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FOREWORD

The International Consultative Group on Food Irradiation (ICGFI) was established on
9 May 1984 under the aegis of FAO, IAEA and WHO. ICGFI is composed of experts and
other representatives designated by governments which have accepted the terms of the
"Declaration" establishing ICGFI and have pledged to make voluntary contributions, in cash
or in kind, to carry out the activities of ICGFI.

The functions of ICGFI are as follows:

(a) To evaluate global developments in the field of food irradiation;
(b) To provide a focal point of advice on the application of food irradiation to Member

States and the Organizations; and
(c) To furnish information as required, through the Organizations, to the Joint

FAO/IAEA/WHO Expert Committee on the Wholesomeness of Irradiated Food, and
to the Codex Alimentarius Commission.

As of January 1996, the following countries are members of ICGFI:

Argentina, Australia, Bangladesh, Belgium, Brazil, Bulgaria, Canada, Chile, Costa
Rica, Cote d'lvoire, Croatia, Cuba, Czech Republic, Ecuador, Egypt, France,
Germany, Ghana, Greece, Hungary, India, Indonesia, Iraq, Israel, Italy, Malaysia,
Mexico, Netherlands, New Zealand, Pakistan, People1 s Republic of China, Peru,
Philippines, Poland, Portugal, Republic of Korea, South Africa, Syrian Arab
Republic, Thailand, Turkey, Ukraine, United Kingdom, United States of America,
Viet Nam and Yugoslavia.

This publication contains a compilation of available scientific and technical data on
the irradiation of red meats. It was originally prepared by G. Giddings (deceased) and edited
by M. Patterson (while on secondment to the Joint FAO/IAEA Division of Nuclear
Techniques in Food and Agriculture's Food Preservation Section and ICGFI Secretariat from
the Queen's University of Belfast and the Department of Agriculture for Northern Ireland).

This report is intended to complement a previous IAEA publication on Irradiation of
Poultry Meat and its Products - A Compilation of Technical Data for its Authorization and
Control" (IAEA-TECDOC-688).

This monograph incorporates valuable comments by M.P. Doyle (USA), J. Farkas
(Hungary) and D.W. Thayer (USA).



EDITORIAL NOTE

In preparing this publication for press, staff of the IAEA have made up the pages from the
original manuscript(s). The views expressed do not necessarily reflect those of the governments of
the nominating Member States or of the nominating organizations.

Throughout the text names of Member States are retained as they were when the text was
compiled.

The use of particular designations of countries or territories does not imply any judgement
by the publisher, the IAEA, as to the legal status of such countries or territories, of their authorities
and institutions or of the delimitation of their boundaries.

The mention of names of specific companies or products (whether or not indicated as
registered) does not imply any intention to infringe proprietary rights, nor should it be construed as
an endorsement or recommendation on the part of the IAEA.
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1. INTRODUCTION

The aim of mis monograph is to provide the rationale and justification for treating red
meats with ionising radiation for improving microbiological safety, parasite control and
extending non-frozen shelf-life.

It is intended to complement a previous publication "Irradiation of Poultry Meat and
its Products - A Compilation of Technical Data for its Authorization and Control" (56).

2. SCOPE AND PURPOSE

2.1. SCOPE: FOODS COVERED IN THE MONOGRAPH

Meats are defined as the raw, edible products of domesticated and 'wild-hunted'
mammalian and reptilian human food sources. The meats can be fresh or frozen, intact or
comminuted, and include the raw edible tissues of the skeletal muscle and organs (e.g. heart,
liver, tongue).

2.2. PURPOSE OF THE IRRADIATION TREATMENT

The primary purpose of irradiating red meats is to kill microbial pathogens (e.g.
Campylobacter jejuni, Escherichia coli 0157:H7, Listeria monocytogenes, Staphylococcus
aureus, the Salmonellae, and Yersinia enterocoliticd) and infectious parasites (e.g.
Trichinella spiralis, Toxoplasma gondii and Taenia solium), thereby reducing related
incidences of food-borne illnesses and loss of life. Realizing this public health objective also
gives the economic benefit of extension of non-frozen (i.e. fresh and defrosted) edible-
marketable life. The latter results from the simultaneous reduction in numbers of the non-
pathogenic, and generally very radiation sensitive, spoilage microflora that are common in
such foods. The onset of typical, recognizable spoilage patterns can be delayed by a matter
of days to a week or more in the dose ranges of interest for non-frozen meats, and under
existing and anticipated packaging, holding and distribution conditions.

3. JUSTIFICATION OF THE TREATMENT

3.1. GENERAL

Foods of animal origin such as unprocessed meat, seafood and raw milk, usually
contain large numbers of spoilage microorganisms. Potentially, pathogens such as
Salmonella, Campylobacter, L. monocytogenes, E. coli O157:H7 and parasites can also be
present.

Two approaches have traditionally been used to prevent foodborne disease from
animal products: (a) adequate processing to eliminate or reduce the number of pathogens and
(b) education of food workers and consumers in the safe handling of foods (136). In
addition, it is essential that animals are reared under appropriate hygienic conditions so that



the incidence of contaminated products entering the food chain is kept to a minimum. These
measures are important and necessary as part of good operating procedures. However, they
have not been sufficient to prevent increases in foodborne illness worldwide.

In general, adequately processed foods, such as canned meats and pasteurised milk,
are not a major source of foodborne disease. However raw foods which are prepared in food
service operations and in the home can be undercooked and/or recontaminated with pathogens
after cooking. This can lead to illness particularly if the foods are subjected to temperature
abuse before consumption.

It is therefore desirable that products, particularly those which are raw, entering the
food service or home environment are as free as possible from pathogens. Indeed the first
of the 10 "World Health Organization Golden Rules for Safe Food Preparation" advises
consumers to purchase foods processed for safety. Examples quoted include the
recommendation to buy pasteurised as opposed to raw milk and to select fresh or frozen
chickens which have been treated with irradiation (60). Hazard Analysis Critical Control
Point (HACCP) systems are increasingly being used by food processors to ensure the safety
of their products. For example, the heat treatment (time and temperature) is a critical control
point in both the pasteurization of liquids and in the production of shelf-stable canned foods.
Similarly, irradiation can be a critical control point in the "pasteurization" of solid foods such
as meats. The technology has the additional benefits of reducing the numbers of spoilage
organisms, so giving extended shelf-life to certain foods, including meats and does not
significantly affect physio-chemical properties so foods retain their raw appearance.

3.2. EFFECT OF IRRADIATION ON BACTERIAL PATHOGENS IN RED MEATS

The National Advisory Committee on Microbiological Criteria for Foods (1993) in
the USA (93) cited E. coli 0157:H7 along with the Salmonellae, Clostridium perfringens and
Staph. aureus as "the primary bacterial etiologic agents for beef related outbreaks", with the
latter two generally associated with cooked products (e.g., retail and foodservice precooked
roast and corned beef). The Committee noted that although Bacillus cereus,
L. monocytogenes and Y. enterocolitica have been linked to outbreaks connected with
products of animal origin, they are typically not associated with beef product-related
outbreaks. In contrast, the diarrhea-causing A eromonas hydrophila" can be frequently isolated
from refrigerated raw beef.

The Committee also cited "two basic approaches to decontamination. The first
approach usually consists of spraying carcasses during slaughtering and/or chilling. These
procedures can reduce but will not destroy all the enteric pathogens (9, 17, 39). The second
approach consists of irradiating packaged meat. Irradiation doses currently approved for use
with poultry .... would be sufficient to destroy levels of the enteric pathogens that would
normally be present on freshly packaged meat." It was further pointed out that "irradiation
is an effective technology for destroying enteric pathogens in fresh meats ... Used
appropriately, irradiation can be an effective method for assuring safety of raw meats,
particularly raw ground beef." Radiation pasteurization offers a unique end-point terminal
safety insurance treatment of packaged meat as part of a HACCP program.
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3.2.1. Vegetative pathogens

Aeromonas hydrophila

A. hydrophila is increasingly being recognized as a major cause of diarrhea in humans
(12). It has been found in many retail foods including fish, seafood, red meat and poultry,
often at levels of lOVg (98). Palumbo et al. (97) reported D10 values (irradiation dose
required to inactivate 90% of the population) from 0.14 to 0.19 kGy for five strains of
psychrotrophic A. hydrophila in ground beef irradiated at 2°C, making it one of the most
radiation sensitive of the non spore-forming pathogens. No significant differences in radiation
sensitivity were observed between stationary and log-phase cells.

Yersinia enterocolitica

Y. enterocolitica is often present in foods of animal origin. The organism has been
isolated from beef, lamb, poultry, pork, milk and seafood (21). However, with the exception
of pork, most isolates obtained from foods are non-pathogenic.

Y. enterocolitica is very sensitive to radiation. El-Zawahry and Rowley (26) reported
a D10 value of 0.2 kGy for Y. enterocolitica strain IP107 irradiated in ground beef at 25° C,
which is in agreement with D10 values of between 0.1 to 0.21 kGy reported by Tarkowski
et al. (119) for three strains irradiated in raw ground beef at 18-20 C. Y. enterocolitica is
more radiation resistant at lower temperatures and D,o values of 0.39 kGy at -30°C have been
recorded (119). This phenomenon has been observed with many other microorganisms (14,
88). The protective effect of low temperature may be due to the suppression of the indirect
effects of reactive intermediates, such as .OH radicals, resulting from water hydrolysis.
Freezing immobilizes water molecules and thus the diffusion of free radicals is restricted.

Campylobacter spp.

In 1990, the annual incidence of campylobacter infections in the UK was estimated
to be 87/100,000 (110). Similar rates have been reported in Europe and North America.

There are three main ways in which humans can become infected from animal flesh:
(a) by handling of the raw product during preparation for cooking, (b) by consumption of
raw or undercooked product, (c) by cross-contamination from raw meat to "innocent" foods
such as salads, bread or cooked meat (110). Cattle, sheep and pigs commonly carry
campylobacters in the gastrointestinal tract but air chilling as part of the slaughtering greatly
reduces numbers. However the infectious dose can be very low, possibly only a few hundred
bacteria so any method to remove the organism from raw meats would be beneficial in
reducing the incidence of disease.

Campylobacter spp. generally have similar D10 values to Y. enterocolitica. Clavero
et. al. (14) reported D10 values for five strains of Camp, jejuni in inoculated low fat raw
ground beef as approximately 0.18 kGy (refrigerated) and around 0.24 kGy (frozen). This
is in good agreement with the findings of Lambert and Maxcy (67) and Tarkowski et al.
(119). However significant differences in the radiation sensitivity between different species
and within strains of the same species have found, with D10 values ranging from 0.12 to 0.25
kGy, when various Campylobacter spp. were irradiated in chilled poultry meat (99).



Salmonella spp.

Salmonella spp. continue to be a major cause of foodborne illness world wide and in
many countries reported cases of salmonellosis have increased steadily during the 1970s and
1980s (91).

Salmonellas are zoonotic organisms carried in the intestinal tract and associated organs
of most farm and wild animals. Despite attempts to reduce infection in live animals, and to
apply good hygienic practices in the abattoir and during further processing, it is inevitable
that some raw meats will be contaminated with the pathogen. Irradiation could be
introduced, as part of a HACCP system in the food processing chain, to reduce the incidence
of this and other pathogens.

D10 values of 0.5 to over 1 kGy have been documented for Salmonellae, depending
on strain, irradiation conditions and substrate (131). Typical D10 values of 0.6 kGy have
been recorded in chilled ground beef and chicken (14, 130). A value of 0.58 kGy was also
found for two S. typhimurium strains irradiated in chilled, pre-radiation sterilized ground
roast beef (47). Maxcy and Tiwari (83) reported a D,o value of 0.49 kGy for 5. typhimurium
irradiated in high fat (40-44%) compared to a value of 0.59 kGy in low fat (3.3-5.6%)
ground beef. Similarly the D10 values for S. enteritidis were 0.48 kGy and 0.69 kGy in high
fat and low fat beef respectively. It is known that proteins can protect microorganisms from
irradiation due to the presence of radical scavengers, such as sulphydryl compounds, which
can "mop up" water and oxygen radicals. Assuming low fat means high protein, it is
possible that this meat gave greater protection to the pathogens resulting in higher D10 values.
However, other studies have shown that the level of fat did not significantly affect the D10

value of Salmonellae in beef (14).

