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Postirradiation Dosimetry of Meat by Electron Spin Resonance

Spectroscopy of Bones

M. F. Desrosiers* and M. G. Simic

Electron spin resonance (ESR) spectroscopy was used to measure the production of free radicals induced
by ®Co y-rays in chicken bones. It was found that the radiation-induced ESR signal in bone could easily
be distinguished from the endogenous ESR signal. Long-term (4 months) stability studies at 20 °C showed
no decay of the radiation-induced ESR signal. A linear relationship was observed between the radia-
tion-induced ESR signal intensity (peak-to-peak amplitude) and the absorbed dose (1-5 kGy). It was
concluded that ESR measurements of bones can be used to determine whether the bone-containing meat
has been irradiated and also at approximately what dose. The measurements indicate the feasibility
of postirradiation dosimetry (PID) of meats when bones are present.

The treatment of natural and processed food products
by ionizing radiation has been under consideration as a
method of food preservation for the past 30 years
(Goresline, 1983). The United States Food & Drug Ad-
ministration has approved irradiation of foods up to an
absorbed dose of 1 kGy (100 krads) (Federal Register,
1986), whereas the World Health Organization has set
considerably higher limits at 10 kGy (1 Mrad).

A controversial aspect of food irradiation processing is
the possible creation of radiolytic products unique to ir-
radiated foods whose safety has not been assessed. Until
these issues are resolved, an important aspect of food
technology from the standpoint of safety and quality
control is the development of convenient and reliable
methods for determining whether a particular food item
has been irradiated and at what dose. The measurement
of dose after the fact by quantitative analysis of the specific
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radiation-induced changes in the specimen in question will
be referred to here as postirradiation dosimetry (PID).

An important aspect of PID is the development of a
highly specific marker that would serve as an internal
dosimeter inherent to that particular food item. An ideal
choice for this purpose would be a unique radiolytic
product of the food item that changes linearly with the
application of ionizing radiation over a required dose range
and does not fade away during the lifetime of the food
item. Initial studies into such techniques have already
shown feasibility (Karam and Simic, 1986). The technique
is based on generation of radiation-induced o-tyrosine
(0-Tyr) from phenylalanine in meats such as chicken. The
amount of o-Tyr, as determined by gas chromatogra-
phy/mass spectrometry, in irradiated meat increases lin-
early with dose (0.5-5 kGy) (Karam and Simic, 1986)
Though promising, the technique, or for that matter any
one particular technique, cannot be expected to be ap-
plicable to all types of foods, e.g. all meats, fruits, spices,
etc. Therefore, it is necessary to develop an array of
techniques that can be used to maintain quality control
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for a wide variety of food items. In addition, more than
one radiation detection method for a particular type of
food item may be desirable in order to have a backup or
alternative check for confirmation of detected radiation
exposure.

An alternative technique is electron spin resonance
(ESR) spectroscopy (Gordy et al., 1955; Swartz, 1965;
Onderdelinden and Strackee, 1974; Dodd et al., 1985).
Radiation-induced free radicals produced in hard matrices
of foods (bones, shell) become trapped and may be mon-
itored by ESR, since the ESR signals may persist for long
periods of time (Ikeya and Miki, 1980). The yield of ra-
diation-induced free radicals can be quantified by ESR and
therefore may be correlated with the dose absorbed by the
bone. In fact, an accurate dosimetric technique based on
ESR analysis of radiation-induced free radicals in crys-
talline amino acids bound in paraffin matrices has been
established (Regulla and Deffner, 1982). Furthermore,
postirradiation dosimetry by ESR of tooth enamel (Ikeya
et al., 1984) and inanimate objects (Sastuen et al., 1983)
has been used to accurately determine the dose absorbed
by human subjects subjected to radiation exposures. The
technique has been proposed as a means of emergency
dosimetry when conventional radiation protection dosim-
eters have not been used (Nakajima, 1982). In this study,
we have further applied ESR spectroscopy to facilitate PID
measurements of radiation-processed meats,

