tion. Similarly, fruits and vegetables
having fresh characteristics would be
improvements over the usual canned
products.  While cost considerations
would be significant, improvement of
quality in shelf-stable products would
bz a factor of prime importance.

When products are treated only to
extend their normal life, quality im-
provement, detectable by the consumer,
may not result. The results are more
likely to be reduction of spoilage losses,
extension of the marketing period, and
accessibility of hitherto unreachable
markets. The value of such benefits
is primarily economic and for this reason
economics and not product quality
improvement will determine their com-
mercial preparation. On this basis
one might conclude that the most likely
applications will fall in the field of
fruits and vegetables where distribution
problems exist and losses today are
large, and not in meats or poultry where
losses are nominal. Which fruits and
vegetables, will depend upon individual

situations. At present, strawberries and
potatoes afford some interesting possi-
bilities.

To sum up the look ahead, we can
list two points: Before any commercial
use, we must have government clearance
for the process, and for less than sterilized
products, there must be favorable
economics. For sterilized products there
must be a clear-cut product quality
improvement plus reasonable economics.

How do we proceed? The military
program should determine whether gov-
ernment approval can be had. As-
suming irradiated foods are cleared,
then for less than sterilized foods we
shall need suitable radiation sources,
and beyond this little else from a
technical point of view. For sterilized
products, in addition to sources we
shall need adequate controls to guarantee
delivery of a minimum sterilizing dose
for reasons of safety. But most of all
for sterilized products we need quality
improvement. Perhaps this is available
now in pork, chicken, ovsters, and
shrimp. For other foods we need new
knowledge in order to control the un-
desired sensory changes, particularly
flavor. In view of the effort of the past
vears which has supplied little under-
standing of the mechanism of these
changes, it is clear that what is needed
is more basic research. This is a
highly important area for the future.

There is one final aspect. Consumer
or public attitude toward irradiated
foods will be a large if not dominant
factor in their success. Even with the
assurance of safety based on government
approval for irradiated foods, the public
will act on its own confidence and under-
standing. Public consciousness of the
hazards of potentially carcinogenic sub-
stances in foods, and its awareness of
the dangers of radiation per se are bound

RADIATION PRESFRVATION OF FOOD

Current Aspects of the Wholesomeness

of Irradiated Food

RADIATION PRESERVATION OF FOOD
represents a rather radical in-
novation. It was first proposed nearly
15 years ago as a possible supplement to
existing food-processing techniques. Its
potential application has been under
active investigation for over ten years.
Throughout this period, the lay press, as
well as the technical journals, has shown

! Present address, National Dairy Coun-
cil, 111 North Canal St., Chicago 6, Ill.
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an exceptional interest in the research
results as they were made available.
As a result, food irradiation has been
alternately heralded as a panacea for
the world food problem and as a tech-
nological (or economic) impossibility.
At present a fair interpretation would
appear to be that radiation preservation
of food will provide an important sup-
plement to present food-processing prac-
tices but will by no means completely
supplant any process now in use.

AGRICULTURAL AND FOOD CHEMISTRY

to raise questions regarding safety.
The possibilities of confusion between
the effects of radiation on the human
body and the consumption of irradiated
foods will require education to clarify.
The seller of irradiated foods will need
to secure public confidence through an
organized information program.

Prior events actually outside the area
of irradiated foods will have great
significance in the reaction of the public.
We do not know what these will be and
any counteraction of them will have to
wait until we are ready to sell irradiated
foods. It would appear, however, that
we shall not be ready to offer irradiated
foods for sale for some time to come.
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This conclusion is based upon two
facets of the over-all problem of suit-
ability: technological feasibility and
the health-hazard potential (whole-
someness) of the treated food. Of these,
technological development has presented
the more formidable problems, par-
ticularly from the viewpoint of “com-
mercially sterile” products. However,
recent releases to the lay press have
stressed the unsuitability of irradiated
foods for human use from the whole-



Radiation processing potentially represents a new approach to food preservation. Re-
cently, confusion has arisen concerning the suitability of irradiated foods for human con-

sumption.

pertinent data now available.

either rats or dogs.

radiation destruction.

This report describes wholesomeness testing and undertakes an analysis of the
Sixteen foods have been found to be grossly nontoxic to
Further work is needed to elucidate the heart rupture observed in mice
fed highly irradiated foods.

Vitamin A, By, B;, C, E, and K are susceptible to extensive

These vitamin losses are dose-related and vary among foods. The

resultant deficiency effects may be avoided by consumption of mixed diets of irradiated

foods or by appropriate supplementation.

No indications of toxicity or nutritional im-

balance have been observed during short-term feeding trials with human volunteers.

someness  viewpoint.  Thus, it would
appear timely to evaluate the available
data to determine to what degree ir-
radiated foods may be unwholesome.