In a comparison of their radiation resistance in minced beef, lamb, pork, turkey breast
and leg meat and mechanically deboned chicken at 5°C, five Salomonella serovars, showed
a much lower D10 value in pork (0.51 kGy) than in beef, lamb and the two turkey meats
(average 0.70 kGy). These differences did not appear to be explainable on the basis of
proximate or fatty ester composition; however all values were within the expected ranges for
the organisms (128).

Listeria monocytogenes

L. monocytogenes is widespread in the environment and has been recovered from
dust, soil, animal feeds and fresh and processed foods, including poultry and red meat and
meat products.

L. monocytogenes has a similar radiation resistance as the Salmonellae when one
takes into account species/strain variability, with typical D,o values of 0.51 to 1.0 kGy in
ground beef, (25), 0.27-0.77 kGy in mechanically deboned poultry (54) and 0.40-0.64 kGy
in roast beef and gravy (47). Thayer et at. (128) reported there was no significant differences
between minced beef, lamb, pork, turkey breast and leg meat, and mechanically deboned
chicken and the average D10 value was 0.47 kGy.

In common with other pathogens, a sublethal effect of irradiating L. monocytogenes
is observed as an extended lag time until surviving cells resume active cell division, and
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multiplication either to infectious levels or to significant toxin producing levels. This can be
much longer than for uninjured cells, even extending beyond the time to appearance of
objectionable spoilage symptoms from outgrowth of surviving spoilage flora (46, 100).

Escherichia coli O157:H7

This organism is now recognized as an important cause of foodborne disease. Most
outbreaks of E. coli O157:H7 have been linked to consumption of undercooked ground beef,
although there have been cases associated with the consumption of raw or improperly
pasteurised milk and other dairy products (21).

There is good agreement that this pathogen has a D l0 value in comminuted beef and
chicken meat of about 0.25 kGy at 3-5°C, and 0.3-0.45 kGy at -5 to -15°C (8, 125). These
values are significantly lower than the well documented D10 values for Salmonellae and
L. monocytogenes. Thayer et al. (128) reported there was no significant difference between
minced beef, lamb, pork, turkey breast and leg meat, and mechanically deboned chicken and
the average D10 value was 0.30 kGy.

Staphylococcus aureus

Foods most frequently implicated in staphylococcal foodborne intoxication include
cooked meat, fish, poultry and baked goods, especially those with cream or custard fillings.
Most outbreaks are due to contamination of foods by foodhandlers. However there is a
potential for cross-contamination of cooked food by raw food, especially by meat (137).

Beuchat et al. (8) reported an average D,o value for five strains of Staph. aureus
irradiated in fresh and frozen ground high and low fat beef to be around 0.45 kGy, with no
significant effect due to temperature. Staph. aureus gave lower D10 values (0.40 kGy) in
lamb and in mechanically deboned chicken meat (MDCM) than in beef and pork (128) The
D10 values for stationary and mid logarithmic growth phase Staph. aureus ATCC 13565,
irradiated in inoculated MDCM in air and in vacua at 0°C, were 0.36 and 0.26 kGy
respectively. The organism was found to be significantly more radiation-resistant below
freezing than at above freezing temperature, but not to the extent that was found with E. coli
0157:H7 (124). An irradiation dose of 2 kGy at 8°C gave a 3 to 4 log reduction in Staph.
aureus counts from heavily inoculated (lOVg) roast beef and gravy (47). In a related study
pathogen numbers in the irradiated samples, in contrast to the untreated controls, did not
reach toxin production levels at a 15°C storage abuse temperature due to radiation injury
and/or competition, though they did so at 22° C (45).

Any staphylococcal enterotoxin preformed in food is extremely resistant to both
irradiation and heat. For example, in a 15% ground beef slurry, 16-26% residual
staphylococcal enterotoxin activity could be detected after a dose of 23.7 kGy (105).

3.2.2. Spore forming pathogens

Bacillus spp.

B. cereus is widespread in the environment and is present in most raw foods (64).
Foods implicated in outbreaks include poultry, meat and meat products, grains, shellfish and
milk products.
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The effects of irradiation on both vegetative cells and spores have been investigated
by several laboratories. Thayer and Boyd (127) irradiated six B. cereus isolates inoculated
into pre-radiation sterilized ground beef, pork, chicken and turkey, and a heat sterilized beef
gravy. D10 values for logarithmic and stationary growth phase vegetative cells, and for spores
of one strain were 0.18, 0.45 and 2.56 kGy respectively (in air and vacuum) in mechanically
deboned chicken meat at 5°C. Spores of all strains were more resistant in beef, pork and in
gravy than in the poultry meats. A study of the temperature during irradiation indicated that
stationary phase vegetative B. cereus (ATCC 33018) cells inoculated into presterilized ground
beef and receiving 3 kGy would decrease in numbers by 4.20, 5.27 and 5.72 log units at -20,
0 and 20° C respectively. However irradiation temperatures in this range had very little
influence on spore survival. A study of a combination of heat shock plus temperature abuse,
post-irradiation, gave no evidence of a heat sensitizing effect of irradiation on B. cereus
vegetative cells and spores. However, microorganisms in general are typically rendered
more heat (e.g. cooking) sensitive by a sub-lethal dose, constituting yet another radiation-
related hurdle against foodborne infection or intoxication. Thayer and Boyd (127) further
reported that a B. cereus spore inoculum of 4.6 x lOVg applied to MDCM was reduced by
over two logs by 3 kGy at 5° C. A dose of 4.5 kGy reduced the spore inoculum level by well
over three logs but it took over 6 kGy to eliminate growth during 20 hours at 30° C.
Impedance measurements indicated that approximately 95% of surviving log phase cells were
injured by 0.6 kGy, with 70% of stationary-phase cells injured by 2 kGy.

Grant and Patterson (47) reported D10 values of 0.173 kGy for B. cereus NCTC
11145 (vegetative cells) irradiated at 4°C. In a related study (45) there was a 3-4 log
reduction of B. cereus counts in inoculated (107g) roast beef and gravy receiving 2 kGy of
gamma irradiation. In the irradiated samples, in contrast to the untreated controls, numbers
did not reach sufficient levels for toxin production levels at a 15° C storage abuse temperature
due to radiation injury and/or competition, though they did so at 22° C.

Other Bacillus spp. such as certain strains of B. subtilis and B. licheniformis may be
capable of causing foodborne intoxications but their response to irradiation is not known.

Clostridium perfringens

Meat, meat products and poultry meat are the foods most frequently implicated in
outbreaks of C. perfringens food poisoning (79). In most outbreaks the principal cause is
failure to refrigerate previously cooked foods properly, especially when foods are cooked in
large portions. Spores on the raw foods, particularly meat and poultry, survive cooking but
are heat activated resulting in germination and multiplication if the foods are held above
refrigeration temperatures.

There is little information on the D10 values of C. perfringens in meat. A D,o value
of 0.586 kGy was obtained for logarithmic phase vegetative cells of C. perfringens NCTC
8237 irradiated in roast beef at 3 to 4°C (47). It is assumed that like all bacterial spores,
C. perfringens spores will be relatively resistant to irradiation. It is not known if the
surviving irradiated spores will be more heat sensitive as has been found in other clostridia.

Clostridium botulinum

In the context of radiation pasteurization and other partial preservation methods
applied to perishables that either kill some of, or suppress the outgrowth of normal, harmless
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spoilage microflora, the long-time overriding microbiological safety question for items that
can potentially harbor C. botulinum spores can be expressed as follows: Especially under
temperature abuse conditions during distribution and storage could C. botulinum spores, if
present, germinate and the vegetative cells multiply and produce significant neurotoxin before
the competing spoilage flora can render the product so noticeably spoiled that anyone would
surely reject or discard it? Within the question are at least the following key issues for which
some hard data and information exists: (a) what is the probability of C. botulinum spores
being in/on the product, and which type(s) of spores, if any, and, (b) in the radiation dose
range to be applied to a given product what is the probability of so severely depleting
competing' indicator' (i.e., of spoilage) microflora that any surviving spores may germinate,
multiply and produce toxin largely or entirely unimpeded under conditions of temperature
abuse and in the absence of readily observable spoilage signs? These issues are discussed
below. In the raw meat case, one might also pose more hypothetical questions such as: can
usual cooking methods be expected to destroy any and all toxin that might conceivably occur;
what is the probability of severe temperature abuse between the production plant and
mealtime; could available time-temperature abuse indicators serve to minimize or cancel-out
any risk? There are, of course, other spore-forming as well as non-sporulating pathogens that
could conceivably take advantage of abuse conditions, but C. botulinum has long been the
one of overriding concern in this context.

C. botulinum type A and proteolytic type B are associated with soil and could
potentially contaminate animal carcasses during the slaughtering process (115). These strains
are not capable of growing or producing toxin below 10°C. In the context of this monograph,
where irradiation is being proposed as "pasteurization" method rather than for sterilization
of red meats, C. botulinum type E and non proteolytic type B are of more concern as they
can grow and produce toxin at temperatures as low as 3.3°C (79).

Holley (53) estimated the incidence of C. botulinum spores and vegetative cells in raw
and processed meats to be only 0.04 to 2.18 per kg. A similar view was held by Kraft (63)
who pointed out that in the rare meat-related incidences processed, rather than raw meats,
have tended to be implicated in virtually every case, especially improperly home-prepared
products. He cited literature indicating that "Although psychrotrophic, nonproteolytic strains
of C. botulinum are a potential hazard in fish products, these organisms are considered to
be of relatively little consequence in meat products."

The book "Clostridium botulinum: Ecology and Control in Foods" (52) includes much
relevant information on the importance of C. botulinum in foods. The following briefly
summarizes some key points: In most cases human botulism is caused by types A, B or E.
It is stated that "type A spores predominate in soils in the western United States .... type B
is the major type found in the eastern United States, Great Britain and much of continental
Europe. However, most American type B strains are proteolytic, while European strains
seem to be non-proteolytic. In addition to aquatic environments and their surroundings, type
E is the predominant type in many northern regions - Alaska, northern Canada ...".
Surveillance studies have shown a very low incidence of C. botulinum in meat and meat
products in North America, while the incidence in Europe appears to be higher. This is
reflected in the relative number of botulism outbreaks associated with meats in the two areas,
with many more cases in Europe than in North America. The only North American raw
meat botulinum isolate is the single type C spore isolated by Greenberg et al. (48). In this
C. botulinum surveillance study, raw chicken, beef and pork were sampled from many
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packing plants across the USA and Canada over an entire annual cycle. Only one chicken
sample, and no beef or pork samples, out of a total of 2358 samples containing a total of
19,727 putrefactive anaerobe spores was positive for C. botulinum. The botulinum positive
chicken yielded but a single spore of C. botulinum type C, rarely, if ever a human pathogen,
from a posterior sample having a total of 5.33 mesophilic clostridia per gram. It was
concluded that not only was putrefactive anaerobe spore contamination per se very low in
raw meat at the packing plant level, but that botulinum contamination is all the more rare.
Greenberg et al. (48) also concluded that "type E spores and vegetative cells would have
been destroyed during the pasteurization (15 min. at 60°C) of the samples. However, it is
also true that these forms would be readily destroyed during a commercial thermal or
radiation process applied to meat products." It could be added that the presence of type E
botulinum is far less likely in the US meat supply than even the highly unlikely presence of
mesophilic types A and B, and of mesophilic putrefactive anaerobes per se.

