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The United States Army became interested in the feasibility of preserving
foods by ionizing radiation from radioisotopes and radioactive by-
products from nuclear reactors in the early 1950s (423). As part of the
Army’s overall programme, the Medical Research Branch of the
Surgeon General’s Office was assigned the task of determining the
wholesomeness of radiation-sterilized foods in 1953. This programme
supported studies in academic and research institutions as well as in
military research institutions, and resulted in many of the feeding studies
undertaken in rats, mice, dogs and monkeys. There were initially
49 foods under investigation in short-term studies; 21 were chosen for
long-term toxicity studies, including ground beef, pork loin, bacon,
shrimp, cod, chicken, tuna, beef stew, chicken stew, carrots, cole-slaw,
corn, green beans, potatoes, sweet potatoes, flour, fruit compote,
evaporated milk, peaches, oranges and jam.

The high doses used and the quantity of food tested in the animals were
greater than those that would normally be encountered and consumed,
in order to maximize any potential toxicity. The large group of foods
used for the studies reflected the concern at that time that each food item,
or a combination of irradiated foods, might respond to irradiation in a
unique way (314, 320). The research also tried to correct the problem of
palatability of diets containing high levels of irradiated food items by
taking caloric consumption into account in the statistical evaluation of
the results (320).

The 1994 WHO publication on the safety and nutritional aspects of
irradiated food included a section evaluating the studies in the United
States Food and Drug Administration (FDA) electronic database (10).
Following the 1981 Bureau of Foods Irradiated Food Committee
Report, in which it was concluded that, on the basis of studies on the
radiation chemistry of foods, an adequate margin of safety can be
demonstrated for foods irradiated below 10 kGy and for dry and
dehydrated spices that are irradiation sterilized, the FDA reviewed all
available animal studies to determine their adequacy and to evaluate the
toxicological evidence (424). This review of over 400 studies resulted in
over 250 being “accepted” or “‘accepted with reservation”, and about
150 being “rejected”; some 20 review articles were not categorized. On
the basis of this additional review and evaluation, the FDA confirmed its
earlier conclusions regarding the safety of foods permitted by regulation
in 1986.

The FDA stated that five of the studies reviewed were considered to have
been properly conducted, fully adequate by 1980 standards, and capable
of standing alone to support the safety of irradiated foods (424). Of those
five, two were with foods irradiated to a dose greater than 10 kGy: dried

119



6.3.1

milk to 45 kGy (343) and beef stew and evaporated milk to 27.9 and 55.8
kGy, respectively (326).

The Study Group’s evaluation of the safety of foods irradiated at doses
greater than 10 kGy included some of the studies “rejected” by the FDA
reviewers. The studies had been rejected for one or more reasons: the
radiation dose was not reported; the number of animals per group was
not reported; the number of animals per group was small (less than five);
the study was conducted without controls fed a non-irradiated diet; the
diet fed was determined to be nutritionally inadequate; and the studies
were conducted at a laboratory that was considered by the FDA to be in
violation of good laboratory practice (424). Nevertheless, their inclusion
in the present evaluation provides a broader perspective on the diverse
data obtained.

Subchronic studies

Many subchronic studies on safety have been conducted in rats (12),
mice (1), dogs (2), pigs (1), quails (1) and chickens (1) (Tables 23-26).
These studies examined the safety and nutritional adequacy of a variety
of dietary items and complete laboratory diets treated with high-dose
irradiation. The vast majority of these studies reported no toxic effects in
laboratory animals after consumption of high-dose irradiated foods.

The few adverse events in these studies appeared to reflect degradation of
essential nutrients in treated diets. In 1963, Malhotra et al. reported that
high-dose irradiated beef (55.8 kGy) fed to rats at 35% of the diet
resulted in excess mortality from a haemorrhagic syndrome in males that
could be prevented by dietary supplementation with vitamin K (375-
317). They also reported that administration of testosterone increased
mortality linearly and that the effect of methionine was protective and
decreased mortality linearly; these factors were independent of each
other. Other detailed investigations of similar adverse findings in
subchronic toxicity studies ultimately demonstrated that they were
attributable either to preexisting nutritional deficiencies in the diets or to
nutrient degradation not unique to irradiation (339, 344, 345, 374, 381).

6.3.2 Carcinogenicity and chronic toxicity studies

120

Several studies on high-dose irradiated diets were conducted using
rodents, primarily rats, and following protocols that involved two-year
carcinogenicity bioassays and multigeneration reproductive toxicology
evaluations. There were 17 such combined studies in rats (Table 23),
three in mice (Table 24), and one in pigs (Table 26). Some of the studies
were conducted with radiation-sterilized laboratory diets.



Additional carcinogenicity bioassays without reproductive components
have been reported for rats and mice (Tables 23 and 24). This large
collection of carcinogenicity data is unique in the assessment of all food-
related treatments and processes. No irradiation-related increases in
tumours occurred in any of the studies that involved administering high-
dose irradiated foods or diets to rats or mice. Similarly, no irradiation-
induced changes in reproductive function were reported in the multi-
generation reproduction phases of the combined carcinogenicity-
reproduction studies.

Chronic toxicity studies have been conducted in mice (4), dogs (7) and
monkeys (1) (Tables 24-26). In one, an unusual heart lesion (auricular
dilatation) was reported in a single mouse strain. This study involved
three strains of mice fed three diets: a non-irradiated chow; a synthetic
diet constituted from high-dose irradiated components; and a non-
irradiated synthetic diet (351, 352). Monsen (35/) reported auricular
dilatation in mice fed a composite diet of irradiated pork, chicken,
evaporated milk, potatoes and carrots. Thompson et al. at the Medical
Research Laboratory tried to repeat Monsen’s study and initiated
additional tests to determine the pathogenesis of the heart lesions.
However, they could not duplicate the effect (354, 355). Monsen
conducted additional studies (352, 353) and reported that the effects
were due to deficiency of iron and copper in the diet (353). The other
chronic studies in mice did not show any adverse effects due to the
high-dose irradiated diet or to the high-dose irradiated dietary
components.

Chronic studies in dogs, conducted for durations of 2-4 years (Table 25),
reported no adverse findings attributable to high-dose irradiated food
(Table 29). Blood et al. (367) reported that dogs fed an irradiated chicken
or beef diet showed no differences in growth compared to controls, but
dogs fed an irradiated pineapple jam diet showed some differences and
all dogs developed glycosuria as a result of the high-carbohydrate
content. The authors noted four cases of primary lymphocytic
thyroiditis, two in animals receiving chicken meat, one on the beef diet,
and one on the jam diet (367). A review of the evidence of the presence of
lesions in various organ tissues representing 273 dogs from all studies
(326, 362, 364-366, 368-371) was made by the United States Armed
Forces Institute of Pathology (425); thyroiditis in dogs was found to be a
nonspecific lesion that had been reported to occur with equal frequency
in irradiated and non-irradiated dietary groups. The duration of these
dog studies was not adequate to assess carcinogenicity; nonetheless,
there were no suggestions of pathological abnormalities in any chronic
study conducted with dogs.
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In a non-human primate study in which high-dose irradiated peaches
(27.9 and 55.8 kGy) were fed to rhesus monkeys for a duration of two
years, there were no adverse findings in male monkeys, but female
monkeys demonstrated marked variations in acceptance of the semi-
liquid irradiated diets. Untoward findings in female monkeys were
attributed by the authors to problems consistent with decreased
palatability of the diet and consequent rejection of the food (376).

The United States Office of the Surgeon General initiated a series of
nutritional and toxicological studies on chicken meat sterilized by
ionizing radiation in 1976 that was completed in 1984 (9). Most of these
studies were conducted by Raltech Scientific Services (Raltech) of St
Louis, Missouri, with specific portions assigned to other institutions.
Responsibility for supervision of the Raltech contract was transferred
from the Army to the United States Department of Agriculture in
October 1980. The studies included a chronic feeding study in mice (357)
and dogs (372). The chicken meat (deboned, 18% skin and 82% meat)
was vacuum packed in cans or retort pouches (26 mm thick), thermally
processed at 73-80 °C to inactivate the enzymes, cooled to -40 °C, and
irradiated in the frozen state in the absence of air to a minimum dose of
45kGy and to an average dose of 59 kGy. Samples irradiated by electron
accelerator were sterilized by exposure to 10 MeV electrons at -25°C.
Control samples were kept frozen, and thermally treated samples were
processed 1to an internal temperature of 115.6°C to a sterility level of
Fo=6(9)".

As part of the FDA review, scientists from FDA and the National
Toxicology Program’s Board of Scientific Counselers reviewed the data
and agreed that the evidence did not show any treatment-related
induction of testicular tumours (424, 426).

On the basis of the above studies, the FDA concluded that there were no
treatment-related effects in the mouse and dog feeding studies (424, 426).

6.3.3 Reproduction and teratology studies

The Netherlands National Institute of Public Health and Environmental
Hygiene conducted a series of studies to determine the potential
formation of toxic compounds in irradiated foods (340, 341, 380). In
the first study, there were no observable differences between rats fed an
irradiated diet (50 kGy) or an autoclaved diet (15 min at 120 °C) and
those fed a control diet with respect to growth, feed consumption,

' Sterility level F, provides a basis for comparing the sterility level achieved by heat treatment at any
temperature to that achieved by an equivalent treatment at 121 °C in terms of minutes. F,, = 6 signifies
that the heating time at 115.6 °C was sufficient to produce a sterility level equivalent to that achieved
by heating at 121 °C for 6 minutes.
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reproduction, haematology, urinary and organ histopathology para-
meters (340, 380). The second study was performed with pigs and
involved three generations, two litters of piglets per generation, F, and
Fy (380). The F, generation was used for continued breeding and the F,
generation was observed for gross abnormalities and was discarded at
weaning age. There were no deviations in feed consumption, growth,
haematological, and biochemical parameters in the animals, and the
authors concluded that there were no treatment-related effects in the
growth and reproduction of pigs fed irradiated or autoclaved feed for
three generations. In the third phase of the study, three groups of 15 male
and 15 female pigs from the F, generation fed 50 kGy-irradiated,
autoclaved or control feed were slaughtered and processed to ham
products (341, 380). Six groups each of 50 male and 50 female rats were
then fed the following diets: (1) standard diet; (2) 35% ham from control
pigs, treated with nitrite at 200 mg/kg; (3) 35% ham from pigs fed the
autoclaved diet, treated with nitrite at 200 mg/kg and autoclaved; (4)
35% ham from control pigs, treated with nitrite at 50 mg/kg and
irradiated to 37 kGy; (5) 35% ham from pigs fed the 50 kGy-irradiated
diet, treated with nitrite at 50 mg/kg and irradiated to 37 kGy; and (6)
35% ham from pigs fed the 50 kGy-irradiated diet, treated with nitrite at
50 mg/kg and irradiated to 74 kGy. The authors concluded that there were
no treatment-related effects in: feed consumption, growth, mortality,
haematology, biochemistry of blood and urine, organ weights, histo-
pathology and tumour incidence. In addition, the concentrations of
nitrosamines in the ham did not change with added nitrite or irradiation
dose.

Read et al. (314) at the United States Army Medical Research
Laboratory in Denver, Colorado, also conducted long-term toxicity
studies in rats fed a composite food diet, each irradiated to 55.8 kGy.
They reported decreased weight gain in females of the F; generation, but
urged caution in interpreting the results because of the small number of
animals used. They concluded that the variations in reproductive
performance did not indicate toxicity, but should be monitored in
feeding trials. In addition, they reported increased cytochrome oxidase
activity in this study and in an earlier study where rats were fed diets
containing 35% beef or pork (319). The authors noted that cytochrome
oxidase activity was not affected in diets with fruits and vegetables and
suggested that the probable cause of the increase was the meat
components present in the meat and composite diets, i.e. nutritional
components rather than irradiation. A review of the evidence of lesions
in various organ tissues representing over 3000 rats did not indicate any
gross or histopathological lesions that could be specifically attributed to
theirradiated diet (425). In a few organs, the differences occurred in both
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test and control animals. Because several strains of rats were used, a
comprehensive pooled data report was not compiled (A. Brynjolfsson,
personal communication).

