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Abstract

The unique capabilities of the Armed Forces
Radiobiology Research Institute (AFRRI)
cobalt-60 (*°Co) gamma (y)-photon irradia-
tor were used for bilateral whole-body ir-
radiation of the nonhuman primate (NHP)
Macaca mulatta. In this study, 6.5-Gy ra-
diation was delivered at 0.4 Gy/min to 24
male NHPs 7-10 years of age weighing 7-14
kg in order to evaluate the (a) pharmacoki-
netics and pharmacodynamics (PK/PD) of
ciprofloxacin (CIP) in an irradiated nonro-
dent large-animal species phylogenetically
close to man, (b) utility of CIP in managing
postirradiation infection related to bacterial
translocation from the alimentary canal, and
(c) side effects of CIP in acutely irradiated
NHPs. This dose was chosen from published
and unpublished studies indicating 6.5 Gy (a)
approximated the LD, . for NHPs and (b)
resulted in severe hematopoietic system inju-
ry with increased risk for death from sepsis.
For irradiation, an acrylic plastic contain-
er was constructed to comfortably restrain
large NHPs that were 60—-80 cm in length.
Three acrylic plastic cylinders (7, 10.1, and

12.6 cm in diameter) were used in conjunc-
tion with alanine pellets to estimate the dose
to the mid-abdominal target area of various
sized NHPs. In addition, measurements of
radiation dose to the bone marrow in each
of four different-sized femurs were made by
insertion of alanine film strips into the femo-
ral cavity of bones obtained from euthanized
animals. While the mid-abdominal area re-
ceived 6.5-Gy radiation, doses to femoral
marrow were presumptively 10% higher than
to the core of NHPs, based on femoral cavity
measurements. This report emphasizes and
describes the accuracy and precision of ala-
nine dosimetry, radiation field characteriza-
tion and use, and the special restrainer and
phantoms. In this Institutional Animal Care
and Use Committee (IACUC)-approved
study, all 24 NHPs survived 6.5 Gy due to (a)
accurate and precise dosimetry and (b) sup-
portive care provided to the irradiated ani-
mals. Support for this work was provided by
National Institute of Allergy and Infectious
Diseases (NIAID) contract #Y1-Al1-4827-01
and by AFRRI project #RAB3AG-1.
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Introduction

The nonhuman primate (NHP) Macaca mu-
latta (rhesus macaque monkey) is an animal
of choice for evaluating clinically beneficial
or toxic agents because of its phylogenetic
“closeness” to man. Indeed, in the Food and
Drug Administration (FDA) promulgation of
the animal efficacy rule and because of its
behavioral, physiological, and hematopoietic
similarities to man, it is a favored large ani-
mal species for evaluating substances such
as antibiotics that may have clinical value in
managing sequelae (e.g., sepsis) induced by
whole-body irradiation injury.

Compared to whole-body irradiation of small
animals such as mice, generally considered
homogenous for purposes of radiation dose
estimations, irradiation of M. mulatta, espe-
cially large members of the species, presents
challenges in providing accurate estimates
of dose deposition to target tissues (alimen-
tary canal, e.g., gut; and hematopoietic-cell-
containing bones of the body, e.g., femur).

Radiation doses reported as whole-body for
NHPs make unwarranted assumptions of de-
position in radiosensitive targeted tissues.
Factors contributing to difficulties in irradi-
ating large animals include the (a) nonuni-
form distribution of radiosensitive tissues
throughout the body, (b) nonuniform size
of animals within treatment groups, and (c)
physical location of radiosensitive prolifera-
tive tissues of the animal at the time of radia-
tion exposure.

The purposes of this report are to describe
the (a) rationale for choosing the radiation
dose given to NHPs, (b) AFRRI %°Co source
at the time of NHP irradiation, (c) character-
istics of a custom-designed acrylic plastic re-
straining module for irradiating large NHPs,
(d) alanine dosimetry in water-containing
acrylic plastic phantoms prior to irradiation
of the NHPs, and (e) calibration and uncer-
tainties of the alanine/electron paramagnetic
resonance (EPR) dosimetry.
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Materials and Methods