Wholesomeness Testing

Before considering the research pro-
gram concerning wholesomeness of radia-
tion-preserved foods, it is necessary to
examine the meaning and magnitude
of the term “‘wholesomeness.” Whole-
someness encompasses two major areas
of interest: potential toxicity and nutri-
tonal adequacy. These two components
are difficult to separate experimentally,
inasmuch as there is no finite line which
may be drawn between marginal tox-
icity and low-level nutritional sufficiency.
The best approach available is to provide
experimental animals with a diet con-
taining all of the known nutritional
requirements for adequate growth and
development. To this raton may be
added the matertal under question in
as large a quantity as the animal will
tolerate.  Differences in response be-
tween animals fed the control and the
cxperimental diets may then be as-
cribed to potential toxicity. In the
case of food, of course, isolation of the
offending compound(s) from the treated
food must also be undertaken to es-
tablish conclusively the existence and
identity of a toxicity syndrome. After
it has been shown that a particular food
is not toxic under these conditions in two
or more species of animals, attention
may be given to the question of nutri-
tional adequacy. Here, standard tech-
niques may be employed: growth;
availability and utilization of the fat,
protein, and carbohydrate components;
and vitamin analyses. As long as no
serious changes are discovered by these
tests, it may be safely assumed that the
treated food is wholesome.

The Army Research Program

The early experiments employing
ionizing radiations for preserving food
were very encouraging. The small
samples employed did not undergo
great alterations in color, texture, etc.,
so that the process held considerable

promise for producing sterile products
which, although raw, possessed remark-
able keeping qualities. There was little
reason to suspect that wholesomeness
might be affected. The Department of
Defense soon became interested in the
potential application of radiation pres-
ervation to the serious problem of
supplying front-line troops with attrac-
tive, nutritious, easily transported foods.
A research program was therefore es-
tablished to study the technological
problems involved. It rapidly became
apparent, however, that the large en-
ergies required for food sterilization
caused demonstrable changes in the
appearance and chemical composition of
many products. Furthermore, it was
possible that similar changes might also
occur in the wholesomeness character-
istics. Therefore, a special program was
established to investigate this area
simultaneously with the product de-
velopment research.

It was readily apparent that the whole-
someness testing of radiation-preserved
food items would be costly in both time
and money. Although many private
companies were interested in the results,
the cost prevented them from under-
taking adequate testing programs to
establish wholesomeness. Therefore, the
burden of such testing has, by necessity,
fallen to the Government, particularly
through the Office of the Surgeon Gen-
eral, U. S. Army. This program was
initiated in 1953. In the succeeding
years, it has been expanded to include 31
rescarch organizations. By and large,
most of these research contracts have
been established with scientsts in well-
recognized universities throughout the
United States. A few contracts have
also been undertaken by private re-
search foundations and government
laboratories. During this period over
$5,000,000 has been expended for
wholesomeness testing alone.

The wholesomeness investigations have
not been unilaterally undertaken by the
Army. Throughout the planning of the
national program, many interested
government agencies were consulted.
In particular, the Food and Drug Ad-
ministration contributed greatly in es-
tablishing the research approach to be
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emploved. As a result, it is believed
that the resultant data may be used by
FDA in considering the suitability of
radiation-preserved foods for human
consumption in the United States.
In this way it is hoped that excessive
duplication of effort will be avoided
in making the transition to commercial
application.

In undertaking research concerning
the wholesomeness of gamma-irradiated
foods, it must be kept in mind that
blanket *‘clearance’ of all foods may not
be obtained by testing one individual
irradiated food. The radiation-induced
reactions in any system are dependent
upon the components of that system.
Many compounds preferentially ab-
sorb the incident radiation energy so as
to protect the other components of that
system. Because each individual food
may be considered to be a unique chem-
ical system, it is necessary to test each
food (or at least a representative num-
ber of foods) for wholesomeness in order
to obtain the desired answer. Further-
more, as the radiation dosage increases,
the types of chemical products will
change. It is conceivable that a prod-
uct which is biologically unsuitable
at one level might be harmless follow-
ing treatment with a higher dosage of
radiation because of the subsequent
radiation destruction of the harmful
by-product. Therefore, all investigations
must include more than one radiation
dosage. These have been selected on the
basis of applicability to practical ex-
pectation. The lower dosage of 2.79
megarads (1 rad = absorption of 100
ergs of energy per gram; 1 megarad =
1,000,000 rads) was chosen as an es-
timate of the treatment likely to be neces-
sary for commercial dosage; a second
dosage twice as high (5.58 megarads)
was included to accentuate radiation-
induced changes. This was fortunate,
inasmuch as present estimates suggest
that 4.8 megarads may actually be neces-
sary for commercial sterilization.