Several multigeneration reproduction studies were conducted in rats (1),
mice (3), dogs (4), and hamsters (1) (Tables 23-26). Minor effects noted
in some cases, generally involving small decreases in body weight or body
weight gain in the later generations of multigeneration studies, appear to
have been related to nutrition and reduced palatability of the diet.
Reproductive and teratological end-points demonstrated no effects with
any consistent pattern or trend.

Mutagenicity studies

Data from both in vitro and in vivo mutagenicity studies are presented in
Tables 31 and 32, even though the emphasis in this report has been on
high-dose irradiated foods tested directly in animal feeding studies. A
few of these in vitro studies, but none of the in vivo studies, have shown
mutagenic effects of certain irradiated substrates. However, the in vitro
studies are of less relevance, since such data are not as valid as those from
animal studies for the purpose of estimating risk to humans on the basis
of extrapolation.

In this regard, the possible mutagenic activity of 2-dodecylcyclobuta-
none (2-DCB), formed radiolytically from food containing fat, has
received particular attention. A recent study employing single-cell gel
electrophoresis (comet assay) indicated that 2-DCB in the concentration
range 0.30-1.25 mg/ml produces some cytotoxicity and an associated
but weak effect in DNA at alkali-labile sites (427). However, the
concentrations used were far greater (about three orders of magnitude)
than the 17 ug/g reportedly present in the extracted lipid of chicken meat
irradiated to 59 kGy. It should also be noted that the concentration of
2-DCB actually present in high-dose irradiated chicken meat, when
calculated on the basis of the total meat content, would be even smaller."

In contrast, studies in Drosophila (396) and miée (397) did not show any
mutagenic activity of high-dose irradiated chicken (55.8 kGy and
59 kGy, respectively).

Similarly, Tanaka et al. (413) reported no difference from controls in
polyploids in bone marrow cells or reticulocytes of Chinese hamsters fed
wheat irradiated to doses of 0, 15 and 30 kGy.

' Note added in proof by the Secretariat: In a subsequent in vivo study, as yet unpublished, the
researchers claimto have found a small positive effect when six rats were administered an extremely
high level of the synthetically prepared 2-DCB. Limitations of the experiment, particularly the
exclusive reliance on the unvalidated comet assay technique, call into question the significance of
this finding. Another unpublished study found that the Ames test for 2-DCB was negative.

124



6.5 Human clinical studies

In a series of studies involving young male human volunteers, the United
States Army evaluated the wholesomeness of foods treated with high-
dose radiation. Subjects consumed irradiated foods for periods of 15
days separated by control and washout intervals. Generally, the
experimental protocol called for a variety of foods (54 items) to be
sealed in cans, frozen and irradiated to 25-40 kGy using gamma-rays
from spent fuel rods in Dugway, Utah, and Arco, Idaho, then thawed
and stored at room temperature. Non-irradiated control items were
processed and stored similarly, unless freezing was required to avoid
spoilage. Irradiated foods were tested for sterility and the presence of
bacterial exotoxins prior to human consumption. Individuals and
groups served as their own controls during the series of experimental
periods.

Controlled housing in a metabolic ward was provided during testing and
subsequent follow-up evaluations. Particular attention was paid to
clinical examinations, cardiac performance, and haematological,
hepatic and renal functions.

The first study involved 18 human volunteers. Half the subjects received
a diet containing irradiated foods during the initial 15-day experimental
period; the remainder received non-irradiated control items. The
experimental conditions for the two groups were reversed during
subsequent 15-day periods, separated by 5-day washout intervals. The
proportion of calories from irradiated food in the experimental diets was
increased sequentially from 35%, to 60%, to 80%, and finally to
essentially 100% of metabolizable energy by the end of the study (429).
No toxic effects were observed for any experimental diet, regardless of
the proportion of high-dose irradiated food. No clinical changes were
detected in any individual from baseline to post-exposure evaluations, or
at follow-up examinations up to one year post-exposure.

In a second study, 10 human volunteers consumed a diet in which 32% of
calories were derived from irradiated canned pork treated to 30 kGy. The
irradiated canned pork was stored at room temperature for one year
prior to consumption; control pork was fresh and obtained locally. The
irradiated diet contained no vitamin K supplementation (370). The study
design consisted of two 15-day exposure periods in which half the
subjects received irradiated pork and the other half received non-
irradiated pork, separated by 5-day washout intervals; the group
exposures were reversed during the second 15-day period. There were no
adverse clinical effects and no prolongation of prothrombin time for any
individual or group following consumption of high-dose irradiated
pork.
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In a third study, 13 human volunteers consumed a variety of foods
irradiated to high doses and stored for three months at room
temperature. These foodstuffs were evaluated for acceptability and
acute toxicity (429). Rotating menus (three daily menus) supplied
approximately 80% of calories from irradiated foods. Potatoes, flour
and oranges were irradiated to low doses (0.1-1.5 kGy), while major
caloric components of the diet were irradiated to high doses of
25-40 kGy. No clinical abnormalities were noted.

In this series of experiments, designed to detect toxic effects after short
latency periods and after a one-year latency period, humans consuming
high-dose irradiated diets for 15-day intervals showed no toxic effects
either during the feeding interval or at subsequent follow-up evalua-
tions. In many of the irradiated foods, the authors noted decreased
thiamine and ascorbic acid content and detected the presence of
increased “browning reaction” derivatives, fat-soluble carbonyl com-
pounds and thiobarbituric acid reactants (presumably an index of lipid
peroxide formation). Significantly, in the study involving 32% calories
derived from high-dose irradiated pork stored for one year at room
temperature, neither prothrombin time nor any other clinical labora-
tory parameters was altered. The authors concluded that in all of these
studies the digestibility of macronutrients was similar in control diets
and in the high-dose irradiated diets. Ideally, human safety studies
require double-blind experimental designs to avoid either placebo bias
or unintentional experimenter bias. Volunteer participants in these
studies, however, reported in journal entries and interviews that control
foods and high-dose irradiated foods could be readily distinguished by
flavour, odour and texture. Earlier studies on the acceptability of
irradiated foods reported that the volunteers noted differences in the
colour of strawberries and powdered milk, in the odour of ground beef
and in texture changes in fruits and vegetables (308). In addition, foods
from the cereal product group (bread, crackers, macaroni, pound cake
and rice) irradiated to high doses were readily distinguished from the
non-irradiated items (430). The authors noted that in practice these
foods would be irradiated to much lower doses for control of insect
infestation, which would result in a minimal difference between the
irradiated and non-irradiated items. Significantly, no adverse clinical
experiences or reactions associated with consumption of irradiated
foods were reported by volunteers. Clinicians detected no adverse
findings from physical evaluations or in clinical laboratory values made
either during or after these short-term exposures. These studies,
however, were not designed to detect long-term nutritional deficiencies
or the potential for carcinogenic effects related to the consumption of
high-dose irradiated diets.



6.6 Conclusions

7.1

Sections 3-5 on chemistry, nutrition, and microbiology addressed many
of the early concerns and identified critical elements necessary for good
food irradiation practices. This section has presented information from
several studies of irradiated foods carried out in the 1950s and 1960s,
many of which were processed under conditions that would not be
considered as having followed current “good irradiation practice”.
Nevertheless, this extensive collection of data demonstrates that
irradiated foods using a variety of sources under a variety of conditions
are toxicologically safe. The carcinogenicity and mutagenicity studies
with irradiated food and feed have not demonstrated any treatment-
related effect.

Based on the body of toxicological data reviewed here, the Study Group
concluded:

* Food irradiation is toxicologically perhaps the most thoroughly
investigated food processing technology.

* Animal studies are suitable models and predictions from them are
supported by human studies.

* The sensitivity of the methods used to assess safety is adequate, and
many studies purposely used higher doses and larger amounts of
irradiated food in an attempt to elicit a positive response.

* The large number of toxicological studies, including carcinogenicity
bioassays and multigeneration reproductive toxicology evaluations,
did not demonstrate any short-term or long-term toxicity related to the
process.

» With the exception of a few easily rationalized positive results, the
highly diverse and sensitive mutagenicity studies on a variety of foods,
including radiation-sterilized chicken, are overwhelmingly negative.

* Foods that are appropriately prepared, packaged and irradiated to high
doses under proper conditions to sterilize them should be deemed safe.

Packaging considerations

Introduction

In view of the important role packaging plays in facilitating irradiation
processing, in protecting irradiated food from recontamination and in
maintaining the quality of the food, it is essential to consider the
influence of irradiation on packaging materials. If the packaging is to be
effective, then the irradiation should neither compromise the functional
properties of the packaging material nor facilitate the migration of any
undesirable components from the material into the food.
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7.1.1 Objectives

The Study Group’s objectives were:

— Toreassess the safety of flexible packaging developed in the 1950s and
1960s (431, 432) and currently employed for radiation sterilization of
food in the light of current knowledge.

— To reassess quality assurance methods for flexible packaging, also
developed in the 1950s and 1960s, and to recommend improvements
that may be needed.

— To assess the suitability of all available packaging materials for use in
high-dose applications of food irradiation and, accordingly, to
recommend the best candidate materials and processes for the
development of future generations of packaging for radiation-
sterilized food.

This section focuses on flexible packaging, manufactured from
polymers, which is technologically and economically suitable for the
purpose of packaging precooked foods to be radiation sterilized.

Products and processes can be assessed by two routes, good engineering
practice and strict reliability practice, which are complementary rather
than contradictory.

Good engineering practice. Unless proven otherwise, every component or
operation is admissible when well accepted and documented practices
are followed. Further, any previous data on similar products and
processes are regarded as suitable and reliable unless proven otherwise.

Strict reliability practice. Every component or operation is considered
apt to fail until assessed otherwise to the desired level of confidence.
Further, any previous data on similar products and processes must be
strictly assessed to determine their relevancy, accuracy and reliability.

Strict reliability practice is customarily followed for high-technology
processes and products, where public acceptance or tolerance of failures
is doubtful. Owing to the current status of public acceptance, food
irradiation is one such process, and irradiated foods and associated
packaging are such products.

7.1.2 The effects of radiation on macromolecules
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In irradiating prepackaged food, which comprises different types of
macromolecules, the goal is to maximize damage to the DNA of
contaminating bacteria and to minimize damage to structural polymers
of the packaging.

This seemingly self-contradictory goal can be accomplished if at least
one of two conditions is met:



— the radiation durability of the two types of macromolecules is
substantially different;

— the definition of damage threshold for the two types of macro-
molecules is substantially different.

The interactions of radiation with materials and the consequent
chemical changes are comprehensively discussed elsewhere (443, 444);
(see also section 3). The information given here addresses the primary
processes only briefly and focuses on the final chemical effects, their
manifestations and practical implications.

The interactions of ionizing radiation with matter take place via transfer
of energy to the electrons in atomic or molecular orbitals, resulting in
their displacement. This displacement can eventually result in bond
scission, which is the main concern with respect to the damage to
polymers. Since most commonly used polymers comprise primarily
carbon, hydrogen, nitrogen and oxygen atoms and have molecular
orbitals of similar size, their durability to radiation can be classified in a
simplified way according to the nature of these orbitals. Those molecular
orbitals associated with the polymer backbone play the major role in the
resistance of polymers to scission. The radiation durability of these
orbitals serves as a general ranking of the radiation durability of polymer
families, which in decreasing order is:

— polymers containing aromatic groups in the backbone, e.g. poly-
ethyleneterephthalate (PET), polyimide (PI), poly[aryl-ether-ketone]
(PEEK), etc.