Previous studies (Broerse, et al. 1978; Eldred,
et al. 1953; Eldred, et al. 1954; Eltringham,
pers. comm.; Henschke, et al. 1957) reported
survival responses of rhesus macaques after
different radiation qualities. For example, El-
dred and coworkers (Eldred, et al. 1953; EI-
dred, et al. 1954) used 250 kVp x-rays with a
half-value layer (HVL) of 1.7 mm Cu to irra-
diate 37 nonhuman primate (NHP) at a rate
of 13.7 R/min. The estimated LD, ,,, was 600
R. Henschke and Morton (1957) also used
250 kVp x-rays with an HVL of 1.7 mm Cu
operated at 22 R/min. The LD, ., based on
a population of 110 NHPs that included both
genders was 530 R + 21 R. The interpolated
LD,,, and LD, ., were approximately 410
R and 700 R, respectively. In Eltringham’s
work (pers.comm.) NHPs were given 55 rad/
min of ®Co y-photons. The LD, , based on
a population of 90 NHPs and as determined
by the AFRRI statistician, was 639 rad. The
calculated LD, ,, and LD, ., were approxi-
mately 565 rad and 722 rad, respectively.

In the reports noted above, NHPs were not pro-
vided supportive therapy subsequent to irradia-
tion. The LD, was 525 rad in a bone mar-
row transplantation study where 16 NHPs were
given 300 kVp x-rays (HVL of 3 mm Cu) at
28 rad/min followed by support (Broerse, et al.
1978). Haigh and Paterson (1956) determined
the LD, ., for 44 NHPs (22 of each gender)
as 570 R + 25 R using 250 kVp x-rays with an
HVL of 1.6 mm Cu at 3 R/min. Dalrymple,
Lindsay, and Ghidoni (1965) noted an LD_ .,
for 104 NHPs (52 of each gender) irradiated to
670 rad + 20 rad with 2-MeV x-rays (HVL of
7.5 mm Pb) at a rate of 10.7 rad/min. The NHPs
in all the above-mentioned studies were 2—4
years of age and weighed 2—-4 kg.

In rhesus NHPs, 400-800 rad produces
signs and symptoms of injury broadly as-
sociated with hemopoietic failure. The term

“hemopoietic syndrome” defines the range
of sequelae related to severe injury to bone
marrow cell populations. Death from hema-
topoietic injury in irradiated rhesus NHPs is
noted to occur between 10 and 23 days after
exposure (Dalrymple, et al. 1965; Eldred, et
al. 1953; Eldred, et al. 1954). One of the first
life-threatening sequelae seen after these ra-
diation doses and prior to death (and at post
mortem) is infection, generally of an endog-
enous origin arising from injury to the large
bowel and skin as well as from oral facial ul-
cerations. The two principal portals of bacte-
ria resulting in sepsis in rhesus NHPs given
400-800 rad are the large bowel and oropha-
ryngeal-facial area. Hemorrhagic lesions in
the tissues mentioned also accompany infec-
tion. Some bacteria found in previous inves-
tigations in tissues and organs after irradia-
tion included Escherichia coli, Streptococcus
pneumoniae, Pseudomonas sp., Proteus sp.,
Staphylococcus sp., and Streptococcus sp.
(Allen, et al. 1960; Dalrymple, et al. 1965;
Haigh, et al. 1956; Schlumberger, et al. 1954;
Wise, et al. 1968). Under normal conditions,
these bacteria are nonpathogenic inhabitants
of the alimentary canal but, in immunocom-
promised situations, can result in opportu-
nistic infections.

Radiation dose selection

Taken together, these data support the use of
6.5 Gy cobalt-60 (**Co) gamma (y)-photons
to induce hematopoietic injury and sepsis
making that dose useful for evaluating the (1)
pharmacokinetics and pharmcodynamics (PK/
PD) of ciprofloxacin (CIP) in irradiated NHPs,
(2) utility of CIP in managing postirradiation
infection related to bacterial translocation
from the alimentary canal and (3) side effects
of CIP in acutely irradiated NHPs. This radia-
tion dose approximates the LD, ., of the un-
published study performed by Eltringham as

5
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Figure 1. Mortality of ®°Co y-photon irradiated male rhesus monkeys.

shown in figure 1 (Eltringham, pers. comm.)
and Dalrymple et al. (1965).