EXPERIMENTAL SECTION

Fresh, never frozen, chicken parts were irradiated by a
8Co source at two absorbed dose rates: 0.0683 or 0.180
kGy/min. The meat samples were held in Pyrex beakers
for the irradiation step. Bones from various chicken parts
were irradiated both with and without the attached meat.
The excised bone was vacuum-desiccated at ambient tem-
perature overnight, cut, and weighed. Attempts were made
to obtain similar sample weights (typically 150 + 30 mg).
The bond samples were stored in a desiccator at 20 °C
(oxygen was not excluded). ESR spectra were recorded
with a Varian E-109 X-band spectrometer at 20 °C. For
these studies the microwave power used was 10 mW. The
position of the radiation-induced ESR signal was compared
with that of the standard 2,2-diphenyl-1-picrylhydrazyl
(Aldrich) for accurate measurement of the spectroscopic
splitting factor, g. The error limits for the measured g
values were estimated to be £0.08% (s). %Co radiation
source was calibrated by Fricke dosimetry.

RESULTS AND DISCUSSION

The observed radiation-induced ESR signal in the bone
(Figure 1A,B) is due to an asymmetric singlet with g, =
2.0022 and g, = 1.9980. These values are in good agree-
ment with those previously reported for irradiated bone
(gL = 2.0023) (Houben, 1971). Previous investigations
(Gordy et al., 1955; Swartz, 1965; Houben, 1971; Stachowicz
et al.,, 1970; Fisher et al., 1971) designed to deduce the
precise nature of the free-radical signals in bone have
proved inconclusive. However, the radiation-induced ESR
signals produced in bone (in air, at ambient temperature)
are currently regarded (Houben, 1971; Stachowicz et al.,
1970; Fisher et al., 1971) as arising from lattice defects in
the inorganic matrix of bone created by interaction with
ionizing radiation.

Our investigations have demonstrated that the radia-
tion-induced ESR signal in the bone of chicken can easily
be distinguished from the endogenous signal. A compar-
ison of parts A or B with part C of Figure 1 clearly shows
that even at the lowest dose applied (1 kGy) the radia-
tion-induced signal is easily discernible. From these data
we are able to estimate the lowest detection limit (under
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Figure 1. ESR spectra of irradiated (A = 4 kGy, B = 1 kGy)
and nonirradiated (C) chicken thigh bone pieces recorded at 20
°C. Spectra were recorded at the same instrument gain setting,
but the intensities are not normalized with respect to the indi-
vidual sample weights. The spectra for each dose are of the same
bone sample measured at two different time intervals (A-C = 1.5
days, D-F = 57 days); ¢ = 0 is defined as the time at which the
bone was irradiated. The bone samples were stored at 20 °C.
Horizontal scale shown is in gauss (G); the arrow is in the direction
of increasing field.

these experimental conditions) for irradiated chicken bone
to be about 0.1 kGy. This estimate is conserative con-
sidering that much lower doses have been measured in
bovine bone (0.5 Gy) (Caracelli et al., 1986). As observed
in Figure 1C, a small broad singlet (g = 2.0043; line width
8 G) was present in the nonirradiated control sample. This
signal, though partially obscured by the more intense ra-
diation-induced signal, is also observed to the low-field side
of the ESR spectra in Figure 1A,B. However, no discer-
nible change in the intensity of the endogenous signal is
observed even at the highest dose absorbed (5 kGy).

Comparison of the radiation-induced ESR signal in
chicken (thigh) bone measured at 36 h and 57 days after
irradiation (Figure 1, parts A, B vs. D, E) reveal that they
are essentially identical. Continued measurements have
shown this to be true even up to 4 months. No definitive
loss of the radiation-induced ESR signal amplitude was
observed during this period despite the fact that the
storage temperature (20 °C) was higher than typical re-
frigeration temperature. Curiously, the intensity of the
ESR signal for the nonirradiated bone was observed to
increase with length of storage time at 20 °C. The endo-
geneous signal has been observed previously, and its origin
is presumed to arise from an as yet unidentified organic
component of the bone (Houben, 1971; Caracelli et al.,
19886).