— polymers having an aliphatic-chain backbone with aromatic side
groups, €.g. polystyrene (PS), etc.

— polymers having an aliphatic-chain backbone containing ester or
amide groups, e.g. polyamides, polyesters, polyurethanes, etc.

— polymers having a simple aliphatic-chain backbone, e.g. polyethylene
(PE)

— polymers having an aliphatic-chain backbone with side groups
containing various atoms, e.g. polyvinylchloride (PVC), polyvinyl-
alcohol (PVA), polyvinylfluoride (PVF), but with the exception of
polytetrafluoroethylene (PTFE), which is relatively sensitive to
damage

— polymers having an aliphatic-chain backbone with double-bond side
groups, €.g. polymethylmethacrylate (PMMA)

The damage caused by irradiation also depends on the structural
robustness of the polymer. Ring structures, ladder structures, crystalline
moieties and inter-chain interactions all decrease the mobility of chain
segments, thus increasing the probability for recombination of
scissioned chains. For packaging to be used in the radiation sterilization
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of prepackaged food, the preferred polymers are those comprising
groups associated with high radiation durability and characterized by
strong inter-chain interactions or high crystallinity.

The primary target in the radiation sterilization of food is the DNA of
foodborne bacteria. When this is damaged, the bacterium is eliminated
within a few cell divisions. The molecular weight of DNA far exceeds that
of all other molecules in the living cell; hence, its energy absorption is the
highest. Although this unique molecule (435) is highly durable to gross
radiation damage, owing to its aromatic groups, heterocyclic rings,
hetero-atom rich backbone, and the double-helix structure bridged by a
multitude of hydrogen bonds (Figure 18), certain base moieties can be
affected, possibly leading to rupture of a sugar-phosphate linkage in a
single strand. The radiation durability of DNA, particularly in the low-
moisture environment within a spore, means that high doses of radiation
are required to achieve sterilization, even after the heat pretreatment
given to inactivate proteolytic enzymes. However, it is possible to attain
the goal of damaging bacterial DNA without adversely affecting the
food or the packaging, since there is a difference in the concept of
damage threshold for the two types of macromolecules, (DNA and
packaging polymers).

Figure 18
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Minimum damage threshold to the DNA polymer can be taken as “‘the
number of double strand breaks sufficient to reduce the total count of
living bacteria from N to N x 107'? counts/g”. However, in practice, only
the destruction of spores of proteolytic strains of Clostridium botulinum
in low-acid shelf-stable food is considered. Maximum damage to the
packaging polymer can be taken as “the number of scissions required to
change the mechanical properties by 10% and/or to reach the allowed

total amount of extractives”.!

Numerous factors that affect the radiation damage threshold of DNA,
such as moisture, dose, dose rate, atmosphere, temperature and pH, also
affect the radiation damage threshold of the packaging polymers. The
term “damage” is used to describe both degradation of the polymer
matrix and the formation of extractives, since both phenomena stem
from scission of the polymeric chains and side-groups. The important
factors affecting damage to packaging are:

* Total dose. The damage-dose correlation depends on the total dose
and, hence, for a reliable selection of packaging polymersit is necessary
to determine their actual damage-dose profile (25, 436, 437) in the
relevant dose range. In polymers that are highly durable to radiation,
only negligible changes in properties are measured. However, the
accuracy and validity of these measurements are questionable. In
accordance with strict reliability practice, a non-finding cannot be
regarded as a positive proof unless a reasonable safety margin has been
incorporated in testing to compensate for the great uncertainty in the
results. The formation of extractives in irradiated polymers is more
discernible and may be a better guide in assessing their radiation
durability.

* Dose rate affects chemical processes taking place according to second
order (and higher) kinetics, such as radical recombination. For the
sake of worst-case analysis, packaging polymers should be tested to
their damage threshold at a dose rate that is low enough to ensure that
the damage is independent of dose rate.

» Atmosphere. Oxygen reacts readily with radicals and other radiation-
produced reactive species, thus promoting radiation-generated dam-
age. This means that oxygen must be removed from the food and
headspace prior to sealing the packaging: this is usually done with a
vacuum pump. Vacuum removal of oxygen assisted by flushing (e.g.
with carbon dioxide) may be practised. Food packaging polymers
should exhibit both low oxygen content and low permeability to
oxygen.

' Extractives are molecules capable of diffusing within the polymer that when near or on the surface of
the polymer can be transferred into a contacting substance, e.g. solvent or food.
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* Thermal and mechanical history. Fabrication of polymer sheets and
laminates involves extensive thermal and mechanical processing that
can give rise to chemical degradation and latent stresses, affecting the
radiation durability of the polymers (436). Recycling of materials for
use in packaging should therefore receive special attention.

* Irradiation history. Pre-sterilization of food packaging by irradiation
should be avoided or at least properly documented and its
consequences assessed.

A check list is one of the primary tools in the reliability assessment of
polymeric packaging for irradiated food. It should contain each and
every factor that could cause concern at the theoretical level. Each factor
should be examined singly, and the possibility of synergistic effects from
several factors acting together should be investigated. An example of
such data compilation is shown in Table 33.

Table 33
Model quality assurance check-list for a candidate polymer

Data Durability assessment

Group Factor Full/part/NA  Reliability =~ Theoretical  Practical

Polymer Family

Producer
Specific brand
Additives

MW distribution
Linearity
Crystallinity
Extractives

History Processing

Thermal
Mechanical
Irradiation
Recycling

Irradiation Dose

Food

Dose rate
Atmosphere

Type
Absorption (g/g)
Swelling (cm/cm)

Durability — Tear (before/after)

Puncture (before/after)
Abrasion (before/after)

MW = molecular weight; NA = not applicable.

132



7.1.3 Packaging characteristics

7.2

7.2.1

* Extractives. Molecules of low molecular weight and high diffusivity
that can diffuse within the packaging polymer and can be extracted
from it into the food. These extractives may be residual compounds
from the polymerization process, additives to the polymer or
degradation products from the mechanical and thermal processing.
For food packaging materials that have already been approved, only
molecules either formed or released as a result of irradiation are
relevant to the evaluation. The quantity of extractives can be
determined by well-accepted protocols, before and after irradiation.
Their toxicity is more difficult to assess.

» Packaging integrity. Particular attention should be paid to the
packaging walls (e.g. for puncturing), sealing areas, and intra-laminate
adhesion. Double packaging may provide extended protection of the
layer in contact with the food and may also eliminate the need to use
laminates. For sealing, welding appears to be much safer than glueing.
The durability of seals needs to be tested with respect to the combined
effect of mechanical loads, heat and radiation. Well-established food
packaging materials, with documented testing and market experience
(including sealing and lamination), are preferred. Some of these have
already been radiation-tested for other purposes and thus only the
combined effects need to be tested.

» Packaging permeability and swelling tendency. Extremely low
permeability and swelling tendency of the food packaging polymers
are required for their long-term reliability as oxygen and water
barriers. These characteristics should be tested before and after
irradiation as part of the polymer screening process.

e Packaging additives. A wide variety of proprietary additives are
commonly present in polymer films and their use is not always
documented. Of particular interest are aromatic antioxidants that are
potentially toxic.

» The food-contacting layer. In the multilayered structures that are
likely to be needed to satisfy the demands of radiation processing of
prepackaged food (438), the layer in contact with the food should be
the one most strictly tested as to the formation and migration of
potentially toxic compounds.

The database

Radiation durability of polymers

A literature survey was carried out with particular emphasis on high-
dose (above 10 kGy) applications relevant to the radiation sterilization
of food. Unfortunately, most of the literature relates to lower doses and
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to packaging polymers of relatively low radiation durability. A database
on radiation durability of polymers has been compiled at the Soreq
Nuclear Research Centre, Israel, for use in assessing the durability and
functional reliability of polymeric materials in space applications (439,
440) and in the packaging of irradiated food (441). This database focuses
on the reliable selection of highly durable polymers for use in the
envelope regions of low-earth-orbit satellites, where the total radiation
dose may exceed 50-100 kGy. One of the basic documents in this
compilation is the Harwell database on the durability of polymers to
ionizing radiation (442). The data it provides (Table 34) are regarded
only asindicative, since variation in the initial polymer composition may
give wide variation in the properties of the same nominal polymer.

For space systems, which are exposed to intense radiation, polymers
highly durable to radiation are commonly used (443-449). Not
surprisingly, most of these polymers are commercially available and
some of them are extensively used for food packaging in light of their
robustness and long-term reliability. Some of these polymers are listed in
Table 35.

Animportant database on the radiation durability of polymers has been
assembled over three decades by researchers at the Institut fiir
Strahlenhygiene des Bundesgesundheitsamtes [Institute for Radiation
Hygiene, Federal Office for Health (BGA)], Germany (450-453). A
compilation of the ionizing radiation effects on some food packaging
materials is presented in Table 36 (452).

Other data relevant to the irradiation of food packaging materials are
also available (454-457).

Finally, the data compiled by the United States Army Natick Research,
Development and Engineering Center cover all the experimental work
and theoretical assessment carried out by or for the United States Army
for the purpose of providing reliable and safe radiation-sterilized
prepackaged food. Selected documents containing these data are

Table 34
Selected data on the radiation durability of polymers

Radiation threshold (kGy)

Polymer Some damage Severe damage
Polyethylene 100 2000
Polytetrafluoroethylene 5 40
Fluorinated ethylenepropylene 50 500
Polyvinylidenediflucride 100 1000
Polystyrene 700 >10%
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Table 35

Selected data on the radiation durability of polymers for space applications

Radiation threshold (kGy)

Polymer Some damage

Severe damage

Polyethyleneterephthalate
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Epoxy resins (aromatic) 3x10°
Polyurethane (aromatic) -

Silicone resins 3x10°

1x 10°

4 x 10%-3 x 10°

>10*

>10°

5x 10*

Source of data: Bouquet (443), DuPont (444), Bouquet et al. (445), Meyer et al. (446), Bouquet et al. (447),

Coulter et al. (448), Funk & Sykes (449).
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Table 36

Selected data on the radiation durability of food packaging

Polymer

Radiation effects

Low-density polyethylene;
medium-density polyethylene;
high-density polyethylene

Polypropylene

Polyamide-6

Polyethyleneterephthalate

Polystyrene

CH,— CH

Antioxidants (phenol
and organo-tin
compounds)

Antioxidants are mandatory for conservation of mechanical
properties upon irradiation (10-25 kGy)

Antioxidants are extracted from these polymers

The amount of volatile products formed depends on the
formulation and processing history of the sample

More than 100 volatile compounds have been identified,
including small amounts of benzene and its derivatives

Radiation dose for 50% decrease in elongation at break (for
high-density polysthylene): 6 kGy without stabilizer, up to
36 kGy with stabilizer

75% decrease in elongation at break at 10 kGy (irradiated in
oxygen)
Antioxidants are mandatory for conservation of mechanical

properties upon irradiation

50% increase in acetic-acid extractives at 60 kGy (irradiated
in oxygen). Extractives include monomer and oligomers

Negligible, insignificant or unmeasurable changes in all
parameters, including all extractives and permeability, at
dose >56 kGy

Extractives are 30 times lower than with polyamide-6
Negligible, insignificant or unmeasurable changes in all
parameters, including polar extractives, at dose >56 kGy
Non-polar extractives (n-heptane) increase by 7-18 times.
Extractives include monomer and oligomers

No substantial differences in tensile, burst and seal strength
are observed at dose =60 kGy

No significant changes in quantity and composition of
extractives are observed at dose =60 kGy

Polyamide showed marked reduction in tear resistance
Commercially added to polymers with aliphatic backbone® to
increase ageing resistance

All additives migrate, and are mostly toxic

Extractives may be affected by radiation, depending on
polymer, radiation mode and extraction liquid

Source of data: Bogl et al. (450-453) with the permission of the publisher.
& Comprising high-density polyethylene, polyamide-6, polyethyleneterephthalate.
© Polyethylene, polypropylene, polyvinylchioride, polystyrene.
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available (437, 458-460). Of special interest is the reasoning used in the
development and fabrication of the flexible pouches as described by Pyne
et al. (458). The food contactant material was primarily selected on the
basis of maximal lamination durability of available polymers using
available lamination techniques, rather than on maximal radiation
durability.