Animal care

Male M. mulatta weighing 7-14 kg and 7-10
years of age were obtained from the AFRRI
and Walter Reed Army Institute of Research
(WRAIR) issue pools. The NHPs had been
part of approved dengue and yellow fever im-
munization protocols 2—4 years prior to irra-
diation. The NHPs were housed singly in sani-
tized stainless steel cages in holding rooms
provided with 10 changes/hr of 100% fresh
air, conditioned to 22°C and a relative humid-
ity of 50% + 20%. They were maintained on

a 0600 light—1800 dark full-spectrum light
cycle. Commercial primate chow supplement-
ed with fruit, vegetables, and autoclaved water
ad libitum was provided. Prior to irradiation,
the NHPs were anesthetized with 10 mg/kg of
ketamine (Ketaset®, Fort Dodge Laboratories,
Fort Dodge, IA) given intramuscularly, placed
in the restraint device described below, and

6

allowed to regain consciousness.

All procedures involving the NHPs were re-
viewed and approved by the Institutional Ani-
mal Care and Use Committee (IACUC) and
received second-tier animal care and use re-
view and approval. All NHPs were monitored
telemetrically 24 hr/day 7 days/week and visu-
ally at intervals of 4-6 hr. This research was
conducted according to principles outlined in
the Guide for the Care and Use of Laboratory
Animals of the Institute of Laboratory Animal
Resources, National Research Council.

Subsequent to acclimation in the veterinary
facility, the NHPs were surgically implanted
with telemetric devices for continuous moni-
toring of body temperature, electrocardiogram
(ECG), and respiratory function. The telem-
etry data are the subject of a future report.
Physical activity monitoring of the NHPs was
performed by Doppler microwave sensors
placed above experimental cages. A mini-
mum of one month after ensuring healing of



the telemetric implant site, 15 mg/kg and 30
mg/kg CIP were provided orally to each of
two groups of eight nonirradiated NHPs twice
daily (0600 and 1800) for three consecutive
days for the purposes of PK/PD determina-
tions. Phlebotomies for these determinations
were performed at 15 min, 30 min, 1 hr, 2 hr,
4 hr, 6 hr, 8 hr, and 12 hr after the last CIP
dosing. At a minimum of 30 days after these
procedures, the NHPs were given 6.5 Gy at
0.4 Gy/min. Four days after irradiation, the
same CIP doses were given orally to the same
animals and phlebotomies performed as noted.

The data from these PK/PD studies will be
presented in a future report. In addition, ir-
radiated animals continued to receive twice
daily doses of CIP for 21 consecutive days
after irradiation. During this period, on days
7,10, 14, 17, 21, and 25 after irradiation, oral
and rectal cultures were taken for microbio-
logic identification and susceptibility studies;
bone marrow cells were harvested for clono-
genic determinations; and blood was drawn
for hematology and clinical chemistries. Data
from these studies will also be presented in
a future report. Support for irradiated NHPs
was given as needed and included fluids giv-
en intravenously, soft palatable food, Tyle-
nol™ given orally for temperatures greater
than 103°F, and antibiotics for bacteria resis-
tant to CIP following T > 103°F.

AFRRI ©Co y-photon radiation source

AFRRI offers unique radiation sources and
source configurations for irradiating ani-
mals. Of these sources, the ©Co high-dose
rate irradiator provides y-photon irradiation
from cassettes contained within two sets of
moveable carriages, each containing up to
16 radioactive source rods permitting uni-
lateral or bilateral irradiation. Dose rates can
be varied by altering the number of source
rods or the source-to-target distance (Carter
and Verrelli 1973). Doses of y-radiation for

Materials and Methods

dosimetry and irradiation of NHPs reported
here were obtained from ¢°Co rods #1-7, 9—
24, and 26-32 (old rods and cassettes circa
1989). The activity of the AFRRI ¢°Co facil-
ity during the NHP irradiations was 33,000
curies (®°Co source rods). NHPs were given
6.5 Gy bilaterally at a rate of 0.4 Gy/min
to the abdominal core to enhance bacterial
translocation from the gut as is described be-
low. NHPs in this study were irradiated in
a six-month period from May to November
2005.

Physical characteristics of the acrylic
plastic radiation restrainer

Figure 2 shows the acrylic plastic (Plexi-
glas™) radiation restrainer facilitating ir-
radiation of NHPs. The side walls, top, and
bottom of the restrainer were constructed of
0.5-cm acrylic plastic stock material. The
height of the restrainer was 89 cm, estab-
lished by the length of the tallest NHP in the
experimental protocol. The width was 49 cm,
and depth, front to back, was 69 cm. A girth
hole in the shelf, which could be used as a
seat, was set at a diameter of 13 cm; a neck
slot was set at a diameter of 10.5 cm.