In the beginning, the studies were
undertaken using individual foods stored
frozen after irradiation to minimize
storage-accentuated  alterations. The
growth of rats served as the index to
toxicity.,  Subsequently, the program
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was expanded to include 2-year feeding
studies with cooked, irradiated food
products which had been stored for 6 to
9 months at room temperature after
irradiation. These experiments employ
rats, dogs, mice, and monkeys as the
test animals, with growth, reproduction,
life span, and disease incidence as the
primary criteria.  Although the ex-
periments are still in progress, they are
in most cases sufficiently close to com-
pletion for tentative conclusions to be
drawn. Additional research concerning
radiation-induced vitamin destruction
has been included in the program, as
have extensive investigations concerning
the possibility of increased cancer
incidence (carcinogenicity) in animals
fed the irradiated foods.

Once a food has been found to be
wholesome in experimental animals,
human testing may be undertaken.
The latter utilizes the services of vol-
unteer subjects who live under a con-
trolled regimen. During the test periods,
the volunteers consume irradiated foods
first for 15-day periods and later for in-
tervals up to 6 months.

When all of these investigations have
been completed, the Armed Services
will be in a position to evaluate the
wholesomeness of irradiated foods for
military use. The accumulated data will
also be given to the Food and Drug
Administration for its consideration.
Thus, final conclusions concerning the
wholesomeness of irradiated foods prob-
ably will not be completed for another
three to five vears.

Potential Toxicity

Short-term (12-week), single-food rat
feeding tests have been completed em-
ploying a total of 38 frozen-stored ir-
radiated (2.79 or 5.58 megarads) foods
comprising 359 of the dietary solids in
each case (48, 58). In these tests,
only irradiated jello powder and ir-
radiated peaches were found to exert
a significant growth-depressant effect.
In the case of the jello powder this was
traced to the sucrose component of the
product; it is possible that a similar
phenomenon occurred with the peaches,
as they were obtained from a commercial
source and contained a sugar sirup.
However, Bubl and coworkers (7) did not
confirm the growth-depressant effect ina
four-generation study using irradiated
peaches stored at room temperature. In
addition, acomposite diet containing 209,
irradiated peach solids (49) did not show
adverse growth effects in four successive
generations of rats.

Several long-term studies concerning
the toxicological properties of irradiated
foods have been reported. In the earliest
of these, Da Costa and Levenson (74)
found that consumption of an electron-
irradiated  semisynthetic ration de-
creased reproduction performance in
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rats. A later report by Poling and co-
workers (45), in which irradiated (1.86-
megarad) beef was fed as 459, of the
solids, noted the same phenomenon but
reported that oral supplementation with
vitamin E overcame the problem.
No other indications of toxicity or
nutritional imbalance were observed.
Similarly, no adverse effects were noted
in 2-year rat-feeding trials with 2.79-
megarad-treated mixed organ meats
(7) or 1.55-megarad-irradiated butterfat
(4) nor after one year of feeding a 2.79-
megarad-irradiated commercial mash to
chickens (70). A four-generation study
utilizing growth, reproduction, life span,
and disease incidence as the primary
parameters has also been reported (49).
No signs of toxicity were seen as a
result of consumption of a diet com-
pounded from nine individually ir-
radiated frozen-stored food items.

More recent attention has been focused
upon toxicity testing of foods stored at
room temperature for 6 to 9 months
following irradiation. Read et al. (50)
found raw beef or pork treated with
2.79 or 5.58 megarads to be nontoxic
for the rat following 12 weeks of feeding.
Reber and coworkers (52), using dogs,
reported no deleterious effects of feeding
37,200 or 74,400 rad-treated flour diets
for 24 weeks.

Additional data are also available from
the series of contracts sponsored by the
Office of the Surgeon General. In
these experiments, 22 foods are being
tested as 359, of the dietary solids.
All foods are fed to rats for 2 years
(parent generation) and through three
subsequent generations. Each food is
tested at two irradiation levels with a
nonirradiated vitamin supplement pro-
vided with the diet. Growth, reproduc-
tion, life span, and carcinogenicity are
used as the indexes to toxisity. Using
this approach, ten foods have been fed
to rats with no grossly toxic manifesta-
tions: bacon (37), green beans (33, 55),
chicken (53, 55), codfish (7), dried
fruit mixture (37), evaporated milk
(75), sweet potatoes (7), white potatoes
(6), peaches (9), and pork loin (8).
Excepting green beans, chicken, and
white potatoes, the histopathology studies
that accompany these feeding studies
have not been completed.

The counterpart experiments employ-
ing dogs as the test animal assess toxicity
by analysis of 2-year growth data plus
reproductive data from two breeding
trials. At the end of the 2-year feeding
period, the animals are sacrificed for
histologic examination. In experiments
of this type, 13 foods have been successful-
ly fed with no gross toxic manifestations:
bacon (78), green beans (25), beef
(57), carrots (77}, chicken stew (29),
codfish (7), flour (57), mixed dried
fruits (25), evaporated milk (75), sweet
potatoes (7), pork loin (29), shrimp
(17), and tuna fish (29). Again, the

AGRICULTURAL AND FOOD CHEMISTRY

histopathology phase of these studies
is still in progress.