7.2.2 Extractives

Only a few articles in the literature address in any substantial way the
radiolytic formation of extractives (46 1-463). The data pertain primarily
to polymers used in the 1950s-1970s, and to a lesser extent to new
polymers that are candidates for the next generation of food packaging
(Table 37). The two primary sources of extractives are: trunk polymer
fractions and their radiation-generated fragments, which are docu-
mented in the literature; and additives and their radiation-generated
fragments, which are seldom reported or specified and which remain to
be tracked in the course of the quality assurance process.

The literature on materials for space applications provides a useful
source of data on extractives in radiation-stable polymers. The primary
goals for these materials are high durability, high reliability, insignificant
changes of performance upon irradiation, and extreme cleanliness as
expressed in terms of outgassing levels (American Society for Testing
Materials, standard ASTM E-595). Not surprisingly, many high-quality
polymer films manufactured nowadays meet these strict specifications,
including films made from polyvinylfluoride (PVF), polyvinylidene-
difluoride (PVDF), polyethyleneterephthalate (PET), aromatic poly-
imide and others. It is noteworthy that the utmost cleanliness of these
polymer films does not stem from customers’ needs but rather from
manufacturing requirements aiming for flawless extrusion into films.

The selection of polymers suitable for the packaging of radiation-
sterilized precooked food depends ultimately on minimizing extractives,
natural and radiolytically-formed alike. Furthermore, proof derived
from analytical and/or animal feeding studies that such extractives are
non-toxicis essential and is valid only for the polymers per se. If polymers
containing additives are considered, their selection should be made only
after judiciously taking into account the extractives resulting from the
irradiation of the entire system of polymer/additives/food. However,
additive-free polymers are preferred.

From the analytical standpoint, the sensitivity of detection has dramati-
cally increased over the past four decades, so that particular attention
should be given to newly reported levels of extractives from food
packaging. Fortunately, these data are being routinely accumulated by
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Table 37
Selected data on extractives in food packaging candidate polymers?®

Extractives
Polymer Pristine Radiation induced
Low-, medium- and high-  Antioxidants and other Degraded antioxidants and other
density polyethylene additives additives

Polyethylene oligomers (small
guantities) and their oxygenated
derivatives

100 volatile compounds, including
alkanes, alcohols, aldehydes,
ketones and acids

Polyamide Unreacted monomer Slight increase in extractives as

compared to the control

Polyethyleneterephthalate  No detectable extractives No detectable extractives

Some inorganic gases, e.g. carbon

dioxide
Polystyrene Polystyrene oligomers Polystyrene oligomers (small quan-
(small quantities) tities)

Polyimide *TML < 1% *TML < 1%

CVCM <0.1% CVCM <0.1%
Polysulfone *TML < 1% *TML < 1%

CVCM <0.1% CVCM <0.1%
Silicon resins *TML < 1% *TML <1%
(RTV, spacegrade) CVCM <0.1% CVCM <0.1%

CVCM, condensable volatile cumulative mass on a counter-plate at 25 °C (American Society of Testing for Materials);
TML, total mass loss at 125°C 107 torr; RTV, room temperature vulcanized rubber.

Source of data: Rojas de Gante & Pascat (461), Tripp (462) and Killoran (463).

2 ltems marked with an asterisk are space-qualification data.
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the leading manufacturers of food packaging, as part of their standard
quality assurance practices. Extrapolation of their extractives-testing
routines to irradiated packaging products seems customary. Further
extrapolation may be needed for testing the final packaging products, in
particular laminates and pouches, rather than raw films.

From the regulatory standpoint, levels of extractives in food that were
tolerated in the 1960s and 1970s may no longer be considered safe.
However, the natural levels of potentially toxic materials in common-
place foods can be considered safe, and standards for food packaging
safety must be adjusted accordingly. The growing development of new
generations of food packaging materials takes these new trends in safety
assessment into account.

Animal feeding experiments (460) were used to confirm the safety of
packaging for radiation-sterilized foods. An extensive and comprehen-



sive study on irradiated chicken (9) demonstrated that the consumption
of the high-dose, radiation-sterilized food, as a reasonable proportion of
the diet, does not pose any health risks. The many subsequent years of
hazard-free consumption by human customers have given further
support to the safety of this line of products.

An interesting issue arises relating to the trays made of polystyrene (PS)
foam (styrofoam) commonly used for prepackaged foods. PS has an
aliphatic backbone that is stabilized by the aromatic side groups. It is
much more durable to radiation than the widely used PE, but somewhat
less durable than PET. It has been tested for radiation-sterilized food
packaging at doses up to 56 kGy, but with no safety margin, and small
amounts of extractives have been detected (however, doses up to
600 kGy have been applied in tests on its reliability for use in
calorimeters for dosimetry). Accordingly, PS is most probably safe
for use up to 56 kGy, but a damage-dose profile for PS in the dose range
above 60 kGy should be determined.

From a mechanical standpoint, PS trays function faultlessly following
foodirradiation. One way to circumvent the issue of potential extractives
is to laminate styrofoam trays with PET. However, the already available
lightweight PET trays would be a more affordable solution for
applications involving radiation sterilization of foods in trays.

7.2.3 Radiation-effected permeability

There is a considerable body of literature relating to radiation-induced
modification of polymer permeability, either through graft-copolymeri-
zation or neutron beam-produced tracks. It is recognized that radiation
can affect the oxygen permeability of food packaging polymers (452). In
the case of low-density PE, the oxygen permeability may significantly
increase upon irradiation to 25 kGy, in contrast to high-density HDPE
or PET in which there is no appreciable increase. However, in practice,
the packaging for radiation-sterilized food typically contains a barrier
middle layer made of aluminium film. Consequently, the gas perme-
abilities of the bare polymer films are of minor importance.

Of greater importance is the permeability of the food-contacting layer to
migrants that might possibly be extracted into the food. Possible
radiation-effected permeabilization of this layer, typically ignored in the
literature, needs to be considered. A significant radiation-generated
mechanical degradation will most probably precede changes in free
volume and in associated permeability. Hence, polymers whose
permeability is increased by radiation will be rejected on grounds of
mechanical failure. If the selected packaging polymer is free of
extractives, either pristine or radiation-generated, the permeabilization
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problem is no longer a cause for concern. However, if a compromise is
made and the selected polymer is a possible source of extractives, the
radiation-effected permeabilization factor may need to be addressed
experimentally.

7.2.4 Food interactions with packaging

Data are available on food interactions with packaging in the general
food packaging literature, but there are few specific studies related to
radiation-sterilized foods. Taint-transfer — the transfer of odours from
packaging into the food — is an important issue (464). The olfactory
sense is extremely sensitive in humans and may detect traces of volatile
migrants that are at levels lower than all relevant safety thresholds and
that might be undetectable by most instruments. These odours
compromise the quality of the food, which could present a serious
commercial problem and undermine acceptance of irradiated foods by
the general public. The taint-transfer of selected polymers is summarized
in Table 38. Since the radiation doses in all cases were lower than 4 kGy,
the results are only indicative.

7.2.5 Specific packaging for irradiated food

The vast majority of the available data relate to packaging materials and
methodologies for radiation-sterilized prepackaged foods that were
developed by or for Natick in the last four decades. A reasonable
proportion has been published or appears in petitions to the FDA.
Unpublished material in this comprehensive database, some of which is
discussed elsewhere in this section, can be accessed on request.

7.3 Industrial packaging for irradiated food

7.3.1 Polymers commonly employed

Most of the polymers covered in the database are commonly employed
for various types of food packaging. There has been, however, a distinct
shift away from the packaging materials used 20-40 years ago, when

Table 38

Data on the taint-transfer of selected polymers (dose <4 kGy)

Polymer Taint-transfer observation

Low-, medium- and high-density No evidence for taint-transfer was found
polyethylene

Polyamide None

Polyethyleneterephthalate Some indication of taint-transfer
Polystyrene Evidence for taint-transfer
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most of the relevant research activities took place and the data were
compiled. There are two primary reasons for this shift: the availability of
a large variety of new polymers and polymer-grades with improved
performance of strength, barrier properties and ageing durability; and
the increasingly strict demands imposed by customers, and consequently
by manufacturers, regarding quality and preservation of packaged food.
These demands have fuelled the on-going search for improved packaging
materials.

Most materials used for food packaging in the 1950s and 1960s were
paper products, cellulose derivatives (cellophane), rubber derivatives,
polyethylene, polypropylene and polyvinylchloride. Various types of
waxes, rubber products and vinylidene chloride copolymers were used as
coating materials to enhance barrier properties. Polyamide films have
been used as a barrier constituent of laminates to reduce their
permeability. Aluminium foils have also been introduced into food
packaging to impart impermeability.

In the course of time, the well-known polymer PET began to be produced
in a wide variety of grades that enable facile extrusion, blow-extrusion
and heat-sealing. This polymer exhibits excellent mechanical, barrier
and durability properties. Furthermore, it has been successfully
manufactured to a very high purity and has been found to be practically
free of extractives. Demand for PET and its laminates has therefore
grown extensively over the last 20 years. The subsequent increase in
production capacity has resulted in scaling up the processes and,
consequently, a dramatic reduction in product costs and prices. This has
further increased its use in food packaging, especially for bottled
carbonated drinks; the robustness of PET in withstanding high pressure,
rough handling and extraction in aggressive solvents is exemplified by
the huge numbers of bottles of such drinks sold daily.

Another newly introduced highly durable, well-known polymer is the
aromatic polyimide, which is also produced in a wide variety of grades.
Although it is rarely employed for food packaging in view of its relatively
high price, it is widely used in the electronics industry because of its
electrical properties and its durability to a wide variety of hazards. A
variety of polyimide grades has been made available to this industry to
satisfy diverse needs: rigid and flexible printed circuit boards, single- and
multi-layer printed circuit boards, etc. The space industry also makes
extensive use of polyimide in many applications, including as external
thermal blankets. In this application, the polyimide films are expected to
function reliably, despite high mechanical loads and extensive exposure
to photons in the far ultra-violet range and to high doses of ionizing
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radiation. The space industry has established the radiation durability of
both aromatic polyimide and PET to doses higher than 1000 kGy.

Laminated polymeric packaging materials are widely employed for
many foods, e.g. snacks, fish-products, juices, etc., in order to satisfy the
combined needs of high mechanical durability and impermeability.
Various lamination technologies are in common use, with or without the
use of adhesives. Corona pretreatment of the surface (an electric
discharge technique that generates plasma, resulting in slight surface
oxidation and chain scission) is commonly used to improve printing as
well as lamination quality.

Polymer films currently manufactured for high-technology industries
meet strict specifications of purity, durability and reliability. The utmost
cleanliness of the resin necessary for the extrusion of high-quality films
assures migrant-free polymers. Such polymers are crucial not only for
space applications, but also for advanced electronics, micro-optics and
integrated electro-optical systems. In these systems, any extractives,
either “‘native” or generated by degradation (e.g. laser-generated
degradation), are detrimental and could compromise the operation of
most devices.