Dosimetry

Dosimetry was performed using the ala-
nine/electron paramagnetic resonance (EPR)
system (Bruker GmbH, Germany; ASTM
1994). The calibration of the system was di-
rectly traceable to the National Institute of
Standards and Technology (NIST), and its
accuracy was additionally verified by inter-
comparisons with the National Physics Lab-
oratory (NPL) in the United Kingdom. To
determine dose rates in the abdominal cores
of different sizes of NHPs, three cylindrical
phantoms made of polymethyl methacrylate
(PMMA) and filled with water to simulate
tissue equivalency were used (figure 3). The
phantoms measured 35 cm high, with outer

7
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Figure 2. The acrylic plastic restrainer
box used for radiation field mapping
and irradiation of NHPs (May to Novem-
ber 2005). Slotted sides for adjusting
the “seat” accommodated the animal’'s
height. Four knob-type plastic screws
adjust and tighten the “seat” from front to
back. Six black nylon t-bar cleats were
used to secure animals with 3/8” nylon
rope. Fabric strips were used to prevent
chafing on arms and legs. White cords
on each side aided in lifting the box. A
grooved neck plate at the top of the re-
strainer was adjustable to fit different
sizes of collars. Animals were fitted and
acclimated to collars prior to placement
in the restrainer. A vertical sliding door
(not shown) was slid into place (a) for
dosimetric determinations, (b) to secure
animals within the box during irradiation,
and (c) to provide stability of the box.
The first groove was placed at a height
of 53.1 cm while the second through the
sixth grooves were placed at 4-cm inter-
vals to adjust for differences in animal
height. Adjustments of support and neck
grooves allowed animals to fit in the re-
strainer box.

Figure 3. Water-filled PMMA phantoms
used to determine dose rates for NHPs
of different diameters. The three phan-
toms, whose diameters of 7-12.6 cm
spanned the diameters (ischial-ischial
distance) of all NHPs, were used to con-
struct a dose-rate calibration curve. The
curve was used to establish the dose for
each NHP.



diameters of 7.0, 10.1, and 12.6 cm, respec-
tively. The phantoms had sleeves from their
tops to their cores, whose inner diameters
matched precisely the outer diameter of vials
containing alanine pellets.

Alanine pellets (Gamma Service, Dresden,
Germany; Lot T020604) with mass of 65.5
+ 0.5 mg were used for dose rate measure-
ments. Prior to use, the pellets were stored
in a desiccator over phosphorus pentoxide,
which provided 0% relative humidity (Slep-
tchonok, et al. 2000). The pellets were con-
ditioned to the humidity of the ambient envi-
ronment before use (Nagy, Puhl, et al. 2000)
and were irradiated in the phantoms in plas-
tic vials purchased from NIST (figure 4). The
vial height was approximately 30 mm; the
outer diameter was 12 mm, while the inner
diameter allowed 0.2 mm of space for the 4.9
mm diameter of the pellets (Nagy and Des-
rosiers, 1996). Walls of the vials were thick
enough to provide electron equilibrium. Each
vial contained four alanine pellets. The phan-
toms were irradiated by placing them inside
the enclosed restrainer box used for NHP ir-
radiation (figures 5 and 6).

During irradiation, the NHPs were positioned
in such a way that most of the animal’s body
was irradiated through the thinner upper
parts of the side walls of the chamber. That
eliminated errors from the irregular attenu-
ation of y-photons by the grooves (used for
shelf adjustments) in the middle part of the
restrainer’s walls. In dosimetric irradiations,
the phantoms were positioned accordingly.

The degree of scattering by this container
was small at the energy of the y-quanta pro-
duced by %°Co (1.25 MeV). In the horizontal
plane, the phantoms were centered in the box
that, in turn, was centered on the exposure
table. The accuracy of the phantom position-
ing in the box was deliberately chosen as + 1
cm from the center to account for inaccuracy

Materials and Methods

of the positions and movements of the NHPs.
Results of previous field mappings for irra-
diation of mice with similar positions of the
®0Co source rods suggest that the variations
of the radiation field intensity over the areas
occupied by the NHPs did not exceed + 1%,
although no special mapping was made for
the field in this restrainer box.