To augment these experiments, addi-
tional carcinogenicity studies have been
undertaken with inbred tumor-suscept-
ible strains of mice in order to assure
that radiation treatment does not produce
cancer-inducing substances in the food-
stuffs. In one of these experiments
bacon treated with 5.58 megarads was
fed to mice for 2 years (30). No signifi-
cant differences in rate of growth or
cancer incidence were found between
the irradiated and control diet groups.
Additional studies are now in progress
using mice fed composite diets of five
or six foods from the list under investiga-
tion with other animals. None of these
experiments has progressed far enough to
permit evaluation of the tumor-incidence
data. However, an interesting phenom-
enon completely divorced from car-
cinogenicity has been observed by
Monsen (40). Vitamin-supplemented
irradiated and control diets compounded
from equal proportions {(dry solids) of
pork loin, chicken, evaporated milk, white
potatoes, and carrots have been fed to
mice for approximately 20 months.
Of the 377 animals started on the ir-
radiated diet, 66 have died of enlarge-
ment and rupture of the left auricle of
the heart. None of the Cb animals
fed the control diet showed this lesion.
Furthermore, only seven Strong A
mice exhibited these symptoms after
consuming the irradiated diet. Sub-
sequent attempts to reproduce the disease
with new animals fed the same diet with
or without vitamin supplement have
failed. However, 779 of the Cb mice
fed cooked irradiated milk (with vitamin
supplement) showed this lesion within
141 days on the diet, whereas only 16%
of the animals fed uncooked irradiated
milk were afflicted. Thus, these ob-
servations have not yet been explained
but the investigations are continuing.
This disease has not been reported in
long-term dog and rat experiments using
diets containing 359 evaporated milk
(75).

Nutritional Adequacy

The question of nutritional adequacy
of irradiated food has received con-
siderable attention. As a result, the
literature in this area is voluminous, so
that complete discussion of the subject
is beyond the scope of the present paper.
Comprehensive reviews have been pre-
pared by Read (47) and Johnson (79).
Nevertheless, a general review with a
discussion of the most pressing current
problems is of interest.

Under the influence of irradiation the
carbohvdrates are oxidized or depoly-
merized to form smaller molecules.
The degree to which this occurs is
relatively slight, so that little or no
measurable effect upon the nutritive



value of simple sugars, starches, cellulose,
etc.,, has been observed, with either
purified compounds or the naturally
occurring materials found in foods.

The effects of irradiation upon pro-
teins and amino acids are somewhat more
complex. In the case of the amino
acids, the primary reactions appear to be
deaminations and decarboxylations.
This might be anticipated to have
considerable nutritional  significance,
were it not for the fact that protein-
bound amino acids are apparently pro-
tected from extensive radiation damage.
Protein molecules undergo extensive
molecular rearrangement, splitting, and/
or polymerization, however. These
changes may affcct the allergenic prop-
erties of the treated protein. Thus,
gamma irradiation has been found to
alter the antigenicity of ovalbumin
(26) and milk proteins (27, 22). In
the latter case, the change in biological
properties was accompanied by radiation-
related changes in sulfhydryl content,
much as was reported by McArdle and
Desrosier (28) following gamma ir-
radiation of casein solutions. On the
other hand, biological assay has shown
little change in the nutritional value of
irradiated protein. Using the nitrogen
balance technique, Calloway, Cole, and
Spector (72) report that irradiation of
turkey with dosages up to 9.3 megarads
did not affect the digestibility or bio-
logical value of turkey protein. De-
tailed studies of the digestibility and
biological value of pea, lima bean,
wheat, corn, milk, and beef protein
have also been reported (33, 34, 39).
As may be seen in Figure 1, lima
bean protein gave a higher biological
value following heating than either the
raw or irradiated material; this prob-
ably was due to the heat destruction of
the trypsin inhibitor in the lima beans.
No explanation can be given for the
loss in biological value of pea protein
following irradiation. However, the
similar loss following irradiation of
milk protein was stated to be due to the
radiation destruction of cystine. These
small changes in utilizability of irradiated
proteins presumably would be masked
during the feeding of a mixed diet of
irradiated foods. Such has been shown
to be the case in studies employing a
diet composed fromn nine frozen-stored
irradiated foods (see Table I).