7.3.2 Polymers highly durable to radiation
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Polymers with high durability to radiation are commonly used in the
nuclear and irradiation industries, as well as in space industry systems,
including satellites and space vehicles. All these environments are
characterized by very high fluxes of ionizing radiation. The total doses
accumulated by materials in these environments may exceed MGy and
GGy levels in relatively short periods of service time.

In all these environments, polymeric materials a2 used satisfactorily.
Their use in space is steadily increasing, replacing the use of metals and
ceramics, because of the severe weight restrictions. The need to reduce
weight drives the development of new lightweight, polymer-rich systems
and has necessitated the identification of existing polymers that are
highly durable to radiation.

Following almost four decades of space research, sufficient knowledge
and experience have been gained to direct engineers in their selection of
polymers for space applications. The most commonly used highly
radiation-durable polymers in space applications are listed in Table 35.
Among these, the most adequate for food packaging are the first two,
PET and aromatic polyimide, which are widely used and commercially
available in the form of films.



7.3.3 High-barrier packaging polymers and laminates

The chemical features of high-barrier polymers can in general be
characterized as highly aromatic, highly polar, highly linear, and of high
molecular weight. The combination of polar and non-polar (hydro-
phobic) interactions imparts to the polymers not only radiation
tolerance but also strong inter-chain interactions that are associated
with low permeability.

Many foods, like cooked meat, comprise both aqueous (hydrophilic)
and fatty (hydrophobic) ingredients, as well as some oleophilic
(emulsifying) ingredients. This “cocktail” acts as a swelling agent for
polymers; therefore polymers used in packaging must be resistant to it
over the desired storage time and temperature range. For military use,
and uses of similar complexity, it is difficult to impose limitations on
storage duration and temperature. Therefore, packaging barrier
material that is most resistant to swelling should be used. Aluminium
foil is commonly used for this purpose, typically as a middle layer in a
three-layer laminate. Once a puncture-free aluminium foil is laminated
into the packaging, the long-term barrier requirements are met. Such
laminate technology has been validated over several decades, and is
widely utilized for common food products. It has already been
successfully used for the packaging of radiation-sterilized prepackaged
food, and its use is likely to continue.

Newly developed alternatives to the traditional barrier packaging that
offer even more advantages are currently under evaluation for
performance, durability under service conditions, and long-term
functional reliability (465). These include:

— metal-free barrier laminates, having extremely low oxygen and water
permeation, made with a glass-like barrier layer produced by plasma-
enhanced chemical vapour deposition in the laminate;

— packaging materials containing an oxygen scavenger in the polymeric
films, which can react with residual oxygen in the packaging and thus
eliminate oxidation-induced food spoilage;

— packaging materials containing antibiotics in the polymeric films,
which can prevent or retard growth of residual bacteria and fungi in
the food.

The selection of polymers for laminated packaging currently used for
radiation-sterilized food was based primarily on long-term stability of
the lamination and sealing (458, 460), polyethylene being the only choice.
While this selection was justified at the time new concerns about dose-
safety margin and testing of extractives emerged, leading to further
research efforts. Nowadays, numerous flexible and heat-sealable grades
of radiation-durable polymers are commercially available to the food,
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Figure 19
Comparison of polymer selection in the 1950s-1960s and the 1990s

Polymers available in the 1950s-1960s Polymers available in the 1990s
Available lamination technique Optimized lamination techniques
Polymer screening according Polymer screening according
to lamination and sealing durability to radiation durability
Available film grade(s) Selected optimal film grades
v v 3
2
Compromised screening according Grade screening according b4
to other factors to extractives, then other factors £

electronic and space industries, so that polymer properties can be
selected according to particular needs. This tailoring and optimization
can be achieved without compromising either the polymer constitution
or consequent radiation durability. Conditions are now such that it
should be possible to produce an unquestionably safe and highly durable
packaging laminate for high-dose radiation-sterilized prepackaged
foods (Figure 19).

7.3.4 Current practice in high-reliability food péckaging
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* The commonly used heat-sealable PET is an amorphous PET

copolymer (melting point as low as 80 °C); the PET grade used for
bottling soft drinks is partly crystalline, and those used for high-
strength films and fabrics are highly crystalline.

All grades of PET films have been given full approval for use with all
types of food by regulatory agencies in many countries.

Aluminium foils with certified low oil content are available for
laminates.

PET laminations using biaxially oriented films require the use of
adhesives. Epoxy adhesives, which are radiation-durable, are rarely
used for regular food-packaging laminates owing to their price.
Heat-sealable PET is adequate for either welding or extrusion
lamination, in which molten polymer is applied in the form of a thin
film between the layers to be laminated.

The quality of the raw films is tested by their manufacturers who are
required to provide a certificate of compliance certifying their
adequacy as a food-grade material.

* Based on these facts, a suggested organization of the laminate for

prepackaging foods to be irradiated is shown in Figure 20.



Figure 20
Organization of a laminate for prepackaging food to be irradiated

External side

‘ PET biaxially oriented film

‘ PET biaxially oriented film

WHO 98382

Internal side
PET - polyethyleneterephthalate

7.3.5 Packaging for radiation-sterilized precooked food

The current practice in packaging for radiation-sterilized precooked
foods relates to materials and methodologies that were developed and
tested by or for Natick over the last four decades. These foods have been
produced for consumption by special groups in the United States and
South Africa. The accumulated experience of use, especially by NASA
astronauts and their Russian counterparts in joint space flights, is
considerable (see Annex 1).

New developments in packaging for radiation-sterilized foods are in
progress with the aim of diversifying military ration components and
further improving their sensory attributes and overall reliability. These
developments include the assessment of improved barrier layers,
improved food preparation and packaging technologies, and enhanced
quality assurance methodologies. Future packaging trends under
assessment include a single-layer food pouch of highly radiation-durable
polymers, either in a barrier laminate or used alone. The assessment will
be based in part on the physicochemical responses and in part on the
analysis of extractives, rather than on mechanical changes. It will include
determining damage-dose profiles for many representative polymers as
candidates for radiation-processed food packaging.

A commercial company in South Africa (BIOGAM) uses a packaging
technology similar to that developed by Natick. Radiation-sterilized
foods have been produced for several years and are intended for
consumption by South African military personnel as well as by hikers,
backpackers and yachtsmen (see Annex 1). The data on the currently
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used packaging materials for radiation-sterilized foods in South Africa is
proprietary, but can be accessed on request.’

7.3.6 Polymer packaging quality assurance

7.4

Plastics used to be regarded as a cheap alternative to, or imitation of, an
expensive high-quality material such as metal, wood or glass; they
represented a compromise on quality in order to gain a price reduction.
Only in recent decades have the concepts of quality management and
quality production pervaded all industries, including the plastics
industry. Nowadays, high-quality resins with accurately specified
formulation, properties and history are available from leading
companies and dealers. Similarly, high-quality films, laminates and
pouches made from them are available from leading producers and used
by leading food manufacturers.

However, materials of inferior quality might still be encountered that
could compromise the quality of radiation-sterilized prepackaged food.
The selection of the appropriate polymer must be therefore accompanied
by a complete quality assurance procedure that includes the following
steps:

* Identification of the polymer.

* Determination of its desired nominal properties and the limits of
allowed deviation.

* Quality inspection of the resin manufacturing process and the product
testing process.

* Quality inspection of both manufacturing and testing processes for
polymer films and laminates, and for the trays, lids and pouches made
from these.

* Quality inspection of the food packaging process and the product
testing process.

* Quality inspection of the radiation-sterilization process and the
product testing process.

All these steps may be excessive for good engineering practice, but are
necessary for strict reliability practice.

Regulatory aspects

Regulations relating to food irradiation and packaging for irradiated
foods encompass the following:

* National regulations that permit radiation treatment of specific foods
or food products for public consumption.

' Ms Ingrid de Bruyn, Atomic Energy Corporation of South Africa, P.O. Box 582, Pretoria 001, South
Africa.
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* National regulations that permit the use of specific packaging ma-
terials for radiation-treated prepackaged food for public consumption.

* Good manufacturing practice methodologies for food production,
irradiation, storage and testing.

e Labelling in conformity with the regulations, including the irradiation
logo and an appropriate statement.

These legislative aspects are just part of the quality assurance system
necessitated by a high-technology product.

A comprehensive, updated database including information on regula-
tory status is maintained by the Secretariat of the International
Consultative Group on Food Irradiation. A listing of national approvals
for packaging materials is given in Table 39 (466).

The assessment of the currently used packaging for radiation-sterilized
food as safe has been validated by extensive animal feeding studies and
several decades of human consumption. However, the safety testing of
new discrete packaging materials for irradiated foods could be refined.
A comprehensive analysis of volatiles and other extractables would be
appropriate and practical (461-463). Laboratories are now equipped
with highly improved analytical methods as compared to the 1950s and
1960s, and extensive databases on the toxicity of molecules are
available.

Safety, reliability and suitability assessment

The process of assessing and validating candidate polymeric packaging
materials for radiation-sterilized food comprises two steps:

* Theoretical assessment of the suitability of candidate polymers or
laminates for the specific application. The durability, safety and
reliability of each candidate material are assessed, and safety margins
for the applicable radiation dose are set. Applicable definitions of
damage thresholds are also established. Data from manufacturer’s
data sheet for the candidate materials are compared with the stated
requirements. Candidate materials considered suitable for the
intended application are then recommended for experimental valida-
tion and acceptance tests.

* Experimental validation and acceptance tests are carried out on
representative lots of specific materials following common statistical
sampling and data analysis techniques:

Data-based assessment. This method is comprehensive, accurate and
reliable for data related to materials that have already been field-
tested. These data may also contain some history of product use,
history of storage, and a list of products and packaging solutions. Since
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Table 39
Packaging materials authorized for use for radiation-treated prepackaged food®

No. Packaging material Max. dose (kGy)  Country® Date®
1 Cardboard 10; 35 UK; Poland 1991°
2 Polyethylene coextruded polyvinylacetate 30 USA; Canada 1988
3 Polyethylene-co-vinylacetate 30 USA 1989
4  Fibreboard 10 India 1997
5 Fibreboard, wax coated (boxes) 10 USA; Canada 1989
6 Gilassine paper 10 USA 1975
7 Glass 10 India 1997
8 Hessian sacks 10 UK 1991°
9 Kraft paper 0.5 USA 1975
10 Nitrocellulose-coated cellophane 10 USA; India 1975
11 Nylon 11 10 USA; India 1975
12 Nylon 6 60; 10 USA; India 1975
13 Paper 10; 35 UK; Poland 1991°¢
14 Paper coated or laminated with wax 10; 35 India; Poland 1990

or polyethylene

15 Paper laminated with aluminium foil 35 Poland 1990
16 Polyamide film or polyamide coextruded

with polyethylene 35 Poland 1990

17 Polyester-metallized-polyethylene laminate 35 Poland 1990
18 Polyester-polyethylene laminate 35 Poland 1990
19 Polyethylene film (various densities) 60; 35, 10 USA, Poland; India 1975
20 Polyethylene-paper-aluminium laminate 35 Poland 1990
21 Polyethylene-terephthalate 60 USA 1975
22 Polyolefin (low-density as middle Canada 1989

or sealant layer)

23 Polyolefin (high-density as external layer) Canada 1989
24 Polyolefin film 10 USA 1975
25 Polypropylene sacks 10; 35 UK; Poland 1990°
26 Polypropylene — metallized 35 Poland 1990
27 Polystyrene film 10 USA,; India 1975
28 Polystyrene foam trays (Styron 685 D) 10 Canada; India 1989
29 Rubber hydrochloride fiim 10 USA; India 1975
30 Steel, tin plated or enamel lined 10 India 1997
31 Vegetable parchment 60; 10 USA,; India 1975
32 Vinylchloride-co-vinylacetate film 60; 10 USA; India 1975
33 Vinylidenechloride-coated cellophane 10 USA 1975
34 Vinylchloride-co-vinylidenechloride film 10 USA,; India 1975
35 Wood 35; 10 Poland; India 1990
36 Viscosa 35 Poland 1990

# Adapted from reference 466 with permission. Updated by the Secretariat of the International Consultative Group on
Food Irradiation, September 1997.
® Approvals: USA - 1975; Canada — 1989; Poland - 35 kGy, 1986; United Kingdom - 1991; India — 10 kGy, 1996;
earliest date of approval is cited.
° For dry herbs.
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currently produced raw materials, although compatible with those
used in the past, may differ from the original, new acceptance tests
would be mandatory if production is reinstated. While this con-
servative methodology is best for addressing conservative tasks, it is of
limited value when the task at hand involves extrapolating to higher
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radiation doses, longer storage durations, and stricter damage and
safety thresholds.