To obtain precise dose rate values, alanine
pellets were irradiated inside the phantoms
in the restrainer box for exactly measured
periods of time in the range of 6-8 hr. As
the dose rates were approximately 0.4 Gy/
min, the total doses to the pellets were in the
range of 150-200 Gy. The rod-containing el-
evators were set at 340 cm from the center
of the table, in line with the expected posi-
tion of the animal’s body. This geometry pro-
vided the exposure rate in the reference point
of the facility of 48.1 £ 0.2 R/min over the
period of mapping. There were two replicate
runs for each phantom size. All the irradia-
tions for dosimetry were performed during a
two-week period (May 7-17, 2005) prior to
irradiation of the NHPs.

EPR measurements of signals from irradiat-
ed alanine pellets were performed at least one
day after the end of the irradiation to elimi-
nate a small (<1%) but measurable decrease
in signal intensity during the first hour after
exposure (Nagy, et al. 1996). Measurements
were performed on a Bruker e-Scan EPR
spectrometer specially designed for highly
accurate intensity measurements necessary
in alanine dosimetry.

A critically important component of this in-
strument is an adjacent reference sample
(Nagy, Sleptchonok, et al. 2000). This im-
mobile sample rests in a remote part of the
instrument’s sensitive area during the whole
measurement session, and its signal (insig-
nificantly overlapping the alanine signal) is
recorded automatically each time the alanine

9
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Figure 4. Vials for alanine pellets used
at NIST and AFRRI for irradiations under
electron equilibrium conditions. (Photos
provided by T.B. Elliott, PhD, and M.O.
Shoemaker, PhD.)

Figure 5.The restrainer used in dosimet-
ric measurements and for irradiation of
NHPs in the AFRRI %°Co whole-body irra-
diator. The restrainer’s larger sides, iden-
tified by white ropes, face a north-south
orientation. A PMMA cylinder used to
simulate the body of an NHP and to hold
the alanine dosimeter package is placed
on the first shelf within the restrainer. The
restrainer is centered on the table sur-
face. The restrainer is located on a table
fitted over a pool of water midway be-
tween two carriages containing the %°Co
source rods. The %°Co rods are stored in
cassettes at the bottom of the 15-foot-
deep pool when not used.

10



signal is recorded. As small changes in the
instrument sensitivity due to temperature or
power instability are likely to affect both sig-
nals to the same degree, the ratio of the in-
tensities, used as the measure of the alanine
signal, is almost insensitive to these interfer-
ences. This makes it possible to achieve much
higher accuracy for dose determinations than
with traditional EPR spectrometers.

Software built into the spectrometer was used
to automate the measuring process and to de-
termine radiation doses. An alanine response
temperature coefficient of 0.14% per degrees
Celsius (Nagy, Puhl, and Desrosiers 2000),
provided by the software by default, was used
to correct for small differences in the tempera-
ture of irradiation at AFRRI and NIST.

Doses to the alanine pellets irradiated in the
phantoms were determined using a calibra-
tion curve constructed with a standard ala-
nine calibration set (PV040220A) purchased

Materials and Methods

from NIST. The declared accuracy of the
doses given to the dosimeters was 1.7% at
26 (95%). These doses to the pellets were
provided by the U.S. primary national stan-
dard %Co source located at NIST. Thus, the
AFRRI EPR spectrometer was calibrated di-
rectly against the national standard source.

Accuracy of this calibration curve was con-
firmed by a subsequent blind intercomparison
between the two laboratories. In that intercom-
parison, unknown radiation doses, to the same
set of irradiated pellets, were measured in par-
allel at AFRRI using the calibration curve and
at NIST. Differences between the AFRRI and
NIST results ranged for different pellets from
+0.15% to —1.56%.

Accuracy of the calibration curve was also
confirmed by an additional check against the
national standard ®©Co source of the NPL, cur-
rently regarded as the most reputable alanine
dosimetry service in the world.

Figure 6. A high-angle view of the acrylic plastic
NHP-restraint box centered on the table in the
AFRRI %°Co whole-body irradiator. The restrainer is
secured to the table during animal irradiation with
elastic straps. The table is immobolized by alumi-
num beams, secured to the bottom of the table, that
contact the arcs located on the top of the pool. A
water-filled PMMA cylinder used for dosimetry is
located between the white ropes used for carrying
the restraint box.

1
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Table 1. Doses and dose rates to water in phantom cores at the time of irradiation.