The irradiation of lipides results in
the formation of small amounts of
peroxides, polymers, and carbonyl com-
pounds. As is true with proteins, the
irradiation of natural food fats vields
a smaller amount of these materials
than might be anticipated from studies
with purified fatty acids. Nevertheless,
they exert some effect upon the diges-
tion of irradiated foods. Schreiber and
Nasset (56) have shown that, in the
dog, irradiated lard passes through the
stomach and the intestine more slowly
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Biological value of proteins treated with heat or

ionizing radiations (33, 34, 39)

Table |. Availability of Macro-
nutrients in Diets Composed of Nine
Frozen-Stored Foods (11, 62)

Irradiated
{5.58
Nonirradiated, Megarads),
% A
Protein 85.9 87.2
Fat 93.3 94 .1
Carhbohydrate 87.7 87.9

Table il. Digestion and Absorption
of Lard Fed to Dogs (56)

(Dogs sacrificed 3 hours after feeding of test
meals)

Irradiated
(5.58
Non- Mega-

irradiated, rads),
% %
Stomach contents 47 65
Small intestine contents 11 8
Absorbed 42 27

Table lll. Effect of Substrate Irradiation upon in Viiro Lipase Activity (42)
Incubation Radiation Dose, Megarads
Substrate Time, 0 2,79 5.58 9.30
Emulsion Hr. Units of Lipase Activity
Olive oil 4 35 33 10
Corn oil 4 13 10 3 .
Lipomul 5 76 66 46

than does nonirradiated lard (see Table
II). Moore (42), using an in vitro
technique, has demonstrated that the
ability of lipase to hydrolyze lipide emul-
sions was decreased as radiation level
increased (Table III). A tentative ex-
planation is that the emulsions are not
as stable following irradiation, so that
lipase activity is physically impaired.
Recent data by Monty (47) indicate
that both these effects may be mediated
through radiation-produced carbonyls
but that the total mechanism is prob-
ably more complex than a simple phys-
ical effect upon lipide emulsion stability.
Thus, the rate of digestion of lipides
may be somewhat impaired following
radiation sterilization but, as has been
repeatedly shown by others, the net
nutritive value to the intact host is not
altered.
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In general, it may be concluded that
radiation treatment of food does not
seriously alter the nutritional value of
the major components (see Tables I and
IV). The situation with the vitamins
is different, however,

Most of the water-soluble vitamins are
sensitive to ionizing radiation when ir-
radiated in pure aqueous solution but
the radiosensitivity is considerably less
when food items are irradiated, un-
doubtedly because of the presence of
protective compounds in the food.
The percentage destruction differs from
vitamin to vitamin, thiamine being the
most sensitive and niacin the least sen-
sitive.  Furthermore, the percentage
destruction of a specific vitamin also
varies markedly between different foods
(see Table V). Because of this variabil-
ity, consumption of a mixed diet of ir-
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Table V. Metabolizable Energy
Value of Macronutrients Following
Radiation Treatment (20)

Calories per Gram

Irradiated
(2.79
Nonirradiated megarads)
Casein 4,56 £0.30 451 +0.22
Lard 8.82 +0.31 8.87 £0.39
Carbo-
hydratee 3.87 = 0.20 3.78 £ 0.30

@ Mixture of sucrose, starch, and dextrin.

Table VI. Comparative Effects of
Radiation and Heat Treatment on
Vitamin Content of Foods

Per Cent Destruction

Irradiation

Vitamin Heat (2.79 megarads)
Thiamine 60-70 55-65
Riboflavin 18-22 6-10
Pyridoxine 28-32 24-25
Niacin 30-35 0-14
Choline ? 0
Folic acid 35 0
Inositol ? 0~5
Vitamin A 20 31-70e
Vitamin E ? 61e

a Dosage. 440,000 rads in dairy prod-
ucts.
Table VII. Ascorbic Acid De-

struction in Orange Juice and Straw-
berries /13, 46)

Per Cent Destruction

Orange Straw-
Dose, Rads juice berries
93,000 4 .
279,000 22 63
396,000 26 81
465,000 35 .
698,000 50
930,000 59

Table VIll. Reproductive Perform-
ance of Dogs Fed Irradiated or
Nonirradiated Beef Diets (29)

Radiation
Dose, % %
Megarads Conception Weaned
0 82 68
2.79 53 63
5.58 61 50

radiated foods might be anticipated to
provide adequate levels of most vitamins,
with the possible exception of the most
radiosensitive vitamins—e.g., thiamine
and pyridoxine. Table VI compares
the relative destruction of vitamins by
ionizing radiations and cooking. The
data have been drawn from a variety
of sources and represent only an ap-
proximation in both cases. It is readily
apparent that, in general, radiation de-
struction is equal to or smaller than that
resulting from cooking. However, the
combination of irradiation plus cooking
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Table V.

Vitamin Destruction in Foods Exposed to Varying Doses

of Gamma Radiation (63)
(Doses stated in megarads)

Per Cent Destruction

Thiamine
Food 2,79 5.58
Bacon . 93
Beef 76 85
Haddock 68 76
Ham (fresh) 87 96
Turkey 76 77
Beets 52 75
Milk (powdered) 0 0
Peaches 94 98

Riboflavin Niacin
2.79 5.58 2.79 5.58
. 7 o 0
35 4 2 1
0 4 14 9
0 0 2 2
27 50 7 0
14 10 0 10
0 0 35 20
0 0 48 56

may result in serious losses in vitamin
content, requiring vitamin supplementa-
tion. Surprisingly, in a study emploving
baby beef liver, Williams, Yen, and
Fenton (60) found that subsequent
cooking did not result in further de-
struction of thiamine.