Extrapolation-based assessment. Radiation sterilization of prepack-
aged, precooked food is currently restricted to specific consumers, i.e.
patients in hospitals that need sterile food, personnel on military or
space missions, and individuals engaged in certain outdoor activities.
Approval for general public consumption necessitates establishing that
the safety of prepackaged foods radiation-sterilized at doses exceeding
10 kGy is not compromised by the packaging. This process again
involves a theoretical assessment and an experimental validation.

The theoretical assessment can be an extrapolation (or interpolation)
from data that already support the safety assessment. This is indeed the
case regarding the radiation stable packaging polymers, as shown
throughout this section.

The experimental validation could be relatively straightforward for
newer materials. Fully approved and comprehensively tested food-
grade, heat-sealable, commercially available polymers like PET (and
perhaps polyimide) could be easily adopted. Extrapolation of their
approvalis straightforward, and requires irradiation followed by post-
irradiation testing for certain mechanical properties and extractives.

Since safety has been demonstrated for foods packed in a trilaminate
pouch with a low-density PE food-contacting layer, irradiated to doses
as high as 105 kGy, products irradiated between 10 kGy and doses
consistent with microbial safety and sensory acceptance would be
correspondingly safe. If the damage-dose relation of this food-
contactant layer is sufficiently linear over an extremely wide dose range
(10times the intended dose), then a judicious extrapolation s justified for
a special application requiring a dose higher than tested before.

Many food products are regularly packaged in laminate pouches, made
primarily with high-durability polymers, including PET. Some producers
of laminate food packaging have extensive experience, well-established
quality assurance procedures, and excellent records of regulatory approval
of food-grade laminate products. Their procedures can be adapted to
ensure retention of the lamination between the PET (or polyimide) layers
and the aluminium inner-layer following high-dose irradiation.

Conclusions

Food packaging technology has made dramatic advances over the last 30
years in all the scientific and technological fields relevant to reliable and
safe packaging for prepackaged precooked irradiated foods. The most
important advances relate to:
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— characterization of physical properties required to protect specific
foods

— design of materials and packaging structure to meet specific
requirements

— polymeric materials grades, barrier properties and cleanliness

— radiation durability of new polymers, exceeding 10° kGy for many of
them

— analytical methods for testing of polymer properties and cleanliness

— safety and reliability assessment methodologies

On the basis of existing data and the insights gained from the above
advances, the Study Group concluded that:

* The currently used trilaminate pouch developed by Natick with
polyethylene as the food-contacting layer (which is approved) is of
proven safety, based on experience and long-term wholesomeness
testing.

* The concept of double packaging, which provides a single approved
layer in contact with the food, overwrapped with a laminated package
with the requisite physical properties, should be exploited.

* The concept of chemiclearance should be applied to packaging, since
the relationship between polymer structure and resistance to radiation
damage (including extractable products) can be established.

* Approving a particular packaging material for use in a radiation
sterilization procedure arrived at on the basis of extrapolation above
the currently used dose is also possible. It can be done straightfor-
wardly by referencing an established damage-dose response relation-
ship and extrapolating the packaging durability assessment to the
projected higher dose. If the extrapolated assessment indicates no
compromise in safety or functionality, then the procedure can be
considered acceptable.

Processing considerations

Processing food by irradiating to high doses is essentially identical to
radiation processing of food to any dose up to the currently accepted limit
of 10 kGy. However, the accepted and generalized concept of the hazard
analysis critical control point (HACCP) system is that the potential
hazards associated with a particular technology together with available
critical control points should be reconsidered when modifying that
technology — even for seemingly minor alterations. Modifications may
include a change in established and accepted dose limits and the
introduction of new process procedures or applications. The use of high
radiation doses to process precooked and prepackaged high-moisture
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foods represents a change in the objective as well as in the details of the
process. The relevant process parameters include extended residence times
of a frozen product in an irradiation facility and higher dose rates in order
to reduce treatment times. As a consequence of changing such primary
parameters, several other parameters are changed or adapted and need
special consideration. Likewise, product handling may be affected by
requirements for low temperatures (during pretreatment storage and
radiation processing) and for durable barrier packaging. Accordingly, the
Study Group reviewed irradiation and HACCP issues relevant to the
radiation processing of foods in the dose range above 10 kGy.

Radiation sources

It is generally accepted and has been adopted as a Codex Alimentarius
General Standard (2) that only the following radiation sources are
suitable for radiation processing of food:

— radioisotope sources: cobalt-60 or caesium-137
— machine sources: electrons up to 10 MeV and X-rays from electrons
up to 5 MeV.

The radiation processing industry, which applies this technology for
medical sterilization, for paint and ink curing, and for initiating
polymerization, has an exceptionally high record of occupational safety.
This is due, among other reasons, to the fact that weli-trained personnel
operate the facilities, that the nature of the irradiated products requires a
high level of quality assurance, that irradiation facilities have inherent
safety features, and finally that standards and supervision by responsible
authorities enforce adherence to good manufacturing procedures.

The radioisotope cobalt-60 is produced intentionally from metallic
cobalt-59 which, when inserted into specifically designed nuclear power
reactors, absorbs neutrons. The activated metal does not need any waste
refinement treatment, and is doubly-encapsulated as rods or discs in
stainless steel casings before being released to irradiation facilities. Even
for very high specific activities, the unavoidable self-heating could not
liquefy the solid metal. Cobalt-60 rods of very high specific activity can
be configured in appropriate source frames for use in high-dose and
high-dose-rate processing. The technology of cobalt-60 production,
handling and use is well established worldwide.

The radioisotope caesium-137 is obtained from spent nuclear fuel
elements, but is not readily available in the quantities that would be
needed for commercial exploitation.

The quantum energies of the gamma-rays emitted from both of these
acceptable radioactive sources, 0.66 MeV for caesium-137 and 1.13 and
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1.33 MeV for cobalt-60, are well below the thresholds for photonuclear
activation of any chemical element. Consequently, even at the highest
imaginable doses, no radioactivity can be induced in the exposed food by
these sources.

Asindicated above, electrons from machine sources are limited in energy
to 10 MeV, and primary electrons for producing X-rays are limited in
energy to 5 MeV. For the production of X-rays, converters are used that
consist of a material of high atomic number for better efficiency in energy
conversion and that have good physical properties such as a high melting
point; tantalum and tungsten are the most frequently used materials.
Such materials, appropriately cooled, can withstand the high electron
beam power needed for X-ray applications.

The possibility that radioactivity might be induced in food processed by
electrons or X-rays needs to be considered (/). The most important
physical processes to be taken into account are: the excitation of isomeric
states in nuclei by high energy photons; photonuclear reactions; and the
capture of neutrons produced in photonuclear reactions (principally
from deuterium). With respect to induced activity, estimates show that
only irradiation by X-rays is of concern, since the activity produced by
10-MeV electron irradiation is significantly lower than that produced by
5-MeV X-ray irradiation for equal absorbed doses. In the latter case,
neutrons are produced in the food by photonuclear reactions. After
“thermalization”, they are captured by certain elements in food yielding
extremely small amounts of short-lived radionuclides. Since the energy
of the X-rays is limited to 5 MeV, which is below the thresholds of
photonuclear reactions in heavy metals such as tungsten and tantalum,
no neutrons are emitted from the converter target.

The significance of induced activity in food resulting from high-dose
irradiation can be assessed by comparing it to the concentration of
naturally occurring radionuclides in the food (the most prevalent of
which is potassium-40) and the internal body doses resulting from
ingestion. Very conservative calculations show that the consumption of
food irradiated to doses up to 100 kGy results in doses to the consumer
that are at least a factor of 1000 below those from natural activity
inherent in the human body, in food, and in the environment. The
radiological impact of consumption of food irradiated to high doses
would therefore be insignificant.

Dosimetry

Radiation dosimetry is a well-established technology that can be used
over a wide dose range and in any anticipated application. Available
ASTM standards, national regulations and certification laboratories



bear witness to the applicability of this standardized measuring
technology (467, 468). It is based on distinct scientific principles
described in several textbooks and monographs that are widely available
(469-471).

The principles of dosimetry in general and of its application to food
irradiation in particular are well established (472-478). There are four
levels of dosimetry: absolute; reference; routine; and indicator. Absolute
dosimetry systems are usually operated by metrological institutions and
serve the purpose of certifying the physical quantity “absorbed energy
dose” and its unit the gray (Gy) with very high accuracy and precision;
such efforts are usually coordinated on an international level. The
inconvenience of carrying out the required procedures limits their
application in industrial radiation processing. Consequently, reference
dosimetry systems are used and are calibrated against some absolute
standard and then linked to the routine dosimetry system used in process
control. In this way, dose measurements are traceable to national and
international standards. Recently, label dosimeters have become
available. Such systems change colour or exhibit changes in other
easy-to-recognize features after reaching a certain dose level; they are
useful in routine dosimetry. Indicators must not be confused with label
dosimeters; what they have in common is that both are attached to the
surface of the products. Indicators cannot “indicate” a dose value; their
usefulness is in indicating that the products emerging from the
irradiation have been treated.

The challenge of dosimetry for food irradiation is the wide dynamic dose
range associated with diverse applications, the dose ranging from a
minimum of 10 Gy to more than 50 kGy and the applications ranging
from sprout inhibition to insect disinfestation, food sterilization and
product modification.

A range of four orders of magnitude is often not a problem for many
metrological technologies; however, most established dosimeters are
specific to a particular, narrower dose range. This limitation is especially
true for dosimeters suitable for routine applications in food irradiation.
Consequently, in order for an irradiation facility to provide services for
the entire dose range, several dosimeter systems covering overlapping
dose ranges must be used. Commercial contractors already provide such
services covering any dose range, and they have at hand several
dosimetry systems to prove that the dose received complies with
customer or regulatory requirements.

Most dosimetry systems, especially routine dosimeters, are sensitive to
dose rate, in particular to the dose rates of 10°~10° Gy/s that are
associated with electron beam processing facilities. In this connection, it

153



8.3

154

must be recognized that several radiation effects are also dose-rate
dependent, such as the loss of certain micronutrients, so dosimeters
suitable for these ranges of dose rates must be used.

Accordingly, dosimetry and process control — including setting of the
target dose — must take into consideration these and other chemical and
physical effects (479-487). Most dosimeters, for example, are affected by
temperature and phase during radiation processing (e.g. the radiation
chemistry of liquid and frozen aqueous solutions is completely different);
consequently, it must be carefully established that the chosen dosimeter
maintains its metrological characteristics at the specified processing
temperatures . There are other environmental factors affecting dosimeter
performance, including humidity; however, in most instances, shielding
the dosimeter against humidity by enclosing it in a plastic film would be
sufficient to avoid any problem. It must also be recognized that
dosimeters are sensitive to temperature during readout; however, in most
cases, simple correction functions apply.