Hauschild (51) has summarized studies on the epidemiology of human foodborne
botulism and has shown that of 222 US foodborne botulinum outbreaks in the 1971-1989
period where the food was identified, 16% were meats, 17% fish, and 59% fruits and
vegetables (almost all vegetables). Home-prepared products accounted for 92% of the total.
Approximately 20% of the US outbreaks occurred in Alaska, mostly type E from home-
prepared fishery and meat products. Of 201 outbreaks in continental US with the type
identified, most were types A and B, mainly from home-canned vegetables, with merely 2%
identified as type E, all from fishery products. The point was made that "the association
between regions and causative foods is largely attributable to the contamination of common
food sources with botulinum spores, e.g., marine mammals and fish in the colder regions
(e.g. Alaska) with C. botulinum type E, and vegetables in the western United States with
type A spores from soil. Hauschild also makes the point that, as in North America, meat-
related outbreaks in continental Europe are usually connected with improperly home and farm
prepared non-commercial products such as salted raw hams. Such processed meat products
are, of course far removed from highly perishable, fast-turnover raw meat in terms of
botulinum potential; yet even they are rarely vectors, especially if industrially produced.

Lucke and Roberts (80) present evidence that meat-related botulism is more common
in Europe than in North America. However no cases of botulism from fresh meat have ever
been reported from any part of the world, even in those European countries where
consumption of raw, unprocessed meats is common, with the exception of Alaska and
northern Canada where the native Inuits regularly consume putrid raw meat from the wild.
Meat-related outbreaks in Europe have been overwhelmingly connected with home and farm
produced non-commercial products.

The more frequent occurrence of botulism from pork products than from other meats
implies more frequent contamination of pork than beef or lamb; this may be related to their
different eating habits and differences in their slaughter and dressing procedures. Lucke and
Roberts go on to state that poultry products have not been associated with human botulism;
however the possibility of the occasional presence of botulinum spores in poultry should not
be ignored. They further point out that no means are currently available to guarantee the
absence of C. botulinum from raw meat and poultry. It must therefore be assumed that spores
might be present, and appropriate controls must be used.
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There is still debate as to whether botulinum toxin production can occur before
spoilage, or only after spoilage is evident. Many detailed investigations have provided
contradictory results, but there are enough examples of toxin having been produced before
spoilage is evident to be able to state firmly that the occurrence of spoilage before toxin
production should not be relied upon. In the context of such investigations Lucke and Roberts
express the view that, "despite research carried out over the past 20 years, we still have no
unifying concept that is universally accepted to explain the control of C. botulinum in meat
products. One obvious difference between commerce and laboratory is the number of spores
in the inoculum of experimental studies compared with their relatively rare occurrence in the
commercial product. In most experiments there is consistently less growth and less toxin
production with a low than with a high inoculum. With the low natural botulinum occurrence
in the meat supply, how relevant are laboratory studies with levels 10 to 1000 fold higher?"

Notwithstanding the cautionary tone of some of their comments, based on available
evidence the likelihood of C. botulinum per se, and especially type E occurring in the raw
meat supply must be extremely low indeed But, as they point out, one must allow for the
possible occurrence of types A and B at least, no matter how unlikely. In principle, a
relatively high C. botulinum count in/on raw meat would, in all probability, accompany an
extraordinarily high overall microbial count and very poor plant sanitation that should quickly
draw the attention of packing plant operators and their customers and regulatory inspectors,
especially if the meat is to be irradiated. So, it seems reasonable to expect that, in the highly
unlikely event of C. botulinum contamination of raw meat destined for radiation
pasteurization, most probably as the end-point/terminal 'safety insurance' treatment of a
HACCP-type program, the C. botulinum contamination level should be extremely low indeed
(say, one spore per kg at most, which is about the average of available estimates).

The D10 values for C. botulinum type A spores are reported to be 3.45 to 3.60 kGy
(25°C), 3.73 to 3.85 kGy (0°C) and 4.30 to 4.34 kGy (-50PC) in cooked beef (40). Based
on these values, and similar values (65) even if that one spore or less per kg survived
irradiation in the 1 to 3 kGy range in germinating condition, and did so to produce an
uncompromised, viable vegetative cell (less likely for nonproteolytic, psychrotrophic types
and other sporulating pathogens, than for those most radiation-resistant mesophilic,
proteolytic types A and B), it seems inconceivable that a tiny minority of widely' scattered'
vegetative botulinum cells could begin to compete with surviving spoilage microflora even
under temperature abuse conditions.

In the USFDA final rule of 1990 approving irradiation of fresh and frozen raw poultry
for microbial pathogen control (32), in reference to three related studies on radiation
resistance of C. botulinum type E spores inoculated onto chicken skin, footnote 4 on page
18541 reads: "Although C. botulinum Type E is primarily associated with marine products,
its response to radiation was studied because chickens may be fed fish meal containing
C. botulinum Type E, and thus it is conceivable that the intestinal tract of poultry may
contain these organisms..." Although the US poultry industry had used fish meal as a
relatively minor feed component years ago, this is not the case now, and it is predicted to
remain that way in the future as declining fish meal supplies (106) are diverted increasingly
to other uses while poultry producers continue to depend on feed-grains with nutrient
supplementation. For countries that use fishmeal as a significant or substantial poultry feed
component this factor may or may not need to be taken into consideration in connection with
radiopasteurization of poultry. In any case, fishmeal is normally not used at all as a feed
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component for mammalian livestock, so nonproteolytic type E C. botulinum should not be
a relevant factor.

It is worth mentioning the fact that in their now classic study of the capability of
C. botulinum type E spores to germinate, grow out and produce toxin at as low as 3.3°C,
Schmidt et d. (108) employed a very high inoculum of mildly pre-heat shocked spores in a
growth-supporting medium (heat-sterilized beef stew, free of competitors). The spores were
not irradiated, so radiation injury was not a factor. Even under these very conducive
conditions it took a month-or-more at 3.3°C before toxin production was detectable by the
sensitive mouse bioassay. This is not in any way meant as a criticism of this or similar
studies. Rather, it is taken as an example which supports the view of Lucke and Roberts (see
above). A very high inoculum of heat-shocked botulinum type E spores in a growth-
supporting medium was able to germinate and grow out entirely free of competition and
produce measurable toxin after a month or more at 3.3°C. However it does not necessarily
follow that an order of magnitude lower natural C. botulinum type E ' inoculum', non-heat
shocked, and exposed to low dose irradiation, could do likewise in/on raw meat with a
normal microflora, particularly in the same time frame of at least a month at 3.3°C, by
which time the meat in all probability would have been consumed or frozen. In reality, in
the highly unlikely event of botulinum spore contamination of raw meat destined for radiation
pasteurization, it would undoubtedly be proteolytic, mesophilic type A or B and not cold-
tolerant type E, at very low levels, that would be faced with competition from far greater
numbers of faster-growing nonpathogenic spoilage flora.

It is well established that, like staphylococcal enterotoxin, extremely high doses of
irradiation are required to inactivate botulinum toxin already present in food. The botulinum
activity remaining in ground beef mixtures irradiated to 25 kGy increased from 1% to 30%
as the proportion of ground beef increased from 15% to 100% (138). Rose et d. (105) also
found mat increased concentrations of beef slurry conferred increased protection to botulinum
and staphylococcal toxin against irradiation.

3.3. EFFECT OF IRRADIATION ON PARASITES IN MEATS

Infectious parasites can and do occur in the raw edible tissue of mammalian human
food sources, notably of the porcine group of domesticated livestock. The main genera of
concern are Trichinella spirdis, Toxoplasma gondii, Taenia solium and T. saginata.

Trichinella spirdis

Trichinellosis, the infection by T. spirdis, is usually caused by ingestion of raw or
undercooked pork. After ingestion, T. spirdis develops into an adult nematode in the
intestine and produces larvae which travel throughout the body in the bloodstream. The
larvae then generally infect skeletal muscle. Although infections with T. spirdis in swine and
humans have decreased in recent years in developed countries, trichinellosis remains a
significant food safety problem in many developing countries (5). It has been cited as a
continuing problem in China, Thailand, Yugoslavia, Poland and most of eastern Europe
where consumption of raw or undercooked pork is still prevalent. In the USA, swine
prevalence surveys indicate that approximately one hog per thousand is infected (92). There
are 50 to 100 clinical cases annually, although the number of sub-clinical or misdiagnosed
cases is likely to be much greater. It was estimated that total costs (hospitalization and wages
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lost) due to trichinellosis amount to US $781,578 per annum (104). In addition, regulatory
costs to safeguard against trichinellosis and the general effect of the disease on consumer
demand and exports are significant.

A study of the effect of irradiation on the viability and infectivity of different taxa of
Trichinella from various hosts and regions led Kasprzak et al. (61) to conclude that exposure
of hog carcasses to 0.3 to 0.6 kGy "can provide a substantial margin of safety for human
consumption of heavily infected pork". These results confirm earlier findings that gamma
irradiation of T. spindis-infected pork with a dose of 0.15 to 0.3 kGy blocked maturation of
ingested larvae in the host gut and prevented production of larval progeny (10). Experiments
with freshly slaughtered (pre-rigor) hog carcasses indicated that larvae distributed throughout
the skeletal muscles had similar radiation sensitivities. The age of the encysted muscle larvae
and vacuum packaging of the meat did not significantly affect the radiation sensitivity and
holding the meat, post irradiation, led to little, if any, recovery of Trichinella viability. Such
results have formed the basis of regulatory control. For example, irradiation of hog
carcasses and raw meat therefrom at a 0.3 kGy minimum dose to control T. spindis was
specifically approved in the USA in 1985.

Toxoplasma gondii

T. gondii is one of the most widespread parasitic infections (111). Various studies
have shown that in humans the prevalence of antibodies to the parasite may be as high as
50% worldwide (5). The intestinal infection is usually mild enough to escape notice by
healthy individuals, since the cysts formed in the intestine and disseminated by the
bloodstream throughout the body are kept in check by the immune system. However
toxoplasmosis occurs when the individual* s immune system is deficient. If a woman acquires
an infection for the first time when she is pregnant, the disease may be transmitted to the
foetus resulting in congenital malformations. It has been estimated that the total annualized
cost (income loss, medical costs, etc., over a lifetime of disability) of congenital
toxoplasmosis in the USA to be on the order of $5 billion, about half estimated to be related
to pork consumption (104). In the USDA-Food Safety and Inspection Service "Final Rule:
Mandatory Safe Handling Statements on Labeling of Raw Meat and Poultry Products" (33)
it is estimated that toxoplasmosis medical and productivity loss costs attributable to meat and
poultry consumption to be over $2.6 billion, far exceeding US figures for individual
microbial pathogens as well as for other parasites of concern.

In Europe the rate of congenital toxoplasmosis is thought to be greater than in the
USA, due to the greater consumption of undercooked meat. The economic costs must
therefore be significant. Worldwide the incidence of toxoplasmosis in AIDS patients
continues to increase. It has been hypothesized that patients are frequently exposed to T.
gondii prior to their HIV infection and that the latent protozoa reactivates when the host
becomes immunocompromised (144). It has been estimated that treatment of toxoplasmic
encephalitis in AIDS patients in the USA alone cost US $ 23 to 106 million in 1992 (104).

Over the last decade scientists in several countries have investigated the effectiveness
of gamma radiation as a treatment for destroying the larvae of T. gondii in pork. Dubey and
Thayer (22) exposed pooled mouse brains inoculated with 105 T. gondii strains, isolated
mainly from pigs, to a range of doses of gamma radiation in-vacuo at 5°C. Under their
conditions all strains were rendered nonviable at 0.4 kGy. No temperature effect was
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observed in the range of -4 to + 16°C. Murrell and Dubey (92) reported that a dose of
0.5 kGy destroyed the infectivity of T. gondii inoculated into mouse brains. Similar results
were obtained in studies in China (116) and Yugoslavia (146).

Thus T. gondii appears to be more resistant to radiation than T. spiralis. If a safety
factor is included, as was done in the USA for T. spiralis, a minimum dose of at least
0.7 kGy for T. gondii could be necessary.