In order to answer these questions
more fully, an experiment in our labora-
tory utilized a composite diet of 15 ir-
radiated foods stored at room tempera-
ture after irradiation (67). The resultant
cooked or raw diets were fed to male
rats for 12 weeks. A progressive de-
crease in growth rate was observed as
the radiation level increased. For a
given radiation treatment, the animals
fed the cooked or the raw diets did not
differ significantly in growth. Supple-
mentation with a complete B-complex
vitamin premix provided equal growth
in all groups. Subsequent tests have
shown that thiamine and pyridoxine
are the limiting vitamins in this diet;
of these, pyridoxine would appear to be
the most important. Because the rat
does not require ascorbic acid (vitamin
(), these experiments did not permit
an evaluation of its destruction or avail-
ability in irradiated products. This
vitamin is one of the most sensitive in
aqueous solution; fortunately, it is less
sensitive in foods. Nevertheless, ascorbic
acid is appreciably destroved in fruits
at even low doses of radiation (Table
VII). It is somewhat more stable in
milk (24), particularly evaporated milk,
and in various vegetables (23, 43).
There is considerable evidence (37)
that irradiation of ascorbic acid pro-
duces dehydroascorbic acid. The larter,
while readily reconverted to biologically
active ascorbic acid, is easily oxidized
to biologically inactive 2,3-diketogulonic
acid. Analogous transformations occur
in foods preserved by other methods.
Thus, vitamin C destruction during radi-
ation processing varies between food items
but, in general, parallels the loss en-
countered during heat processing. Un-
like the other water-soluble vitamins,
however, the destruction may be suf-
ficient to be of concern with some fruits
now suggested for radiopasteurization.

Considerable information is also avail-
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able concerning the fat-soluble vitamins
A, E, and K. All of these are more
sensitive to ionizing radiation than are
the majority of the water-soluble vitamins,
probably because of their antioxidant
properties. For example, vitamin A and
carotene are extremely sensitive to
radiation in either pure solution or foods.
This sensitivity undoubtedly explains
the recent report of lower accumulation
of vitamin A in the livers of rats fed
irradiated carrot diets (59).

It was recognized early that vitamin
E was extremely labile under the in-
fluence of irradiation (4, 74, 45). As
a result, most subsequent experiments
have employed an oral supplement of
vitamin E administered separately from
the diets. In general, this practice has
obviated any difficulties in vitamin E
nutrition among animals fed irradiated
foods. However, it has been reported
by McCay (29) that dogs fed diets con-
taining irradiated beef show a reduced
conception rate and lower weaning per-
centages than animals fed nonirradiated
beef diets (Table VIII). Oestrus was
normal in all animals. These symptoms
are strikingly similar to those observed
in vitamin E-deficient ratss. As has
been shown with other meat diets (45),
the vitamin E incorporated in McCay’s
diets at the time of mixing may have
been destroyed during subsequent stor-
age of the diet. Although the symptoms
observed by McCay do not parallel
precisely those reported for severely E-
deficient dogs raised on processed milk
diets, the latter cases were apparently
complicated by a simultaneous vitamin
K deficiency (2, 3). In support of the
E-deficiency interpretation is the fact
that another dog-feeding experiment
using beef, in which vitamin E was pro-
vided orally weekly, has not shown
similar reproduction failure (57). The
beef feeding experiments are now being
repeated with larger numbers of ani-
mals in order to determine the funda-
mental mechanism involved.

The study of vitamin K in irradiated
foods has proved to be most interesting
and important. In a series of studies by
Richardson and coworkers (53, 54),
it has been shown that, in general,



natural vitamin K is stable to ionizing
radiation in vegetables and some syn-
thetic rations. However, Metta, Ma-
meesh, and Johnson (37) have shown
that male rats fed a vitamin K-—deficient
diet containing irradiated beef die of
massive hemorrhage. We have con-
firmed this observation in our labora-
tory (Table IX) (67) and have also
demonstrated that the same phenomenon
occurs when cooked, nonirradiated pork
is fed 10 male rats under these con-
ditions (Table X). Irradiation of the
pork increases the incidence of hemor-
rhagic diathesis.