Once the appropriate dosimeter or dosimeters have been chosen, it is
typically only necessary to map the dose distribution within a product or
product model and to couple that information with the measured time
the product remains in the irradiation treatment cell (dwell time) for
either continuous or batch operation, in order to obtain the correspond-
ing dose rates. The doses and dwell times used for determining dose rate
can be less than for the actual processing, since the operator ultimately
relies upon timers and conveyor speed controllers to deliver the desired
dose to the product. In this way, the operator ensures that the effect on
the dosimeter remains within its working range. Final verification of the
dose and dose spread can be made using a dosimeter suitable for the
intended range. Various solid state systems (e.g. alanine powders and
radiochromic films), solid or liquid calorimeters, and electronic (i.e.
charge integrating) devices are available for high-dose operations and
can be used as routine secondary dosimeters; they can be referred back to
primary standards for certification. All of these approaches have been
used successfully in achieving doses of 30-75 kGy both in radioisotope
and machine source facilities (Table 40).

Process control

Food irradiation is a self-limiting process. A dose that is too low would
not achieve the intended purpose, prompting the customer to challenge
the service provider for not providing the contracted dose and not
achieving the desired effect. A dose that is too high would affect the
sensory quality of the product, again prompting the customer to
challenge the operator for exceeding the contracted dose and spoiling the



Table 40
Examples of routine and reference standard dosimeters

Useful dose range (G
Dosimeter ge (Gy) Class

10° 10* 10° 102 107 10° 10" 10% 10° 10* 10°
| | | | | | | | | | 11

Alanine

Amino acids

Calorimeter

Cellulose triacetate

Ceric-cerous sulfate®

Clear PMMA

Dyed PMMA

Ethanol-chlorobenzene?

Ferrous-cupric sulfate®

Ferrous-sulfate®

Lithium borate/fluoride

Potassium/silver
dichromate

Dyes

10 10* 5-10*
Range for food processing (Gy)

PMMA = polymethylmethacrylate; R = routine; S = reference standard.
2Aqueous solution

product quality. Process control is the methodology used to achieve the
twin goals of a dose above the minimum required for sterilization and
below the maximum imposed by product quality. It also helps to settle
disputes between contractor and either regulatory officials or customers
and it produces records for later examination and verification (488).

In practice, process control relies primarily on past research and
practical experiences regarding the effectiveness of the radiation
treatment, i.e. the minimum dose necessary to achieve the beneficial
effect and — if applicable — the maximum dose tolerable to avoid any
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Figure 21
Product dose distributions for two radiation treatments within lower (D'°"°") and
upper (D"PP®") process limits for absorbed dose
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The narrower curve shows the dose distribution that would be chosen for certain products and their
quality considerations. Irradiation facility parameters are set so that less than 0.1% of the material to be
irradiated receives a dose of less than D' for effective treatment in both cases; less than 0.1%
receives a dose greater than D“PP®' for the wider dose distribution (target minimum dose arbitrarily
chosen at 25 kGy)
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detrimental effects to the product. In high-dose radiation processing,
where the aim is to achieve sterility, factors to be taken into account in
determining the minimum effective dose include the expected microbial
load, the known radiation sensitivity of the relevant species of
microorganisms, and the required reduction factor for that species.
Usually the “12D-concept” is applied (see section 5). The required
reduction (10'?) in the population of the most resistant spores of
Clostridium spp. translates into a treatment in various foods of 24-42
kGy. In order to guarantee an effective treatment, the operator sets the
target minimum dose at a safe level above this minimum value (Fig. 21:
lower process limit D'V = minimum effective dose). From sets of
dosimeters placed in replicate at the expected minimum dose positions, a
statistical distribution is obtained that is characterized by mean value
and standard deviation. For quality control procedures, a lower alert
limit is used to keep any fluctuations of the dose at the expected position
of the minimum dose well above the process limit. The same
considerations apply, but inversely, for any upper dose limit (Fig. 21:
upper process limit D"PP" = maximum tolerable dose). This approach



will result in a dose distribution within the irradiated food lot, batch or
consignment that clearly falls between the targeted dose limits (Fig. 21).
Depending on technical conditions and customer requirements, the
resulting dose distribution could either exploit the maximum tolerable
value in setting the ratio between maximum and minimum doses or be
restricted to a very narrow dose spread.

It should be recognized that the useful dose range in sterilization
applications (the range between maximum and minimum doses) will, in
many instances, be less than that used in commercial irradiation facilities
where the ratio between maximum and minimum dose is less than 3 but
often more than 2 (1). For comparison, in the Raltech study (489), the dose
distribution was characterized by a mean dose of 59 kGy, a minimum dose
of 47 kGy, and a maximum dose of 71 kGy; the Dpax /Dmin ratio was 1.5.
This narrower dose spread is achieved by less loading of the carriers (thus
limiting the throughput), but assures a safe and acceptable product. It
should be emphasized that none of the over 300 000 samples prepared for
the Raltech study swelled or was otherwise spoiled.

The most anticipated application of high-dose irradiation of food is to
achieve sterility to make the product stable at room temperature. Process
control is very critical for delivering the minimum dose required to
achieve the desired effect. Unlike medical disposables, the available
margin for the maximum tolerable dose might be very narrow for a food
whose quality attributes are sensitive to excessively high doses; its
flavour, texture and appearance might be compromised. Consequently,
the dose distribution in each and every lot being irradiated must be
consistent with the technological limits appropriate to that product, and
process control procedures must be introduced to keep the dose within
the appropriate lower and upper margins.

Good irradiation practice requires that a technically practical narrow
range between Dy, and Dy, be targeted. Specific requirements for
radiation-sterilized products can best be fulfilled in this way, using
existing radiation processing facilities.

Besides good irradiation practice, the general rules of good manufactur-
ing practice should also be followed rigorously. In particular, the initial
microbial load of the product must be kept as low as possible (490) and,
therefore, high standards of hygiene in product preparation and
handling are required.

From a regulatory standpoint, lower and upper legal dose limits could be
set — if appropriate — that accommodate the lower and upper process
dose limits. For example, it could be argued that legal limits are
inappropriate for sprout inhibition of potatoes: if the process fails
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because too low a dose was used, there is no health hazard to the
consumer; if the dose used was far too high, the quality of the potatoes is
impaired, but again no health hazard would be posed by consuming such
potatoes. However, it may be appropriate to set limits when irradiating
for specific purposes, e.g. irradiating chicken parts to eliminate
pathogenic microorganisms. Consequently, United States regulations
currently require a minimum dose of 1.5 kGy in order to fulfil the
purpose of the radiation treatment. It is reasonable for authorities to set
the lower legal dose limit in high-dose application at or above the lower
process limit that had been determined and validated as necessary to
sterilize a particular product. Again, however, too high a dose in
sterilization treatments could impair the product’s quality, but without
any toxicological consequences, and would therefore limit its suitability
for consumption — so again no legal limits need to be specified.

Process control in radiation processing relies on controlling the
minimum and maximum doses throughout a given consignment, batch
or treatment. In high-dose processing, the main purpose is to achieve
microbial sterility, which to satisfy the 12D-concept requires a minimum
dose, depending on the food, of 24-42 kGy. This requirement is met by
setting process parameters in such a way that the resulting dose
distribution at the expected position of the minimum dose is well above
the specified minimum dose (Fig. 21). This minimum is achieved by
choosing a tolerable error probability and calculating a tolerance range
from the standard deviation of the respective measurements and the
tolerance factor determined by number of measurements and applicable
error probability. For example, a tolerable error probability of 0.1%
would have a tolerance range of about 3.1. It is generally accepted (Z, 2)
that the maximum dose for any treatment under commercial circum-
stances is about 50% above the average dose and that the ratio between
maximum and minimum dose can be kept to less than 3.0; the average
dose can be expected to be the mean of the maximum and minimum
doses.

With regard to regulatory limitations, there tends to be a misunder-
standing of the term “overall average dose”. This misunderstanding is
evident in connection with its numerical value of 10 kGy for low-dose
applications adopted by the Joint Expert Committee in 1980 (/) and
accepted by Codex Alimentarius in 1983 (2). Some regulations specify
values lower than 10 kGy for the overall average dose for certain groups
of food in order to avoid doses in any part of the food being greater than
10 kGy. The meaning of this quantity can best be understood by bearing
in mind that toxicological potential is linked to chemical change and that
the formation of radiolysis products is linearly proportional to dose (see
section 3) in the dose range of interest (~100 kGy). This linearity implies
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that any “over-treatment” is compensated by ‘“‘under-treatment”, so
only the average formation of radiolysis products is relevant. Conse-
quently, overall average dose denotes a grand mean of doses applied to
the food; regulatory limitations — if needed — can be derived in the light
of Fig. 21 and the discussion above.

Environmental parameter control

Food processing in general requires control not only of process
parameters but also of a range of environmental parameters. The basic
approach is to isolate the food from the environment by enclosing it
within packaging material that provides a barrier to molecular
transmission and, in some cases, to light penetration. Since the main
intended effect of radiation processing of food to high doses is the
elimination of pathogenic and spoilage microorganisms and, hence, the
achievement of sterility, the packaging material must prevent any
recontamination by ubiquitous microorganisms in the environment, yet
not introduce any undesirable effects as a consequence of the irradiation
(see section 7).

With the exception of product improvement applications, such as
increased juice extraction, high-dose radiation processing will always be
primarily part of a ““‘combination treatment” directed towards produ-
cing a shelf-stable product. The combination involves: heating to
inactivate proteolytic enzymes, which are rather radiation-insensitive
and not completely inactivated by even the radiation doses considered at
present; vacuum packing to eliminate oxygen and to retain volatile
flavorants; and freezing the product and maintaining the frozen state
during irradiation, which is most important for minimizing side effects
such as the formation of off-flavours. Since the product is stored deep-
frozen prior toirradiation, it must be handled as other deep-frozen foods
in order to avoid “melt-thaw~freeze” damages and ‘‘freezer-burn”
caused by recrystallization. Packaging and packing conditions can be
selected that permit the use of a “controlled atmosphere™ or a ““‘modified
atmosphere”, which offers the potential of achieving product stabiliza-
tion with lower doses. '

A radiation-sterilized product, heat-treated for enzyme inactivation
(which corresponds to being precooked and ready-to-eat), packaged to
shield the product from recontamination, and sealed under vacuum in
order to suppress oxidative processes, should be very insensitive to post-
irradiation environmental factors, in particular humidity and tempera-
ture. It should remain stable and retain its qualities for as long as the
package retains its integrity (see Annex 1). Radiation-sterilized diets
have been used in hospitals in Scotland (49/) and Washington, United
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States (492); however, this application was discontinued for practical
reasons when more stringent regulations hampered the further use of
such products at one hospital and an irradiation facility was no longer
available at the other. Samples of irradiated ham prepared for the 1977
joint Apollo-Soyuz space flight and kept at ambient conditions are still
intact 20 years later in their original multilayered flexible packages. Since
the 1980s, irradiated foods, including bread, breakfast rolls, beefsteak,
ham and smoked turkey, have been used regularly on space flights (493).
South Africa has a conditional clearance for sterile meats for use in
producing ready-to-heat-and-eat meals for use by outdoor enthusiasts.
Such products are hermetically sealed in mechanically-resistant, oxygen-
impermeable, light-shielding plastic pouches that can withstand extreme
environmental conditions and exhibit prolonged shelf-life. Several other
applications are anticipated, and there are publications in scientific
literature describing the sensory and nutritional quality of radiation-
sterilized foods (125, 251, 304, 494, 495).