The intensity of the radiation-induced ESR signal (g,
= 2.0022) was measured, and the data are represented as
signal intensity to sample weight ratios and corrected for
any differences in instrument gain. The change in ESR
signal intensity (peak-to-peak amplitude) was then plotted
as a function of absorbed dose (Figure 2). A linear rela-
tionship is observed between the increase in the radia-
tion-induced ESR signal in the dose range measured. The
error bars represent the standard deviation of the mean
ESR signal intensity for bone samples measured at each
dose level (at least three samples). The mean value was
then plotted. Small variations in the intensity for some
of the individual recorded ESR signals are observed over
the course of the time-dependent measurements (60 days);
however, the linearity and slope of the dose—response plot
were preserved throughout the measurement period. The
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Figure 2. ESR signal amplitude (peak-to-peak) of the radia-
tion-induced signal plotted as a function of the absorbed dose
in the surrounding chicken thigh muscle. The error bars represent
the standard deviation of the mean ESR signal intensity for bone
samples measured at each dose level. Data points represent the
calculated mean value for the data at each dose measurement.

intensity of the radiation-induced ESR signal and thus the
slope of the line may be a function of the crystallinity
and/or degree of mineralization of the bone (Ostrowski et
al., 1972). Recently acquired data for y-irradiated bones
in meat (Desrosiers and Simic, unpublished results) may
support this hypothesis.

Chicken bone irradiated with the surrounding meat
attached produced ESR signals equal in magnitude (within
our experimental limits) to those of the excised bone. This
is because attenuation of the y-rays by the meat is neg-
ligible and interaction of bone and meat free radicals does
not play a role. With regard to the relative absorbed dose
in the bone and in the meat, based on the relative values
for the mass energy-absorption coefficients (Hubbel, 1982)
of the two materials (calculated by methods described
previously (Miller and McLaughlin, 1983) using the inte-
gral of the approximate degraded %Co source energy
spectrum (Woolf and Burke, 1984)), the absorbed dose in
bone is 3.4% less than that of the surrounding meat. The
dose values in Figure 2 are those of the absorbed dose in
the meat.

Radiation-induced ESR signals were observed in other
bones (breast, rib) of the chicken, and identical spectra
were obtained. Cartilage irradiated in its natural, wet state
and then dried gave a signal (singlet, g = 2.0054, line width
10 G) that was different from that observed in bone but
was indistinguishable from the ESR spectrum of the non-
irradiated cartilage. Consequently, chicken cartilage
cannot be used for PID by this method.

The mechanism(s) for generation of signal/species (e.g.,
the effect of irradiation parameters), radiation specificity
of these signals, and the parameters affecting the lifetime
of these signals are not fully understood. Therefore,
studies to determine the effects of irradiation and storage
(e.g., humidity, temperature, etc.) parameters on the ra-
diation-induced ESR signal intensity must be performed
to further refine this technique. These studies are nec-
essary to develop what appears to be an excellent tech-
nique for PID analysis of irradiated meats that contain at
least a small (few milligrams) piece of bone.

ACKNOWLEDGMENT

We thank Alaisdar Carmichael and Charles Swenberg
of the Armed Forces Radiobiology Research Institute for
the generous use of their ESR and William L. McLaughlin
for helpful discussions.

J. Agric. Food Chem., Vol. 36, No. 3, 1988 603

LITERATURE CITED

Caracelli, I.; Terrile, M. C.; Mascarenhas, S. “Electron Spin
Resonance Dosimetric Properties of Bone”. Health Phys. 1986,
50, 259-263.

Dodd, N. J. F.; Swallow, A. J.; Ley, F. J. “Use of ESR to Identify
Irradiated Food”. Radiat. Phys. Chem. 1985, 26, 451-453.

Fed. Regist. 1986, 179.

Fisher, B. V.; Morgan, R. E,; Phillips, G. O.; Wardale, H. W.
“Radiation Damage in Calcium Phosphates and Collagen: An
Interpretation of ESR Spectra”. Radiat. Res. 1971, 46, 259-235.