Taenia spp.

Taeniasis, a tapeworm infection of the intestinal tract, results from the ingestion of
the cysticercus (larval stage) in raw or undercooked infected pork (T. saginata) and beef
(T. solium). Symptoms vary in intensity and may include weight loss, abdominal pain, and
digestive disorders (7). Around 45 million people worldwide are thought to harbor a
tapeworm. The annual costs for medical treatment of the cases in the USA are estimated to
be US $263,228 (104).

A more serious infection named cysticercosis can result when humans who are
infected with the T. solium tapeworm, acquired after eating inadequately cooked infected
pork, handle food and contaminate it with tapeworm eggs. Contamination can also occur
through person to person contact. The metacestodes tend to migrate to the brain and other
parts of the central nervous system where they cause neurological problems. Smith (114)
reported such neurocysticerosis, from T. solium infection has been on the increase in the
USA of late, mainly in recent immigrants from, and visitors to, locations in Latin America
where there is poor or no sewage disposal systems. Human cysticercosis is also endemic in
rural areas of Latin America, Asia and Africa, hi Mexico, 1% of deaths in general hospitals
and 25% of intracranial tumors are thought to be due to cysticercosis (30). The resulting
total costs (medical and wages lost) were estimated to be US $195 million in 1992 (104).
Roberts and Murrell (104) put the annual total US cost of cysticercosis, mainly connected
with pork infected with T. solium, at nearly $9 million.

Citing two studies on the effects of irradiation on T. solium in pork and T. saginata
in veal, Smith (113, 114) concluded that both would be eliminated if carcasses were treated
with approximately 0.6 kGy. Another limited study, that reviews earlier ones, suggests that
a minimum dose of 0.3 kGy may be adequate to inhibit the development of Cysticercus bovis
larvae into infectious adult T. saginata tapeworms (1). However De Aluja et al. (18)
estimated that the minimum dose needed to control taeniasis and cysticercosis may be as
high as 0.7 kGy.

Roberts and Murrell (104) also make reference to the human infectious protozoan
parasites, Cryptosporidium parvum and Giardia lamblia, recently reviewed by Smith (112),
but no radiation sensitivity data appears to be available.

Based on the foregoing it appears reasonably certain that a minimum dose of 1 kGy
or less can control not only T. gondii, the primary meat-borne parasitic public health problem
in the USA and elsewhere, and a relatively radiation resistant one, but also the other meat-
borne infectious human parasites as well. Thus, controlling microbial pathogens in nonfrozen
meat with minimum doses of at least 1 kGy should also control any and all infectious
parasites that also might be present.
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The use of irradiation to control infectivity of food-borne parasites was the subject
of a Joint FAO/IAEA Division of Nuclear Techniques in Food and Agriculture-supported
coordinated research program. The Proceedings of the final Research Coordination Meeting,
held in Mexico City in June, 1991 discuss in more detail the effects of irradiation on various
terrestrial and aquatic human food parasite host species (57). For a recent review of "A role
of irradiation in the control of foodborne parasites" in terrestrial and aquatic human food
species, and further research needs, see Loaharanu and Murrell (78).

3.4. EFFECT OF IRRADIATION ON SPOILAGE MICROORGANISMS IN RED
MEATS

Although not the primary interest in meat irradiation in recent years, the delay of
recognizable microbial spoilage of fresh and prefirozen-thawed raw meat, poultry and fishery
products is an ' unavoidable' concomitant benefit of radiation pasteurization for pathogen
control. It has a long history of intensive study, having been thoroughly researched in the
1950s and 1960s in the UK, the USA and elsewhere, when the main interest was market life
extension and pathogen control was of secondary importance. What was then referred to as
the "Pseudomonad-Achromobacter group" (P-A) of spoilage microorganisms of fresh meat,
poultry and fishery products were found to be exceptionally radiation sensitive, with D,o
values of around 0.1 kGy or less. Of the common non-pathogens that typically survive doses
of one to a few kGy, the lactic acid producers are noteworthy since they tend to establish the
spoilage pattern in the absence of the eliminated P-A group, especially in the absence of O2.

Urbainand Giddings (139, 140) reported a two log reduction in standard plate count
of the naturally occurring microflora on vacuum-packaged fresh, refrigerated beef steaks
given 0.5 kGy of gamma radiation. Three and four log reductions were achieved with 1 and
2.5 kGy doses respectively. The predominant spoilage flora of nonirradiated control samples
(Gram-negative psychrotrophic rods that developed large, light creamy colonies on plating
agar) were virtually eliminated by 1 kGy, with the more radiation resistant, largely Gram
positive lactic acid-producing microflora becoming dominant and setting the acid-sour
spoilage pattern during 38°F (3.3°C) post-irradiation storage in-vacuo.

A related parallel research program (84, 85, 135) also reported about one and two log
reductions in total counts for freshly prepared ground beef gamma irradiated to 0.34 and
0.68 kGy respectively. In contrast, a pure culture ofPseudomonasfluorescens inoculated into
very low endogenous count, low fat (3.3 to 5.6%) ground beef was reduced by over 6 logs
at 0.85 kGy, thus delaying spoilage by over a week at 2°C. In high fat (40 to 44%) ground
beef the same inoculum was completely eliminated by the 0.85 kGy and the count stayed
below 10 CFU/g after 21 days at 2°C. This much greater degree of kill of a pure
P. fluorescens culture, compared to that of the ground beef endogenous mixed inocula
suggests that inoculated pure cultures of comparable microbial species are much more
radiation-sensitive than are their ' wild' counterparts, in this product at least.

Niemand et al. (96) reported over a three log reduction in total aerobic counts and a
nearly five log reduction in total anaerobic counts in chilled ground beef, gamma irradiated
to 2.5 kGy. Using group-specific culture media, they observed that the Enterobacteriaceae,
as well as the pseudomonads and Brochothrix thermosphacta spoilage microorganisms were
completely eliminated, with a fresh life extension at 4°C "of well over 9 days when evaluated
by bacteriological criteria" (i.e. a total count of 107/g as denoting the upper limit of
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acceptability). Lactic acid-producing bacteria dominated the flora during post-irradiation
chilled holding both in air and under vacuum. Earlier, Niemand et al. (95) reported similar
results for vacuum packaged beef sirloin cuts given 2 kGy, which more than doubled
refrigerated fresh life.

Psychrotrophic lactobacilli can compete well on perishable meat products. They tend
to lower the risk of toxin formation by acid [and perhaps bacteriocin] production if the
products are adequately refrigerated. Tarkowski et al. (120) reported 2.2 and 4 log
reductions in total aerobic and Enterobacteriaceae counts respectively in chilled ground beef
gamma irradiated to 1 kGy at 18-20°C. Dempster et al. (19) gamma irradiated freshly ground
(24-25% fat) chilled beefburgers in vacuum bags to 1 and 1.5 kGy and reported an 82 and
a 92% reduction in total counts respectively. Pseudomonad-like organisms were completely
eliminated at the lower dose. After 15 days at 3°C a slight spoilage odor was detected from
the 1.5 kGy samples but not from the 1 kGy samples. Nonirradiated samples spoiled within
four days. Ehioba et al. (23) gamma irradiated chilled, vacuum packaged ground pork to 1
kGy, essentially eliminating the pseudomonads and Enterobacteriacae with Gram-positives
dominating at 97% of total flora after 9 days at 5°C. Paul et al. (101) of the Bhabha Atomic
Research Center, Bombay, reported a two and four week extension of 0 to 3°C acceptable
life of fresh, chilled lamb chunks gamma irradiated to 1.0 and at 2.5 kGy respectively, with
one and three week extensions for the mince irradiated to the same doses. Lefebvre et al.
(74, 75) reported that 1.0, 2.5 and 5.0 kGy of gamma radiation extended the microbiological
fresh life of ground beef in Whirl-Pak bags, defined by 107 CFU/g, by 4, 10 and 15 days
respectively at 4°C. They recommended irradiating under vacuum to minimize oxidative
changes associated with irradiation in presence of O2. Lambert et al. (72, 73) irradiated
modified atmosphere-packaged pork loin slices to 0.5 and 1.0 kGy, the latter dose resulting
in a 21 day extension of fresh life at 5°C under 100% nitrogen. A two-log reduction in
psychrotrophic and mesophilic bacterial counts was realized at 1 kGy, with the
Enterobacteriaceae nearly eliminated while the lactic acid bacteria were largely unaffected
A 0.5 kGy dose reduced the total count by about one log, such that the ensuing delayed
spoilage odor correlated well with the end of microbiological fresh life as indicated by the
total count reaching 107 CFU/g. While irradiation in the presence of oxygen extended
microbial life beyond that attained under nitrogen, oxidative changes compromised the
sensory acceptability somewhat, thus favoring irradiation in anoxia. Thayer et al. (130)
gamma irradiated vacuum packed freshly ground pork to a series of doses up to 7.25 kGy
at 2°C and found that conventional plating showed no surviving flora at or above 1.91 kGy,
even after 2°C storage for up to 35 days, though enrichment procedures might have revealed
survivors. They attribute this result to the low initial count of the ground meat (< lOVg)
prepared by them under especially hygienic conditions. Another exceptional factor was the
predominance of Gram-positive microflora in the control and the 0.57 kGy irradiated samples
after 21 days at 2°C. At 28 days Serratia spp. dominated the control while staphylococci
dominated die 0.57 kGy samples, with Staph. aureus isolated during only the first two weeks
of post-irradiation storage. Had a dose of between 0.57 and 1.91 kGy been employed; i.e.,
around 1 kGy, it is likely that Staph. aureus also would have been eliminated.

3.5. EFFECT OF IRRADIATION ON VIRUSES IN RED MEATS

Food virology is a relatively new science and there is still much research needed into
the role of viruses in foodborne illness. Compared to bacteria, little information on the
incidence and relevance of viruses in meats. However outbreaks of foodborne illness,
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frequently associated with seafood, due to viruses such as Norwalk and Hepatitis A have
been reported.

D10 values for viruses tend to high, typically 2-7 kGy at irradiation temperatures of
20°C. The D10 value increases further as the temperature during irradiation decreases.
Irradiation doses below 10 kGy will not, therefore give adequate inactivation and foods given
low doses of irradiation may still contain infectious viruses. This is not unique as other non-
sterilizing preservation treatments, such as freezing, will also allow the survival of viruses.
As most viruses are relatively heat sensitive, adequate cooking should be sufficient to ensure
destruction of any surviving particles.

3.6. VACUUM AND MODIFIED ATMOSPHERE PACKAGING OF RED MEATS

Ionizing radiation is a well known pro-oxidant towards lipids and pigments and this
is especially relevant in all radiation pasteurised fresh meats. It is highly desirable, if not
essential, to pre-package these products so that during post-irradiation holding/distribution
they are in an anoxic (i.e. vacuum or O2 free) environment until opened for food service
preparation or for aerobic repackaging and retail display. The increasing use of antioxidant
mebolites (e.g. tocopherols, ascorbic acid) in livestock feeds remains desirable as it
minimizes radiation-induced oxidations (and promotes radiation-induced reductive effects) and
so complements anoxic packaging in maintaining the sensory properties of the meats.

The US National Advisory Committee on Microbiological Criteria for Foods (93) has
pointed out that "there has been speculation that vacuum and modified atmosphere packaging
(VP/MAP) could lead to a situation wherein if a product was temperature-abused, the normal
aerobic spoilage microflora could be suppressed, but pathogenic facultative anaerobes would
grow unabated ... At present there is little epidemiological or other data available indicating
that there are any problems with VP/MAP of raw beef. However the potential must be
considered when evaluating the hazards associated with beef." The UK Advisory Committee
on the Microbiological Safety of Food expressed essentially the same conclusion regarding
VP and MAP of fresh meat poultry and fishery products in connection with its evaluation of
microbiological safety of chilled prepared foods (6).