Re-irradiation

Under certain circumstances, it might be justified to process a food
commodity that has already been irradiated (/). Examples of such
situations include: dry products, such as grain, irradiated for insect
disinfestation where re-infestation requires repetition of the treatment,
as with fumigation; products manufactured from a raw material that
had been irradiated for some purpose, such as onions previously
irradiated to inhibit sprouting or dried onions prepared from irradiated
onions, but where the final product needs to be processed by ionizing
radiation for some justified purpose; and an irradiated minor
ingredient, such as spices, where the final product containing this
ingredient is to be irradiated for a justified purpose. It was concluded
that the additional amount of radiolysis compounds in the final
products would be insignificant and, hence, that this practice would
be acceptable (I, 2, 490). This rationale also applies for products,
processed to higher doses by ionizing radiation in order to obtain
sterility, that contain irradiated ingredients or raw materials; an
example is a composite food or meal containing vegetables, meats and
spices, all previously irradiated for purposes other than sterilization.
The dose and incremental amount of radiolysis compounds would be
insignificant and, hence, the use of previously irradiated ingredients in
products to be sterilized by irradiation would not need special
processing consideration. Situations other than these that require
repeated irradiation are not in compliance with good manufacturing
practice and should be considered unacceptable. It should be noted that
fractionated irradiation — where the full dose is applied in two or more
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instalments — is not considered to be a repeated irradiation;
fractionation could occur when the irradiation is interrupted for
technical reasons (e.g. failure of the transport system).

Conclusions
In view of these considerations, the Study Group concluded that:

« the minimum absorbed dose needed to sterilize a food product can be
accurately and reproducibly measured by following standardized
dosimetric procedures;

the ratio of maximum to minimum absorbed dose in any processed

food lot, batch or consignment can be accurately and reproducibly

defined from the dosimetric measurements;

* the processing and environmental parameters essential for ensuring
that the food product is sterilized within the targeted dose range under
technologically prescribed conditions can be properly monitored and
recorded; and

* the overall handling of the product and process can be sufficiently
controlled to ensure that products receive the required sterilizing dose,
either in one treatment or in a properly fractionated sequence of
treatments, and that they are not re-irradiated unless technically
justified.

Conclusions

Wholesomeness: safety and nutritional adequacy

The Study Group concluded that food irradiated to any dose
appropriate to achieve the intended technological objective is both safe
to consume and nutritionally adequate. This conclusion is based on
extensive scientific evidence that this preservation process can be used
effectively to eliminate spores of proteolytic strains of Clostridium
botulinum and all spoilage microorganisms, that it does not compromise
the nutritional value of the foods, and that it does not result in any
toxicological hazard. Recognizing that, in practice, the doses applied to
eliminate the biological hazards would be below those doses that might
compromise sensory quality, the Study Group concluded that no upper
dose limit need be imposed. Accordingly, irradiated foods are deemed
wholesome throughout the technologically useful dose range from below
10 kGy to envisioned doses above 10 kGy.

Substantial equivalence

In assessing risk, the Study Group concluded thatirradiation to high doses
is essentially analogous to conventional thermal processing, such as the
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canning of low-acid foods, in that it eliminates biological hazards (i.e.
pathogenic and spoilage microorganisms) from food materials intended
for human consumption, but does not result in the formation of physical
or chemical entities that could constitute a hazard. Abundant and
convincing data indicate that high-dose irradiated foods do not contain
either measurable levels of induced radioactivity or significant levels of
any radiolysis products distinct from those found in unirradiated foods.
The theoretical maximum levels that might be formed would be so low as
to be of no toxicological consequence. Accordingly, none of the
toxicological data derived from extensive animal feeding studies reveals
any teratogenic, carcinogenic, mutagenic or other harmful effects that are
ascribable to high-dose irradiated foods. For these reasons, the
application of “risk assessment” in the currently accepted sense' is not
appropriate to the toxicological assessment of foods preserved by high-
dose irradiation. In this context, the concept of “‘substantial equivalence”
may be more appropriate. High-dose irradiated foods are indeed as safe as
food materials sterilized by thermal processing, which humans have been
eating for more than a century.

Applications

The Study Group concluded that high-dose irradiation, conducted in
accordance with good manufacturing practices and good irradiation
practices, could be applied to several types of foods to improve their
hygienic quality, to make them shelf-stable, and to produce special
products. These foods are envisaged to include, but not be limited to: spices
and other dry food ingredients; prepackaged precooked foods that could be
stored at ambient temperature for extended periods; and sterilized meals
for specific target groups (such as disaster victims, outdoor enthusiasts, and
the immunocompromised). Components of all classes of foods whose
sensory qualities are not compromised could be irradiated to high doses,
either singly or in any combination. Packaging materials that are
technically applicable and approved should be used as appropriate.

Global standardization

The Study Group concluded that appropriate steps need to be taken to
establish the technological guidelines implied by these conclusions and
to communicate them through Codex Alimentarius standards.

' In 1997, the Codex Alimentarius Commission adopted, on aninterim basis, the following definition for
risk assessment: "A scientifically based process consisting of the following steps: (i) hazard
identification; (i) hazard characterization; (iii) exposure assessment; (iv) risk characterization.”
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10. Recommendations

1. The substantial benefit to food safety and food availability that
would accrue directly from the broad application of food irradiation
requires that steps be taken to put this technology into wider practice.
These steps will involve standardization, communication and
education.

2. WHO, in collaboration with FAO and IAEA, should:

— coordinate the preparation of documentation and the drafting of
appropriate technical language for adoption of standards by the
Codex Alimentarius Commission;

— prepare appropriate brochures and documents that integrate food
irradiation into existing guidelines and rules governing the safe
production, distribution and handling of food in order to
minimize the spread of microbiological contamination and
incidence of foodborne illnesses;

— organize and participate in appropriate training courses and
workshops to educate food regulators and food workers about the
role food irradiation could, and should, play as a control measure
in the framework of the application of the hazard analysis critical
control point (HACCP) system.

3. WHO should take the lead in advising international agencies and
national ministries of health on the implementation of integrated
strategies, including food irradiation, for preventing the transna-
tional spread of pathogens in human food and animal feed, for
controlling foodborne illnesses, and for enhancing the availability of
safe and nutritious foods.
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Annex 1

High-dose irradiated foods — practical experience

Introduction

Practical experience in the use of high-dose irradiated foods demon-
strates that the important quality attributes of such foods are retained
during processing and subsequent storage and confirms that the target
average doses used to eliminate any microbiological hazard are effective
and sufficient. Early researchers developing these products relied on the
evaluations made by technical panels and small consumer panels to
refine product formulation and processing, but they had no significant
opportunity to validate the laboratory results with large numbers of
consumers. Regulatory limitations worldwide have precluded any such
large-scale testing, so feedback on the acceptability of the high-dose
irradiated foods could only be obtained where special niches of approved
use existed. Such special groups for which approval was obtained
include: immunocompromised hospital patients; United States and
Russian astronauts; and military personnel and outdoor enthusiasts in
South Africa.

High-dose irradiated products

Persons with compromised immune systems

194

Beginning in 1974, the Fred Hutchinson Research Center in Seattle,
Washington, offered radiation-sterilized food items to patients with
compromised immune systems so as to maintain their nutritional health
and to prevent ingestion of foodborne infective agents (/). Food not
suitable for autoclaving to destroy microbial contaminants, such as
breads, pancakes, tortillas, crackers, stuffing mix, pastries, cereals, dry
beverages, snacks and candies, nutritional supplements, meats and
condiments, were irradiated to achieve sterility. These products were
very favourably received by the patients. Because the irradiation source
at the University of Washington had decayed to too low a level of
activity, the use of irradiation was discontinued in 1988. The additional
staff time needed to prepare the extensive documentation required for
upgrading the source and for renewing approval for its use was
considered prohibitive (S.N. Aker, personal communication).

Deep-frozen meals irradiated to an average dose of 75 kGy have also
been produced in the Netherlands for use by hospital patients.

Programmes to inform high-risk individuals about the advantages of
irradiation are under way in the United States. As part of the food safety
initiative, lowa State University has developed video-based educational



materials on food irradiation technologies and microbial food safety.
These materials are intended for use by health care and other
professionals when working with immunocompromised persons and
their care givers.

Astronauts

From the inception of the United States space programme, astronauts
have consumed irradiated food while in space. Irradiated products were
eaten by United States astronauts on the Apollo 17 flight to the moon in
December 1972 and on joint space flights with Soviet cosmonauts.
Between 1981 and 1986, 228 portions of irradiated meat products and
121 bakery products were consumed (2). These irradiated foods were
considered highly aceptable (3) and were selected because of their higher
sensory quality compared to thermally-processed counterparts (2).
Irradiated beefsteaks were also used on NASA Space Shuttle flights in
1993 (4). In addition to steaks, the United States Army Natick Research,
Development and Engineering Center produced irradiated smoked
turkey slices, corned beef, chicken, burritos, pork chops and pizza for the
shuttle flights. In 1996, over 2500 beefsteaks, sliced turkey and other
meat products were produced and radiation-processed (5). Four new
products for NASA were also developed. In sensory panel evaluations,
the new irradiated grilled beefsteak, breaded chicken breast, pork chops
and corned beef all received scores above that required for shuttle foods.

South Africa

South Africa markets irradiated shelf-stable foods and a variety of other
irradiated products including spices and herbs, honey products, torulite
yeast, garlic, egg products and fresh vegetables. The type of shelf-stable
foods and consumer response to them are of particular interest.

Research into irradiated shelf-stable meat products was initiated during
1977 as a result of a request from the Armed Forces. During the early
1980s, several products were developed in conjunction with food
scientists from the Council for Scientific and Industrial Research and
from Technicon of Pretoria. Researchers irradiated novel convenience
foods that cannot be satisfactorily prepared by alternative methods such
as canning or retorting (6); 12 dishes were tested, including grilled
chicken, curried chicken, bacon, curried beef and a Malaysian dish called
bobotie. Between 1982 and 1987, approximately 20 000 portions were
produced and evaluated by individuals, expeditions and the Armed
Forces. In 1989, approval was obtained from the Department of Health
to supply shelf-stable irradiated food to the Armed Forces.
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Table A1

Sale in portions (~150 g) of shelf-stable irradiated meat in South Africa
Year Military Non-military
1987 18 660 NA
1988 20 000 NA
1989 25 000 2 859
1990 25 000 5726
1991 415 750 8 286
1992 415 750 9 870
1993 415 750 12 826
1994 236 650 11 867
1995 206 590 22 355
1996 0 25 579
1997 0 37 147

Reproduced from Bruyn (7) with permission.
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In 1987 and 1988, approximately 20000 portions of shelf-stable meat
items were sold to the military (7). The quantity increased to 25000 per
year in 1989 and 1990, then to over 400 000 per year in the period 1991-
1993 (Table Al). Annual sales decreased to over 200000 in 1994 and
1995 owing to restructuring of the military.

The total of about 1.8 million portions (about 3 million kg) of high-dose
irradiated foods consumed by the military provides a basis for assessing
acceptance by users. Many special forces personnel have relied upon
these ration portions for their entire intake of protein for extended
periods. There have been no incidences of adverse health responses
reported (7). Moreover, these foods were found to be “consistently of the
highest quality.”

In 1989, the sale of shelf-stable meat items to non-military customers
began with 2859 portions sold in the first year, increasing to almost
10 000 in 1992 and 25 579 in 1996. Increased sales after 1989 were
associated with permission being obtained to sell in selected hiking and
outdoor shops and to undertake a marketing programme, which
included tasting. High-dose irradiated products were clearly popular
among yachtsmen and other outdoor enthusiasts, based on feedback
from them. Yachtsmen competing in a race from the Cape to Rio
accounted for a large quantity sold in 1996.

A marketing survey among the general population found that, while
only 15% initially indicated they were likely to purc