Gordy, W.; Ard, W. B,; Shields, H. “Microwave Spectroscopy of
Biological Substances. I. Paramagnetic Resonance in x-Irra-
diated Amino Acids and Proteins”. Proc. Natl. Acad. Sci.
U.S.A. 1955, 41, 983-996.

Goresline, H. S. “Historical Aspects of the Radiation Preservation
of Food”. In Preservation of Food by Ionizing Radiation;
Josephson, E. S,, Peterson, M. S., Eds.; CRC: Boca Raton, FL,
1983.

Houben, J. L. “Free Radicals Produced by Ionizing Radiation in
Bone and Its Constituents”. Int. J. Radiat. Biol. 1971, 20,
373-389.

Hubbel, J. H. “Photon Mass Attenuation and Energy-Absorption
Coefficients from 1 keV to 20 MeV". Int. J. Appl. Radiat. Isot.
1982, 33, 1269-1290.

Ikeya, M.; Miki, T. “Electron Spin Resonance Dating of Animal
and Human Bones”. Science (Washington, D.C.) 1980, 207,
977-979.

Ikeya, M.; Miyajima, J.; Okajima, S. “ESR Dosimetry for Atomic
Bomb Survivors Using Shell Buttons and Tooth Enamel”. Jpn.
J. Appl. Phys. 1984, 23, 1L.697-1.699.

Karam, L. R.; Simic, M. G. “Methods for the Identification of
Irradiated Chicken Meat”. Presented at the WHO Working
Group on Health Impact and Control of Irradiated Foods:
Neuherberg, FRG, Nov 1986.

Miller, A.; McLaughlin, W. L. “Calculation of the Energy De-
pendence of Dosimeter Response to Ionizing Photons”. Int.
J. Appl. Radiat. Isot. 1982, 33, 1289-1310.

Nakajima, T. “The Use of Organic Substances as Emergency
Dosimeters”. Int.J. Appl. Radiat. Isot. 1982, 33, 1077-1084.

Onderdelinden, D.; Strackee, L. “ESR as a Tool for the Identi-
fication of Irradiated Material”. In Proceedings of the In-
ternational Colloguium on the Identification of Irradiated
Foodstuffs; Commission of the European Communities:
Luxzembourg, 1974.

Ostrowski, K.; Dziedzic-Goclawska, A.; Stachowicz, W.; Michalik,
J. “Sensitivity of the Electron Spin Resonance Technique as
Applied in Histochemical Research on Normal and Pathological
Calcified Tissues“. Histochemie 1972, 32, 343-351.

Regulla, D. F.; Deffner, U. “Dosimetry by ESR Spectroscopy of
Alanine”. Int. J. Appl. Radiat. Isot. 1982, 33, 1101-1114.

Sastuen, E.; Theisen, H.; Henrikson, T. “Dosimetry by ESR
Spectroscopy Following a Radiation Accident”. Health Phys.
1983, 49, 961-968.

Stachowicz, W.; Ostrowski, K.; Dziedzic-Goclawska, A.; Komender,
A. “ESR Study of Bone Tissue Sterilized by Gamma Radiation”.
Nucleonika 1970, 15, 131-142.

Swartz, H. M. “Long-Lived Electron Spin Resonances in Rats
Irradiated at Room Temperatures”. Radiat. Res. 1965, 24,
579-586.

Woolf, S.; Burke, E. A. “Monte Carlo Calculations of Irradiated
Test Photon Spectra”. IEEE Trans. Nucl. Sci. 1984, NS-31
(No. 6).

Received for review August 19, 1987. Accepted January 20, 1988,
The work was supported in part by USDA Contract FSIS-12-
37-6-022. Certain commercial equipment, instruments, or ma-
terials are identified in this paper in order to specify adequately
the experimental procedure. Such identification does not imply
recommendation or endorsement by the National Bureau of
Standards, nor does it imply that the material or equipment
identified is necessarily the best available for the purpose.