Elsewhere the Committee pointed out that "a number of studies have concluded that
the microflora of raw beef cannot be relied on to prevent the growth of mesophilic pathogens
in temperature-abused beef, and that "vacuum and modified atmosphere packaged raw beef
that is temperature-abused at > 12°C and at >15°C, respectively, may support significant
growth of Salmonella before overt spoilage is detected ...." and, that though "a number of
raw meat isolates of the lactic acid bacteria, particularly the Camobacterium and
Lactobacillus spp, have been reported to produce bacteriocins against L. monocytogenes ...
and while there are potential applications for controlling foodborne pathogens through the use
of a competitive microflora... the current state of knowledge does not allow this to be relied
on as a primary means of control. The primary means for controlling psychrotrophic
pathogen growth remains the maintenance of storage temperatures as low as possible (<2°C)
and a normal low [post-rigor meat] pH (<5.8)".

As discussed above, the relatively radiation resistant lactic acid bacteria such as the
lactobacilli, pediococci, leuconostocs and streptococci, tend to dominate the microflora of
radurized meats, especially in the absence of oxygen, leading to their characteristic spoilage
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pattern that includes a lowering of meat pH. Again, this group exhibits a general tendency
to inhibit the growth of botulinum and other pathogens by a combination of acid and
bacteriocin production (11, 77, 81) in addition to simply competing for available nutrients,
though there are exceptions to this generalization (16).

3.6.1. Microbiological safety of irradiated, vacuum/modified atmosphere packaged foods

In their review: "Shelf Life Extension and Microbiological Safety of Fresh Meats"
Lambert et al. (68) summarize published research on the combined effects of radiation
pasteurization, modified atmosphere packaging and storage temperature of fresh pork on
microflora in general, and on inoculated mesophilic, proteolytic C. botulinum A and B in
particular. The combined effects of radiation dose, packaging atmosphere and storage
temperature on growth and toxin production of five strains each of proteolytic type A and
B C. botulinum gave the following results: After 2 days at 25°C toxin was detected at all
doses (0, 0.5 and 1 kGy) and all initial oxygen (0, 10 and 20%) levels. N2 made up the rest
of the headspace atmosphere. At 15° C all samples packaged under 10 and 20% headspace
oxygen were toxic after 14 days. At 0% oxygen and with an oxygen absorbent it took 21 and
43 days respectively for 0 and 1 kGy samples to exhibit toxicity by the mouse bioassay. No
toxin was detected in any samples stored at 5°C, even after 44 days (69). It was concluded
that the enhancement of toxin production in the presence of oxygen at 15°C was likely the
result of respiratory CO2 production stimulating spore germination, a well documented effect.
This study therefore suggests that low dose irradiation plus anoxia act synergistically to delay
toxin production by C. botulinum under moderate temperature abuse (i.e. a constant 15°C).

In a related study in which they varied headspace CO2 and N2 ratios, Lambert et al.
(70) found that doses of 0.5 and 1 kGy delayed toxin production by 7 to 14 days at the
various ratios. Toxin production occurred faster under 15 to 30% CO2 than under 45 to 75%
CO2 and faster in the presence of a CO2 absorber. However, in a third study employing two
levels of O2 and CO2 (0 and 20%), the balance of the headspace gas being N2, and two
radiation doses (0 and 1 kGy), Lambert et al. (71) observed that 1 kGy delayed toxin
production only in samples packaged under 20% O2. It took two weeks longer to detect toxin
under 20%CO2\80%N2 than under 20% O2\80% N2 or under 20% O2\20% CO2 and 60% N2,
and, toxin production occurred faster under 20% O2 than under 100% N2. The authors
speculated that the slower rate of toxin production in anoxia was due to lactic acid bacteria
out-competing vegetative C. botulinum cells in becoming the dominant flora, plus producing
lactic acid and bacteriocins which, as they point out in their 1991 review (68), also inhibit
C. perfringens and L. monocytogenes. They conclude with the all-important point that "this
study has confirmed that the initial level of 20% O2 (about the level in air) hastens toxin
production by C. botulinum in inoculated pork stored at 15°C." This and the fact that meat
irradiation in anoxia protects sensory attributes from oxidative effects argues strongly in
favor of oxygen-free packaging prior to and, of course during irradiation, which is perhaps
most conveniently and economically done through vacuum packaging.

In papers subsequent to their 1991 publications, Lambert et al. (72, 73) report that
an average dose of 1 kGy applied to MAP fresh pork reduced both psychrophile and
mesophile counts by two logs, and inactivated most of the Enterobacteriaceae, "while lactic
acid bacteria were largely unaffected." The O2 level of samples packaged under 20% O2 and
held at 5°C post-irradiation decreased to 8% after 21 days while CO2 increased to 14%.
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Those packaged under N2 showed an initial decrease in total anaerobe counts at 1 kGy, but
after a week at 5°C and until the end of the storage period there was very little difference
between non-irradiated product packaged under any of the atmospheres and the irradiated
packaged under N2. There was no significant difference in lactic acid bacterial counts
between irradiated and controls packaged under N2. Using the time for psychrotrophs to
reach 107 CFU/g as the "microbiological shelf life", at a 5°C holding temperature this was
9 and 14 days for nonirradiated packaged under 20 and 0% oxygen respectively, and 21 and
31 days for 1 kGy irradiated under 0 and 20% oxygen respectively. That is, samples
packaged under 20% O2 and irradiated showed the longest microbiological shelf life, or took
the longest to reach 107 psychrotrophic CFU/g. Sensory shelf life based on off-odor,
however, was 26 days for the irradiated under N2 compared with 0 days for the irradiated
under 20% O2 based on both color and odor, underscoring the potential for undesirable
oxidative effects of irradiating under O2 or in air (and suggesting a very sensitive sensory
panel). Importantly, at the abuse holding temperature of 25° C the 1 kGy samples irradiated
under 0 and 20% O2 both had a microbial shelf life of 10 days, but only a 0 and 2 day
acceptable life for the 20 and 0% O2 respectively before rejection by the untrained sensory
panel.

In a recent study, Thayer et al. (129) vacuum-canned commercial MDCM that was
inoculated with either 20 strains of C. botulinum type A and proteolytic type B spores (400/g
of meat), or, the most radiation-resistant of the Salmonella species, S. enteritidis
(100 CFU/g). Samples were gamma irradiated to 0, 1.5 and 3.0 kGy at 5°C and stored at
same for 0, 2 and 4 weeks, during which time no botulinum toxin was detected, though all
became toxic within 18 hours at 28° C. During 4 weeks at 5°C, 5. enteritidis actually
decreased in controls. It was detectable in all samples at each withdrawal at 1.5 kGy, but at
a level of fewer than 10 CFU/g at 2 and 4 weeks. It was detected in isolated cans that
received 3 kGy, but at less than 10 CFU/g. Aerobic and/or facultative mesophilic flora
reached the designated spoilage level of 107 CFU/g at 5°C after 2 weeks, over 2 weeks, and
not at all after 4 weeks at 15 and 35°C for 0, 1.5 and 3 kGy samples respectively. Only
nonirradiated samples were considered to have an odor indicative of spoilage after 4 weeks;
but the predominance of Gram positive flora, mainly streptococci, after extended post-
irradiation refrigerated storage in-vacuo would be expected to produce an acid-sour off-
flavor, and odor upon opening the vacuum packages.

A number of laboratories around the Globe have reported research findings indicating
that the lactic acid producing bacteria tend to dominate the microflora of both non-irradiated
and radiation pasteurized meat, especially when little or no oxygen is present. In one of a
series of papers on this aspect, Hastings et.al. (50) isolated 113 Lactobacillus strains from
5 kGy irradiated chilled minced beef, thus demonstrating their marked ability to survive even
this relatively high pasteurising dose. They also reported that L. sake strains tend to dominate
the microflora of radiation pasteurized vacuum packaged meat. All L. sake strains tested
were more radiation resistant in log growth phase than in stationary phase, with an average
Dl0 value of 0.82 and 0.64 kGy in log phase and in stationary phase respectively when
gamma irradiated in a semisynthetic broth medium. They point out that this phenomena is
not common to all lactobacilli having high radiation resistance or in other bacterial species.
L. sake and other lactobacilli were more radiation resistant under N2 or in-vacuo than under
CO2, and they were about twice as resistant in ground meat than in the semisynthetic broth
medium.
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Lepebe et al. (76) also reported the relative insensitivity of lactobacilli to doses as
high as 3 kGy when irradiated in vacuum packaged ground pork and pork loin. Lactobacilli
numbers were not significantly different (P> 0.05) in control and 3 kGy irradiated pork loins
immediately after irradiation. Though mesophilic, psychrotrophic and lactobacilli counts did
not reach predefined spoilage levels (107 to 108 CFU/sq.cm.), off odors and tissue softening
were observed after three months. Some low level recovery of A. hydrophila,
L. monocytogenes and Y. entewcolitica was noted on the irradiated samples, but not
Campylobacter, Staph. aureus or Salmonellae. Based on known D10 values this suggests that
initial levels of A eromonas and Yersinia especially were relatively high. Under simulated
temperature abuse at 24-25° C after 63 days at 2-4° C, lactobacilli and anaerobic/facultative
anaerobic bacteria increased very rapidly on irradiated vacuum packaged pork loins, bringing
about noticeable spoilage. Aeromonas and Yersinia were also detected, but not
Campylobacter, Listeria, Salmonellae or Staph. aureus. Presumptive testing for
C. perfringens was positive for both irradiated and controls after 24 to 48 hours of
temperature abuse following 6 days at 2-4° C, but this could not be confirmed.

In their study of the standard aerobic display of retail packages of ground beef after
chilled storage in master packs under N2, CO2 and O2+ CO2 (2:1 v/v), Gill and Jones (42)
reported that lactobacilli dominated the microflora in all cases, since all but a shallow surface
layer of ground meat is anaerobic in the presence of atmospheric oxygen. It was noted that
lactic acid bacteria did not impart off-odors to meat until after they reached > 107/sq.cm.,
which did occur at 2°C under N2 and under CO2 at 16 and 28 days respectively.

Vacuum and modified atmosphere prepackaging could be used instead of the standard
"aerobic" packaging to enhance product sensory quality without compromising the pathogen
control objective, or product safety. For example, this could be done by the newer method
of "vacuum skin packaging" (VSP) of individual units (serving-size; intact or cut up "tray-
ready" sub-primal and primal cuts) or by the method of bulk vacuum packing several
individual trayed, overwrapped units, as is done in the modified atmosphere master pack
approach. Both vacuum, and high CO2 modified atmosphere packaging without oxygen can
be successfully combined with radiation pasteurization to extend chilled/refrigerated fresh hfe
through delay of microbial spoilage (44, 122) while avoiding undesirable oxidative changes,
as discussed above. Product-contacting layers or surfaces of any pre-irradiation packaging
material (e. g., an inner polyethylene contactant layer of a multi-layer film; the entirety of any
single component film) as well as trays and fluid exudate absorber pads during irradiation
would need to be in compliance with whatever regulations apply in a producing and/or
importing country.

Gill and Jones (42) have pointed out that "considerable economic benefits would
accrue to supermarket operators were they able to obtain all their fresh meat as finished,
retail-ready items ... (but)... the storage life of meat in conventionally over-wrapped trays
is generally too short to allow retail packs to be centrally prepared and widely distributed to
retail outlets. The extension of product storage life has therefore been sought through the use
of preservative packagings... A system for the central preparation of retail-ready beef should
preferably be capable of adequately preserving ground beef, as up to 50% of beef is retailed
in that form. Because it is largely prepared from trimmings, fresh ground beef is likely to
carry a higher microbial load and have less color stability than portions of non-comminuted
tissue cut from fresh carcasses."
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Needless-to-say, the most promising fresh/frozen raw meat and poultry radiation
pasteurization application from both the public health and the shelf-life standpoints is that to
ground/minced meat, whether mechanically deboned or otherwise comminuted. According
to the American Meat Institute (2) per capita disappearance of hamburger meat on a retail
weight basis in the USA in 1992 was 30 pounds or 45% of a total retail weight beef per
capita disappearance of 66.5 lbs. The following are the per-capita consumption figures
(boneless equivalent) given for 1992: beef - 62.8 lbs; pork - 49.5; lamb -1.0; veal - 0.8;
chicken - 45.9; turkey -14.2; and fish -14.8 lbs. According to the USDA-FSIS "Nutritional
Labeling of Ground Beef and Hamburger" proposed rule (FR 59(99) 26916-26918, 5/24/94)
ground beef and hamburger represent over 45% of the domestic beef supply, with about 41%
of ground beef being sold through retail outlets. The annual production of mechanically
deboned poultry meat in the USA is, again, in excess of 700 million pounds.