The deficiency state created under
these conditions is apparently complex.
The fact that some control animals
(209,) fed the nonirradiated beef also
die of hemorrhage indicates that beefl
is probably a poor source of vitamin K;
irradiation of the beef undoubtedly
worsens this situation. Synthetic vi-
tamin Kj is destroyed when it is added
to the irradiated beef diet (38), much as
is seen with nonirradiated pork (Table
VI) and as has been observed for vi-
tamin E (45). Whether a similar situa-
tion also occurs with the naturally oc-
curring forms of vitamin K is not known.
However, rats fed a K-deficient diet have
been shown in the past to obtain suf-
ficient vitamin by recycling the feces
(coprophagy) so as to recover the vi-
tamin synthesized by the gut microflora.
Consumption of the irradiated beef does
not alter the gut micropopulation (67),
burt the rats apparently do not practice
coprophagy (36). It is possible that
this may be due to the carbonvls pro-
duced during irradiation, since n-decyl-
aldehyde by itelf will achieve the same
effect (35).

Other factors also are involved.
Table V shows that supplementation with
bile acids will decrease the incidence of
hemorrhagic death, suggesting that lipide
emulsification and/or absorption from
the intestine may be impaired; with
this would go impaired absorption of
vitamin K. This possibility is in keeping
with the data of Schreiber and Nasset
(56), which indicate a decreased rate
of absorption of irradiated lard in dogs.
It has also been shown that vitamins
E (32) and A (76) are involved in the
total svndrome. Supplementation with
large quantities of either vitamin has-
tens the onset of hemorrhage; omission
of either almost eliminates the appear-
ance of the deficiency. Female rats do
not become hemorrhagic on any of these
diets (37). This is probably due to
differences in growth rate, metabolism,
and vitamin requirement between male
and female rats and probably does not
represent a direct protective effect of
female sex hormones.

Inasmuch as vitamin K destruction is
slight in vegetables, it might be antici-
pated that consumption of a mixed diet
would prevent the appearance of the

Table IX. Deaths of Male Rats Fed Vitamin K-Deflcient Diets Containing
Cooked Irradiated (5.58-Megarad) or Nonirradiated Beef (61)

Nonirradiated

Supplement
Oral K3, v/day 0
Bile acids,® mg./day 0
Number of rats 15
Deaths in 70 days 3

(20%)
Prothrombin times, av. in sec. 30

Irradiated (5.58 Megarads)

0 0 0 4
83 0 83 0
10 10 10 10
0 10 5 0
(0%)  (100% (50%)  (0%)
15 166 60 14

« Equal mixture of cholic, deoxycholic, and lithocholic acids.

Table X. Deaths of Male Rats Fed Vitamin K-Deficient Diets Containing
Cooked Nonirradicted or 5.58-Megarad lrradiated Pork (67)

Nonirradiated Irrodioted

Daily vitamin K; supplement, v

In diet 0 20 0 0 0

Oral 0 0 20 0 20
Number of rats 20 10 10 14 10
Deaths in 70 days 12 8 0 13 0

(609%) (889%) (09%) (93%) (0% )

Prothrombin time, av. in sec. 85 75 13 140 12

hemorrhagic disease. This has been
shown to be the case in the 15-food com-
posite diet study mentioned earlier, in
which normal prothrombin times (12 to
13 seconds) were observed in all animals
after 12 weeks of feeding.

From the experiments which have
been completed with the vitamins, it
is apparent that radiation destruction
does occur. At least for the water-
soluble vitamins, the extent of destruc-
tion at sterilization doses roughly paral-
lels heat-induced vitamin losses and is
probably not further affected by cooking
the irradiated product. The vitamin
losses may be overcome by supple-
mentation in a manner analogous to
present-day practices in other food-
processing industries.  The extent of
vitamin destruction is also related to
radiation dose. Thus, for all vitamins
except possibly vitamins A, E, and
C, no nutritional problem is now
anticipated with radiopasteurized prod-
ucts treated with less than 0.5-
megarad doses. In all cases, the signifi-
cance of the losses will depend upon
the type of diet consumed: whether it is
a completely irradiated diet such as is
envisioned for military survival rations
or consists of a mixture of irradiated and
nonirradiated foods, much as will be
utilized by the average housewife.

Human Feeding Studies

As soon as specific food items have been
shown to be grossly nontoxic in 3- to
6-month animal feeding trials, human
experiments may be undertaken. The
subjects are ten male volunteers who
live under closely supervised conditions.
Balance studies are performed for nutri-
tional evaluation of the diets as well as
a battery of clinical tests to determine
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the presence of any toxic manifestations.
By techniques such as these, 42 frozen-
stored irradiated (2.79-megarad) foods
comprising successively 35, 60, 80, and
1009 of the dietary calories have been
fed to the subjects for 15-day periods
with no ill effects (27). In addition,
23 food products stored at room tem-
perature following irradiation have also
been found to be nontoxic during 15-
day feeding periods (5, 45). Through-
out all these experiments, the per cent
availability, energy value, and nitrogen
balance data have also indicated that
irradiation has no adverse effects from
the nutritional viewpoint.