Gill and Jones (42) pointed out that beef trimmings are often ground and packaged
as burger meat at the retail outlet, though they indicate that it would be better done at a
central facility of the packer or the retailer. It is at this point that irradiation of fresh or
frozen ground meat would be the most convenient, and probably the most economical, though
centralized preparation, packaging and irradiation by large retail supermarket and foodservice
chains could in principal also work satisfactorily. In the case of intact cuts, probably the all-
around best approach to radiation pasteurization is the tray-ready vacuum packaging one in
which primals/subprimals are cut into preparation-ready units (steaks, chops, roasts, etc.) that
are vacuum packaged as the reformed (reassembled) primals/subprimals or as separate
groupings of steaks, chops and roasts, etc., according to market demands, to await irradiation
and refrigerated distribution.

At the restaurant and fast-food outlet individual cuts would be removed from the bulk
bag for cooking. At the retail grocery store they would be removed and individually
aerobically tray-packaged, weighed, priced and displayed for sale after a brief period of
myoglobin oxygenation to develop the familiar cherry-red "bloom" appearance. This would
eliminate the need for a ' butcher shop' at the rear of every full-line grocery store, leaving
only the much more hygiene/sanitation controllable final packaging-weighing-pricing
operation. This could then even be done under clean-room type conditions, the cost of which
could probably be more than offset by eliminating the back-of-store' butcher shops', a long-
held industry desire in the USA and elsewhere. There has been more progress along this line
in Europe, for example, than in North America.

However assuming microbial pathogen contamination might still occur on occasion
at the point of unpacking and final packaging (e.g., of tray-ready bulk vacuum-packed cuts),
could the pathogens then proliferate on the surface of this now microbially lower count meat
to a greater extent than on untreated meat now cut from quarters and primals on-site and
similarly packaged? In reference to a study in which he and co-workers mixed into pre-
radiation pasteurized and nonirradiated mechanically deboned chicken meat rather high
inocula (about 103 CFU/g) of three Salmonella serovars, followed by aerobic incubation at
5, 10 and 20°C, Thayer (122) indicated that, in general, the "Salmonella populations did not
increase more rapidly even in those samples that had received a dose of 2.5 kGy than they
did in the (non-preirradiated) controls." While but one test employing MDCM and
salmonellae only (but at a higher level than normally contaminates meat and poultry and than
would normally be expected through cross-contamination) it is probably indicative of what
one may realistically expect in practice under even temperature abuse conditions.
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4. THE IRRADIATION PROCESS AND ITS CONTROL

4.1. DESCRIPTION OF THE IRRADIATION PROCESS

A detailed description of the irradiation process, including characteristics of
irradiation facilities, good irradiation practice and process control can be found in
"Irradiation of poultry meat and its products - a compilation of technical data for its
authorization and control" (56). In addition relevant international codes of practice can be
consulted including:

Code of Good Irradiation Practice for Prepackaged Meat and Poultry (27)
Codex General Standard for Irradiated Foods (28)
International Code of Practice for the Operation of Irradiation Facilities used in the
Treatment of Foods (29).

4.2. DOSIMETRY

Through a decades-long and continuing global research and development effort a wide
array of reliable dosimetric methods of quantifying radiation processing/treatment of non-
food and food materials have been and are being commercialized. International and national
meetings have been devoted to, and books and review articles have been published on the
subject. This section does not present yet another detailed review. Rather, it is a brief, to-the-
point commentary on dosimetry as it pertains to both fresh and frozen meat irradiation in the
dose ranges of interest. No mention of trade-names and manufacturers is made to avoid
having this document being construed as endorsing any particular product.

Anyone interested in doing commercial/industrial meat and/or poultry irradiation must
first have a quality control program in place, including all dosimetric methods to be used
(e.g., for calibration, dose mapping, routine dosimetry) to ensure adherence to good
irradiation practices. In the earlier days of food irradiation research and development, lower
dose applications (i.e., well below 10 kGy) especially relied on such liquid chemical
dosimeters as the Fricke (ferrous-ferric sulphate) and the ferrous-cupric and ceric-cerous
sulphate solutions that are still in widespread use as standard and routine dosimeters. In
recent years there has been a proliferation of newer liquid (e.g. radiochromic dyes) and
especially solid state dosimeters, some of which are now in worldwide use for food
irradiation (e.g., radiochromic films). Their time, temperature, humidity and UV light, etc.,
dependencies have been carefully worked out and the suppliers normally provide calibration
curves with each batch plus exact conditions of use including applicable dose and temperature
ranges. Further, promising new dosimetry systems are continually being evaluated as to their
applicability and limitations. It is now a relatively simple, straight-forward matter for the
qualified dosimetrist at each irradiation facility to select from among the commercially
available systems suitable dosimeters for each and every application, including treatment of
fresh and frozen meat and poultry in the dose ranges hereby petitioned for. Most dosimetrists
serve on international (i.e., IAEA-sponsored) and national (e.g., American Society for
Testing and Materials) bodies involved with the qualification and standardization of dosimetry
systems.

Some critics of food irradiation hold that it should not be allowed unless and until
accurate, reliable post-treatment methods of determining not only whether or not a food or
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ingredient has been irradiated are readily available to regulators and others, but also to
exactly what dose. While great strides are being made in making available methods to
establish unequivocally if a product has been irradiated or not, and in some cases to
approximately what dose (see "Detection Methods", below), we may never arrive at
quantitative post-treatment analytical methods having the accuracy and precision comparable
to the above mentioned in-process dosimeters. For now and the foreseeable future regulatory
oversight and enforcement, plus audits by the irradiation company itself (and its customers
if a service facility) must rely on proper record-keeping and periodic records inspection by
competent authorities to assure compliance with applicable regulations and adherence to
"Good Irradiation Practices", as emphasized by radiation processing dosimetry authority,
D.A.E. Ehlermann (24).

There is more than ample precedent for this reality in the case of thermal processing
for long-term ambient shelf-stability of hermetically packaged (e. g., "canned") low-acid foods
that could potentially harbor C. botulinum spores. In this case where underprocessing of
large commercial batches could conceivably result in numerous deaths, proper record-keeping
and auditing has been relied upon for decades to assure that correct thermal processes have
been applied. These records are of real-time thermocouple recordings and related data for
each batch, analogous to in-process dosimeter readings and related data (e. g., product loading
configurations and data recorded by the control console) in the case of irradiation. The
irradiated product usually must receive at least a minimum prescribed dose and no more than
an prescribed maximum. Likewise the thermally processed analog invariably must reach a
prescribed minimum temperature, and, usually be held at same for a prescribed time to
achieve the necessary sterility assurance against the survival of viable botulinum spores that
could germinate, grow and produce deadly toxin during extended ambient storage post-
treatment. There is no method of post-thermal process analysis of products that can validate
that the correct thermal process was delivered (the best that can be done is to subject a
statistical sample from each batch/lot to accelerated storage and test for microbial growth
and/or toxin production). The outstanding safety track record of commercially thermally
sterilized low acid foods attests to the effectiveness of proper record-keeping and auditing in
ensuring correct thermal processing of countless production runs. Though post-irradiation
detection methods are generally proving to be more quantitative than anything analogous so
far developed for thermal processing, proper record-keeping and auditing is still the definitive
system. There is no reason why it cannot be at least as effective for radiation pasteurization
as it has been for thermal sterilization of "low-acid" foods, for which an adequate anti-
botulinum process is paramount, and for radiation sterilization of medical devices, etc.

5. DETECTION OF IRRADIATED MEATS

This field has been undergoing intense global study during the past several years
especially, in response to calls by regulatory authorities and others for the availability of
simple, rapid, inexpensive methods that lend themselves to determining unequivocally
whether or not a food or ingredient has been irradiated. In 1990, the Joint FAO/IAEA
Division1 s Food Preservation Section initiated a coordinated research program (CRP) on
Analytical Detection Methods for Irradiation Treatment of Food (ADMIT) that held its third
and final research coordination meeting (RCM) in June, 1994, at which considerable progress
in methods development and testing was reported. Among other accomplishments, this
program produced a review of literature on analytical detection methods for irradiated food
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(55). An updated version, including results reported in the final ADMIT meeting will be
published in the near future.

While few, if any methods can qualify as simple, rapid and inexpensive in terms of
costs, mobility for field use and operator skill requirements, a variety of chemical (e.g.,
chromatographic), physio-chemical (e.g., chemi-and-thermo-luminescence) and physical (e.g.
electron spin paramagnetic resonance spectroscopy) methods have been developed, tested and
standardized. Some are at least semi-quantitative, giving absorbed dose estimates in addition
to answering the "yes/no" questions: has a product not so labeled in fact been irradiated and,
probably of greater long-term importance, has a product labeled as irradiated indeed been so
treated? A number of reviews of general progress and the status of individual methods have
been published recently (13, 43, 109, 117, 118), and, as in the case of quantitative
dosimetry, both international and national coordinated development programs on detection
are yielding practical results.

For animal (meat, poultry, fishery) products the most promising methods at present
(beyond suggestive/presumptive microbiological analyses that show unusually low counts) are
the following: (a) electron paramagnetic ("spin") resonance (EPR/ESR) spectroscopic
identification and quantification of the more stable free radicals generated by irradiation in
bone, shell and other mineralized matter that may be present, including any bone fragments
in mechanically deboned (species) meat, and, (b) gas, and high performance liquid
chromatographic (GLC and HPLC) analysis of radiolytic products of components of the lipid
fraction the meat, usually coupled with mass spectroscopy (MS). These are proving to be
accurate, reliable, and at least semi-quantitative under known conditions of irradiation. Other
promising methods (e.g., electrophoretic analysis of radiolytic products of DNA) are also
under development and testing. In addition to providing post-treatment detection methods,
this area of recent intense investigation has already contributed importantly to knowledge of
food irradiation chemistry and physics, and to reinforcing the underlying basis of the
chemiclearance principle that is being applied under "Toxicological Safety".

The extreme difficulty of finding any truly unique radiolytic product (URP) "tag"/
marker compounds for detection purposes (ones that owe their very existence to the fact of
the product having been irradiated, though not necessarily suspect from the structure-
reactivity-quantity standpoints) is further convincing evidence that potentially toxic true
"URPs" (i.e., analogous to the polycyclic thermocondensation products produced by char-
broiling and other intense heating/cooking methods) are for all practical-purposes merely
conjectural. The recent World Health Organization "Review of the Safety and Nutritional
Adequacy of Irradiated Food" (145) states in this connection under "Unique Radiolytic
Products": "Concern about the production of compounds unique to the irradiation process is
probably unfounded. Only the use of more sensitive analytical techniques, not yet available,
to both irradiated and non-irradiated foodstuffs could establish their existence. Given the vast
number of different food types, such an undertaking would be unrealistic, and would produce
results that were largely meaningless or even misleading." The great similarity and
predictability of radiolytic products of fatty esters of the triglyceride fraction of various meat
animal lipids, for example, as shown through efforts to develop chemical detection methods
(86, 87) likewise lends much weight to the validity of the chemi-generic clearance principle
for establishing toxicological safety of compositionally-related foods.
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6. NUTRITIONAL ADEQUACY

Like all other energy depositing food processes/treatments, including cooking, the
application of ionizing radiant energy to foods can reduce levels of certain energy sensitive
nutrients, in particular certain vitamins. Since early man began to preserve and store
perishable foods this has been the 'trade-off against losing the food altogether through
spoilage, in which case all nutrient value is of course lost.

The impact of irradiation on nutrients has been and continues to be a much-studied
aspect of food irradiation in general and of meat and poultry irradiation in particular. Recent
reviews of the subject have been published (20, 62, 133). In the context of meat/poultry
radiation pasteurization, it is well established that macronutrient and mineral bioavailability
and nutritional value are not significantly impacted by irradiation. Of the organic
micronutrients of animal products only a few vitamins, and really only thiamin (B-l) activity
in pork merits consideration in the context of radiation pasteurization of meats. Thiamin is
among the most radiation (and heat) sensitive of the vitamins that must be obtained via
dietary sources (including popular supplements), and fresh pork especially, as well as
processed pork products have a relatively high thiamin component.

Before proceeding with the evaluation, it should be noted that large human
populations that avoid consuming pork and any pork-containing products for cultural-religious
and/or dietary (e.g. vegetarians) reasons do not appear to suffer any deficiency symptoms
since there are of course other good dietary sources of thiamin including cereals and
legumes, green vegetables, fish, fruit, dairy products, and, the various vitamin-fortified
prepared foods such as breakfast cereals (4). Assuming heavy pork-consuming hog
producers ingest the highest percentage of dietary thiamin from pork, they all most likely
slaughter and prepare their own pork and pork products on the farm, in which case it would
not come under industrial radiation pasteurization. So, any future consumers of large amounts
radiation pasteurized pork would surely be those who knowingly purchase it labeled as such
at the grocery store, and who in all probability would be getting their thiamin from multiple
food sources.

The following addresses the impact of radiation pasteurization of raw fresh and frozen
pork on thiamin levels and its possible implications for the nutritional well-being of the
human population in the context that, if thiamin reduction is of practical nutritional
insignificance it follows that the impact of the treatment on other meat vitamins is all the
more insignificant, as is the impact on minerals and macronutrients.

Probably the most definitive analytical (i.e., non-animal feeding) studies of the impact
and consequences of substerilizing irradiation of pork on key B-vitamins are those of Fox et
al. (34-38, 66). Employing their experimental data for pork loin chops irradiated to the
doses and at the temperatures of interest in the context of this monograph, the following
comparisons can be made: In the case of the raw, uncooked meat, 1.68 kGy at 10° C reduced
the thiamin level, as measured with a Technicon autoanalyzer, from 11.2 ug/g to 7.8 jig/g,
for a 30% reduction (37). A dose of 3.34 kGy at 0 and at -20°C reduced measurable tbiamin
by 38.5 and 19% respectively. That is, applying 3.34 kGy at -20 vs 0°C cut the thiamin loss
by about half. 5 kGy delivered at -10 and + 10°C reduced thiamin by 35 and 58%
respectively. That is, applying 5 kGy at -10 vs + 10°C cut the thiamin loss by about (35/58)
40%. This dose would undoubtedly be applied at or below -10°C. Thiamin reduction is
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clearly temperature-of-irradiation as well as dose-related. A 6.65 kGy dose at 0°C reduced
thiamin by 64%. There is no data for that dose in the frozen state, but since a dose up into
that range would surely be given to hard-frozen pork meat, extrapolating from the above
3.34 kGy data (i.e. half the thiamin loss at -20 than at 0°C), the same 6.65 kGy applied at
-20° C may be expected to result in a loss of around 32%. Assuming chilled pork cuts would
never receive more than 3.34 kGy in commercial practice, based upon this data one may
expect about a 35-40% loss at the 3 kGy maximum when applied at between 0 and 10°C. At
a 7 kGy maximum at -20°C one may expect about a 35% loss in measurable (and presumably
biologically available) thiamin in uncooked pork meat. The losses would of course be
proportionately lower below these maxima since radiation as well as thermal destruction of
thiamin evidently follows first order kinetics (59).

Fox et al. (37) also measured thiamin after broiling the irradiated pork chops to an
internal temperature of 76°C (169°F, a "just done" cook according to the authors). A
37.28% (wt/wt) average cook-out loss, with a drop in moisture content from 72.28% to
52%, had the effect of increasing the thiamin concentration from 11.2 to 12.3 ug/g of meat.
Had there been no loss of thiamin from cooking, its concentration in the cooked meat would
have been 11.2/1-0.3728 = 17.9 ug/g. So, 12.3 ug/g represents an actual loss of about
1-(12.3/17.9) x 100 = 31% due to the "just done" cook for the nonirradiated controls.
Using their 12.3 ug thiamin per g as the baseline thiamin level for the cooked meat, whereas
according to the authors "... since the effect of cooking on the moisture content....was
essentially the same for the irradiated samples as for the corresponding controls, the vitamin
content of the former may be directly compared with the latter without correcting for volume
changes", the losses due to irradiation only for the cooked were as follows: A 1.68 kGy dose
at 10°C reduced thiamin by 36%. The 3.34 kGy dose at 0 and at -20°C reduced the levels
by 54.5 and 35% respectively; a 36% lower loss at -20°C. A dose of 5 kGy applied at -10
and at + 10°C resulted in losses of 42.3 and 69% respectively, with the 42.3% or less to be
expected under commercial conditions (i.e. a dose midway between 3 and 7 kGy applied at
a rather high frozen temperature). A dose of 6.65 kGy at 0°C showed a loss of 70%. That
high-a-dose would invariably be applied in the hard frozen state. Again extrapolating from
the 3.34 kGy data, where in the case of the cooked there was 36% less thiamin reduction at -
20 than at 0°C, one may expect a loss of around 45% from 6.65 kGy at -20° C. Based on
the foregoing for 3.34 and 6.65 kGy, one may expect an irradiation-related thiamin reduction
of, say 50% at the 3 kGy maximum for "just done" cooked pork cuts irradiated raw at close
to 0°C (using the predictive equation derived by Fox et al. (38), Thayer et al. (132)
predicted that cooked pork chops preirradiated to 3 kGy at 0°C would show a thiamin loss
due to the irradiation of 44.4%). At the 7 kGy maximum one also may expect about a 50%
reduction at an average irradiation temperature between -10 and -20°C. One could cool the
meat down to well below -20°C (i.e., with dry ice, mechanical or cryogenic freezing) prior
to irradiation for an overall average -20° C or lower irradiation temperature, and somewhat
less thiamin loss.

Comparison studies on ground pork loin employing slightly higher doses and a
different method of heating (hot water immersion in pouches), that avoided the 37.3%
average cook-out loss in the above broiled pork chop case showed much lower overall losses
than the above for the cooked, and somewhat lower losses for the raw as well (38, 59). A
paper by Fox et al. (35) reported that the thiamin losses in pork due to irradiation is water
content-dependent, in addition to being dose and irradiation temperature dependent. It is the
highest at the high water content of fresh raw pork, which bodes well for irradiation of the
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drier cured/processed pork products such as bacon (134). Clearly, radiation pasteurization
of fresh and frozen raw pork in the dose ranges hereby being discussed can be expected to
markedly increase thiamin losses over-and-above any losses due to cooking methods (e.g.,
broiling, frying, microwaving) alone. The question to be addressed is "is this of purely
academic-analytical interest, or, does this have significant practical implications for actual
dietary thiamin intake and nutritional well being of regular commercial pork consumers?" Put
another way, would radiation pasteurization of at least some of the commercial raw pork
supply in a given country put anyone at risk of becoming clinically thiamin deficient?

Applying the analysis of Fox et al. (37) of the significance of the loss of thiamin due
to the irradiation of pork loin chops to doses from 0.3 to 1.0 kGy for T. spiralis control to
the higher dose ranges for microbial pathogen control, and using the ' worst-case' upwards
of 50% loss of thiamin in "just done" cooked pork loin meat due to receiving the 3 and
7 kGy maxima in the raw chilled and hard frozen state, one arrives at the following: If fresh
pork (i.e., chops and roasts) contributed 8.78% of the total thiamin consumed in the
American diet a decade ago, when this figure was arrived at, and assuming more-or-less the
same pork consumption pattern in the future when significant irradiation could take place,
a loss of 50% of that percentage is equivalent to a loss of 4.4% of total dietary thiamin if
all of the fresh pork meat consumed were so irradiated at the maxima. At the low end of
the 1 to 3 kGy range for pathogen control in chilled (the high end for trichina control), Fox
et al. calculated a 1.5% loss in total dietary thiamin if all fresh pork were to be irradiated,
which was not considered significant. The 1 to 3 kGy range for chilled fresh pork cuts being
hereby requested can therefore be expected to bring about an overall average reduction in
dietary thiamin of no more than 3%, if all the fresh pork were so irradiated. Similarly, an
overall average 40% reduction in the thiamin level of pork meat resulting from irradiation
in the hard frozen state to between 3 and 7 kGy would amount to 40% of 8.78% or a total
dietary thiamin reduction of 3.5% if all raw pork were so irradiated, which is far less likely
even than for the chilled. So, taking the overall average loss in total dietary thiamin of 3%
as the (inconceivable) worst-case nutritional 'price-to-pay' for assurance of protection from
T. gondii and T. spiralis, etc., parasite infections plus virtual assurance of protection from
the common microbial pathogens associated with fresh pork when radiation pasteurization is
used, the nutritional cost of radiation pasteurization is insignificant per se, and especially in
comparison to the potential benefit. Realistically, it is inconceivable that it would place
anyone in the USA or other substantial pork consuming countries such as China and certain
of those in Europe in a state even approaching threshold thiamin deficiency.

Coming at this from the US Recommended Daily Dietary Allowances (RA) angle,
per capita consumption of pork on a boneless equivalent basis has been on the order of 45-
50 lbs in recent years, including a decade ago when the 8.78% figure was arrived at (2).
The US National Pork Producers Council has 1993 retail weight basis pork per capita
consumption as 52.3 lbs (94). Assuming the US public of the future may be expected to
continue to derive its pork thiamin from the same approximately 50 lbs per-capita
consumption, on a daily basis this computes to 50/365 = 0.137 lbs, retail weight, per day.
According to Agricultural Handbook N. 456, "Nutritive Value of American Foods" (141) one
pound of boneless retail pork loin or pork loin chops yields approximately 2.83 mg of
thiamin after cooking (data of Fox et al. (37) gives an after-cooking yield of 3.5 mg on an
as-consumed basis).
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If the "average" American consumes, on average, 0.137 lbs of fresh pork per day on
the above retail fresh weight basis, using the 2.83 mg of available thiamin from each pound
of boneless raw meat, this is equivalent to 2.83 mg/lb x 0.137 lbs or 0.39 mg of thiamin
per-day from the cooked pork, which is about 1/4 of the highest RA of 1.5 mg. But, if pork
supplies only 8.78% of total thiamin consumed, this 8.78% is then supplying 1/4 of the
highest RA. Put another way, 0.39 mg/day/0.0878 comes to 4.4 mg/day which on this basis
is equivalent to the "average" American's daily thiamin intake, and three times the maximum
RA. If radiation pasteurization reduces TOTAL thiamin intake by the (inconceivable)' worst
case' 3%, the "average" American would still take in: 4.4 mg/day less (4.4 x 0.03) equals
4.3 mg/day which is still nearly three times the highest RA, and merely around a 0. lmg or
2% daily dietary loss. In other words, all things considered, coming at the 'bottom-line'
nutritional well-being of the American public question from this angle also reduces the impact
of radiation pasteurization on pork thiamin and its implications for the nutritional well-being
of pork-consuming Americans to one of practical insignificance. Similar computations and
comparisons can of course be done using data of other major pork-consuming countries such
as China and European nations, no doubt with essentially the same results and conclusions.
In other words, quantitative estimates tend to bear out what common sense suggests, that
under 'real-world' conditions reductions in pork thiamin activity due to radiation
pasteurization is only of analytical interest and has no practical significance for nutritional
well-being of pork consumers.