The extrapolation of the hemorrhagic
diathesis seen in'rats fed irradiated meats
to a similar situation in humans is not
readily made. The vitamin K require-
ment is not known for the human nor is
the significance of the intestinal micro-
population in satisfying K needs clearly
established. However, at no time in any
of the human tests did the prothrombin
time deviate from normal. This is
particularly significant in the one ex-
periment where the subjects were fed
359 pork solids for the 15-day period
(44). In male rats, a 15-day period is
sufficient to induce hemorrhagic death
in 109, of the animals and to increase
prothrombin times in the remainder.

With the completion of the animal
screening program, the lengths of time
irradiated foods may be fed to human
volunteers may be extended. Present
plans indicate that these tests may be
extended to 3 to 6 months as soon as
sufficient foods are available to permit
development of a nonmonotonous diet.

Summary and Conclusions

Wholesomeness is a term denoting
health-hazard potential. It encom-
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passes two major areas of research:
potential toxicity and nutritional ade-
quacy. The Office of the Surgeon Gen-
eral, U. S. Army, is sponsoring an ex-
tensive research program concerning
the wholesomeness of radiation-pre-
served foods. Although final evaluation
of all the data will not be completed
for three to five vears, the present re-
port represents an analysis of the data
now available.

Animal tests have uncovered few,
if any, indications of toxicity of in-
dividual irradiated foods. In general,
growth, reproduction, life span, and
cancer incidence have not been sig-
nificantly altered as a result of con-
sumption of the treated product as long
as adequate vitamin supplementation
has been provided. Further research
is required, however, to elucidate the
heart rupture problem occurring in
mice fed composite diets of irradiated
foods.

The nutritional value of irradiated
foods appears to be similar to that of
cooked foods. Fats, carbohydrates, and
proteins are not significantly altered in
so far as nutritional properties are con-
cerned. As with cooking, thiamine and
pyridoxine are susceptible to radiation
destruction. Vitamin C also is labile.
The fat-soluble vitamins E and K are
particularly susceptible to destruction by
radiation, but the resultant problems in
reproduction and bleeding may be over-
come by supplementation with vitamins
E and K, respectively. Consumption by
animals of mixed diets of irradiated foods
largely eliminates the problem of vi-
tamin destruction in individual foods.

Interpretation of the data with re-
spect to human consumption is difficult,
particularly because human requirz-
ments for some vitamins (notably E and
K) have not been clearly established.
However, short-term (15-day) feeding
trials with human subjects have shown
no wholesomeness difficulties arising
from consumption of diets containing up
to 1009 of the calories from gamma-
irradiated foods. Vitamin supplementa-
tion, such as is practiced with other
processing methods, would further de-
crease potential problems.  Similarly,
consumption of a mixed diet of irradiated
and’ nonirradiated foods would provide
an adequate nutritious diet. The latter
is most nearly analogous to the antici-
pated practice of the average housewife,
inasmuch as not all foods may be satis-
factorily preserved with ionizing radia-
tions.
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RADIATION PRESERVATION OF FOOD

Commercialization Technology and
Economics in Radiation Processing

PRESERVATION METHODS which poten-
tially  vield commercially sterile
products or substantially extend the
shelf life are worthy of investigation.
During the last ten vyears extensive
research has been conducted in the
United States and Europe on a new
concept in food technology, using ion-
izing radiation. To date, the conven-
tional methods of processing have their
limitations. Thermal treatment of food,
for example, cannot preserve the product
in the raw state and whereas canned food
still represents a large volume of the
market, such products differ markedlyv
from “‘garden (resh” fruits or vegetables
and fresh meats. To arttain the desired

! Present address, Division of Radio-
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Service, Department of Health, Education,
and Welfare, Washington, D. C.

Editor’s Note

A fourth paper presented before
the Radiation Processing Section,
Nuclear Congress, New York,
N. Y, April 1960, “Radiation
Technology for Nonbiological
Materials” by A. J. Restaino, was
published in the August 1960
issue of JIndusirial and Engineering
Chemistry (page 683).

degree of bacterial inactivation canned
products are frequently overcooked.
Freezing, on the other hand, permits the
extended storage of foods with retention
of original characteristics of texture,
flavor, and nutritional properties. In
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meats, however, there are some color
change, “freezer burn,” and exudation of
fluid (drip). Logistically, in military
feeding freezing imposes problems in
distribution and economical operation.

Radiation preservation has certain
advantages, such as the prospect of
preserving meat for prolonged periods,
a process that is adaptable for continuous
processing, the processing ol large and
small items because of deep penetration
of the ionizing radiation, and the possi-
bility of using new transparent plastic
film packages because high temperature
processing is avoided.

Although Food and Drug Adminis-
tration clearance on irradiated foods
awaits completion of the wholesomeness
studies, the technological and economic
realization for advancement of this
process depends on how competitive
this method is with existing methods of
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