7. TOXICOLOGICAL SAFETY

The fundamental question to be addressed in this section can be expressed as follows:
Does the radiation pasteurization of skeletal muscle and organ tissue of meat animals generate
stable radiolysis product(s) that, by virtue of their structure-reactivity and concentration in
the meat, pose significant toxicological risk? This question has been rather exhaustively
addressed in recent decades by animal (including short-term human) feeding studies and in-
vitro, etc., tests and, at least as importantly if not more so, direct analytical chemical
analysis, as is evidenced by the large number of books, monographs and review articles that
are in-part or entirely devoted to this aspect of food irradiation. Several of the more
authoritative and detailed of these are cited and listed in recent overviews (41, 123).

Over the last decade and more a strong consensus has developed among the scientific
community, representing both the public and private sectors, as to the validity and
utilizability of what has become known as the "chemi-generic clearance principle" which
allows one to extrapolate irradiation safety/wholesomeness testing results among members
of any food group of similar macrochemical composition. To paraphrase a frequently used
expression of this principle, it is based on the experimentally and theoretically demonstrated
"commonality and predictability" of the radiation chemistry of the constituent components
(carbohydrate, lipid, protein, water, etc.) of the members of such food groups and the stable
end-products therefrom that are identical or at least very similar in nature, so similar as to
be for all practical purposes identical.

"Meat" of the common avian, mammalian, terrestrial and, it appears, teleostei and
elasmobranchii aquatic human food sources are generally regarded as comprising such a
compositionally similar food group. For example, according to the World Health
Organization (145) "meat and poultry have similar macronutrient composition and should
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therefore yield similar radiolytic products. From a toxicological point of view, foods of
animal origin such as beef, pork, horse meat chicken and even fish are quite similar in
macronutrient composition and can, therefore, be viewed as constituting a single database
from which to draw conclusions regarding the various toxicological studies to which they
have been subjected." Radiation pasteurization of poultry under specific conditions is now
approved in the USA and in several other countries, where a substantial amount of data and
information relating to its toxicological safety has been exhaustively evaluated by several
competent entities. It is deemed appropriate and prudent therefore to draw upon this
information in addressing the toxicological safety of radiation pasteurized meat of mammalian
and even aquatic origin in the context of chemi-/generic clearance. However before doing
so, a few toxicological studies done on mammalian meat warrant specific mention.

In the feeding study of Radomski et al. (102) rats from a laboratory colony and
pure-bred beagle dogs were fed diets containing 35% radiation sterilized beef stew and were
put through a battery of clinical-pathological tests, all of which proved negative. In another
cited study van Logten et al. (143) carried out a long-term (2 1/2 year) study for the National
Institute of Public Health and Institute for Atomic Sciences of the Netherlands, in which six
groups of Wistar rats were fed standard diets supplemented with either heat or radiation
sterilized pork at the 35% level, or with nothing in the case of controls. Here also, the
animals were put through a battery of clinical-histopathological evaluations, the overall
conclusion from which was that"... no effects attributable to the irradiation levels could be
established." The USFDA used these studies, among others, to support the 1990 radiation
petition (32). The 1994 WHO publication (145) summarizes a large number of irradiated
food animal feeding studies in narrative and tabular form. A number of the studies included,
or were exclusively on, irradiated avian, mammalian and fish meat fed to a variety of test
animals. The overall conclusion of this authoritative, definitive review is to the effect that
the overwhelming weight of the evidence attests to the safety/wholesomeness of irradiated
foods including the meats, poultry and fish, and the absence of adverse toxicological effects.
This latest comprehensive review of the largest irradiated food safety/wholesomeness study
data-base yet compiled serves to reinforce what has already become an informed consensus
as to irradiated food safety/wholesomeness, and should serve to erase any remaining genuine,
sincere doubts on that score. Additionally, as indicated above it strongly supports the
"commonality and predictability" of radiolytic products basis of the chemi-/generic clearance
principle in general, and explicitly as it applies to meat and poultry, and it endorses its
application in such cases.

The Final Report of the then USFDA Bureau of Foods Irradiated Foods Committee
(31) states that "foods of a similar chemical composition would be expected to generate
structurally similar radiolytic products. Therefore, when two or more foods are of sufficient
similarity with respect to both chemical composition (chiefly lipids, carbohydrates, proteins
and water content) and conditions of irradiation, they may be viewed in a generic sense for
regulatory purposes. Comparability of radiation conditions is dependent upon the respective
radiation dose, product temperature and ambient atmosphere during irradiation. Hence,
toxicological data obtained from a given irradiated food item may be applicable for another
irradiated food in the same generic class. In addition, safety data collected from food
irradiated at high doses are applicable to members of the same generic class receiving a
lower dose." It therefore seems reasonable to conclude that, at the very least, the edible
portion of already approved raw chicken and that of mammalian human food sources meet
that compositional criteria. Further support for this comes from the analytical chemistry-
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radiolytic product identification/quantification studies done at the US Army R&D and
Engineering Center, Natick, Massachusetts and elsewhere, plus more recent studies including
those having to do with chemical detection methods (89, 90) which show, among other
things, that while the ratios vary among species the main fatty acids of the lipid fractions of
chicken, turkey, pork and beef are the same, as are their predictable radiolysis products).

Probably the single best article on the validity of the chemi-/generic clearance
principle in general, and specifically as it pertains to meat and poultry is that of Merritt and
Taub (87) on the "Commonality and Predictability of Radiolytic Products in Irradiated
Meats". It is based in large measure on the above-referred to decades-long analytical
chemical study of radiolytic products in radiation sterilized beef chicken, pork, ham and
bacon by Dr. Charles Merritt and co-workers at the US Army Natick Center, but also related
studies done at the University of Massachusetts by Dr. Wassaf Nawar and co-workers, and
elsewhere. These studies on beef are summarized in tabular form by Giddings (41) and the
entire body of work is presented in the 445 page report by Merritt (86). Clearly, an all-
inclusive consensus as to the soundness and validity of this principle exists among competent,
knowledgeable and authoritative professionals who have studied and considered it over the
years.

8. CONCLUSIONS

A study of the available literature shows that a maximum dose of 4.5 kGy is adequate
for both intact and comminuted non-frozen chilled/refrigerated meat to enhance the control
of their pathogenic bacteria without compromising their safety or eating quality. A higher
maximum dose of upwards of 7 kGy may be necessary for hard frozen meat, especially
comminuted, to compensate for not only the typically greater microbial bioburden of
comminuted compared with intact meat, but also for the higher doses usually needed for
equivalent microbial kill in the frozen state (8, 125, 126). These maximum doses of 4.5 kGy
and 7.0 kGy may not actually be needed in all, or perhaps even many cases, especially
if/when accelerators are used the electron mode with its typically narrower max:min ratio
than with gamma and X-ray irradiation of the same product. However there may likely be
instances when these maxima will be needed to achieve pathogen control under certain
practical operating conditions (e.g., gamma or X-ray irradiation of pallet-loads to minimum
doses above 1 and 2 kGy for fresh and frozen respectively).

At a 1.5 kGy minimum dose for non-frozen comminuted meat, for example, the 4.5
kGy maximum would provide the needed 3:1 overdose ratio (max:min) for gamma and X-ray
irradiation treatment of pallet-loads, wherein the bulk of the product should receive within
2 to 4 kGy (likewise with a 1 to 3 kGy range for intact cuts if and when adequate, giving a
peak dose around 2 kGy). This treatment would result in a 2.5 to 7.5 log reduction in
Salmonella (assuming a D10 value of 0.6 kGy) and between 5 and 15 log reduction in E. coli
O157:H7 (assuming a D10 value of 0.3 kGy). Similarly, a 7.0 kGy maximum for frozen
should allow gamma and X-ray treatment of pallet-loads at a 2-3 kGy minimum dose with
the bulk of the product receiving a range broadly around a 4-5 kGy peak. With electron
irradiation of necessarily much shallower targets (e.g. individual preformed burger patties;
frozen comminuted meat slabs from a few to several centimeters thick) the overdose ratio
would be less, so the treatment could be done at well within the above ranges. For example,
in the electron irradiation of 5.5 cm thick slabs of frozen MDPM at the Guyomarch SPI plant
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in Berric, Brittany, France, employing a Cassitron at 8 MeV, the usual 3 to 5 kGy minimum
dose yields a 4 to 6.5 kGy maximum for an overdose ratio of around 1.3:1. In eliminating
the target Salmonella spp, this treatment effects about a two-log reduction in total aerobic
counts. At the permitted maximum 5 kGy overall average dose the MDPM more-than-meets
French regulatory microbiological requirements for even cooked MDPM (107). Irradiation
of MDPM is permitted for the same purpose in the USA, where an estimated 700 million
pounds or more is used annually as an ingredient in formulated products such as poultry-
based baby foods.

Based upon the above, it may be assumed that with radiation pasteurization as a
terminal, end-point treatment of packaged and/or packed meat prepared under a HACCP-type
quality/safety assurance program, rather low initial microbial pathogen counts may be
expected. It follows that given the typical Devalue of around 0.6 kGy at chill temperatures
for the relatively radiation resistant non-spore-forming meat/poultry pathogens, the
Salmonellae, a dose range even as low as 1 to 3 kGy can be expected to result in an overall
average 2 to 3 log reduction in numbers. An even greater reduction in E. coli 0157: H7 and
the other more radiation-sensitive non-spore-forming pathogens in/on at least intact (non-
comminuted) chilled meat cuts would be expected, while at the same time effecting
significant fresh life extension. A maximum dose of 4.5 kGy, when needed (e.g., for chilled
ground beef) would result in greater pathogen kill and injury, but leaving sufficient spoilage
microflora to dominate and bring about noticeable spoilage during chilled distribution. On
an actual viable microbial pathogen cell presence basis, complete elimination could, for all
practical purposes, in fact be achieved at or below this dose maximum.

Thus, data on the microbial safety of irradiated meat can be summarized as follows:
an extremely small likelihood of even very low botulinum contamination and virtually no
likelihood of C. botulinum type E; typically low level general pathogen contamination when
it occurs, and the modest D,o values of their vegetative cells, especially when actively
multiplying; the high probability of radiation injury to surviving pathogens including
increasing their susceptibility to heat (i.e. cooking); the very strong tendency for various
lactic acid bacteria to dominate the post-radiation pasteurization microflora, both under good
refrigeration and under temperature abuse, and especially in the absence of oxygen. It is
therefore believed reasonable to conclude that the reality as presented above reinforces the
conviction expressed over a decade ago by long-time radiation pasteurized meat microbiology
researcher and authority, Dr. R. Burt Maxcy (82, 83), that the treatment presents no special
microbial safety problems of significance, and that the proven, real public health protection
benefit to be gained enormously outweighs any remote, hypothetical microbiological risk.

Further, the foregoing is in complete accord with and reinforces the 1982 report of
the Board of the International Committee on Food Microbiology of the International Union
of Microbiological Societies on "The Microbiological Safety of Irradiated Food" (3), that was
unanimously adopted by the Codex Alimentarius Committee on Food Hygiene at its biennial
Washington, D.C. meeting in 1983 (15). This report concluded that "Modern food handling
technology was adequate to control any problems created by suppression of spoilage
microorganisms. Food irradiation was an important addition to the methods of control of
foodborne pathogens and did not present any additional hazard to health." According to the
report, an ad-hoc Working Group of the Committee on Food Hygiene had earlier
recommended that codes of practice be developed for food irradiation applications that
"may result in the growth of pathogens to hazard levels without concomitant
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development of normal spoilage flora." As unlikely as that seems in the subject case, let it
be said that in the late-1980s the International Consultative Group on Food Irradiation
developed such a set of codes of practice, including the "Code of Good Irradiation Practice
for Prepackaged Meat and Poultry to Control Pathogens and/or Extend Shelf Life" (58) that
emphasizes irradiation in combination with Good Manufacturing Practices in general.
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