Small phantom (diameter: 7.0 cm)

In-vial | Dosimeter Dose (KGy) Dose rate Mean dose rate Relative standard
position number y (Gy/min) (Gy/min) deviation
Replicate #1, irradiation time: 8:01:04 (481.1 min)
top 4 0.215 0.4464 0.4483 0.30%
3 0.216 0.4494
2 0.216 0.4491
bottom 1 0.216 0.4484
Replicate #2, irradiation time: 8:00 (480.0 min)
top 4 0.216 0.4499 0.4511 0.30%
3 0.216 0.4502
2 0.217 0.4515
bottom 1 0.217 0.4528
Interrun mean 0.4497 kGy
Interrun difference 0.61%
Medium phantom (diameter: 10.1 cm)
In-vial | Dosimeter Dose Dose rate Mean dose rate Relative standard
position number (kGy) (Gy/min) (Gy/min) deviation
Replicate #1, irradiation time: 8:00 (480.0 min)
top 4 0.207 0.4306 0.4341 0.56%
3 0.209 0.4353
2 0.209 0.4344
bottom 1 0.209 0.4362
Replicate #2, irradiation time: 8:00 (480.0 min)
top 4 0.208 0.4335 0.4334 0.42%
3 0.207 0.4309
2 0.209 0.4352
bottom | 1 0.208 0.4341
Interrun mean 0.4338 kGy
Interrun difference 0.16%
Large phantom (diameter: 12.6 cm)
In-vial | Dosimeter Dose (kGy) Dose rate (Gy/ | Mean dose rate Relative standard
position number y min) (Gy/min) deviation
Replicate #1, irradiation time: 8:00 (480.0 min)
top 4 0.204 0.4243 0.4260 0.44%
3 0.205 0.4277
2 0.204 0.4245
bottom 1 0.205 0.4276
Replicate #2, irradiation time: 6:00 (360.0 min)
top 4 0.148 0.4121 0.4141 0.52%
3 0.148 0.4124
2 0.150 0.4159
bottom 1 0.150 0.4161
Interrun mean 0.4201 kGy
Interrun difference 2.82%

12




Results

Table 1 shows results of dose rate measure-
ments.

Mean dose rates for two replicate experi-
ments with the small and medium phantoms
differed by 0.61% and 0.16%, respectively.
The discrepancy for the large phantom was
2.82%. No additional experiments to recon-
cile differences for the large phantom were
performed, and the results of the two repli-
cates were averaged. The largest error possi-
bly introduced by averaging the data is likely
less than 1.4%.

Dose rates

The dose rates within the three different-
sized phantoms were approximated by an
empirical function. Figure 7 shows fits to the
average dose rates for each phantom.

The fit can be used to determine dose rates to
a phantom of any intermediate size, which,
in turn, can be used as an estimate of the
dose rate in the abdominal core of an NHP of
the corresponding size.

Thus, calculation of the exposure time for
each NHP includes a measurement of the an-
imal’s dimension (ischial to ischial distance)
as oriented to the radiation beam (the NHPs
were oriented with their sides to the ¢°Co rod
sources). Exposure times for the NHPs var-
ied from 14.6-16.28 min. Other operations
involved in calculations of the exposure time
are (a) determination of the dose rate to water
in the phantom of the corresponding diame-
ter using the fit, (b) application of the correc-
tion for ©°Co decay between the field mapping
and actual animal irradiation, (c) application
of the correction for the small difference in
the y-photon absorption between water and
soft tissue, and (d) application of a correction

for untimed irradiation during the rise and

fall of the %°Co rod sources (approximately
1%).

Dose uncertainties

Table 2 lists the main contributions to the un-
certainty in doses given to NHPs. The values
in the right column represent single standard
deviations divided by the corresponding val-
ues (i.e., relative standard deviations).

As these sources of uncertainties are inde-
pendent, the combined uncertainty is ob-
tained by summing the corresponding rela-
tive standard deviations in quadratics. Thus,
the overall uncertainty of 2.1% for 16 or 4.2%
for 2o (the latter corresponds approximately
to the confidence interval at 95%) can be de-
termined.

It should be noted, however, that the calcu-
lated exposure times and resulting reported
doses correspond to the abdominal cores of
the NHPs. These doses are lower than those
in areas located closer to skin because of the
natural attenuation of the y-photons. Fur-
thermore, it is assumed that the “core point”

Table 2. Components of uncertainties of the dose
given to the abdominal cores of NHPs.

Relative standard
deviation

Uncertainty component

Uncertainty of EPR 0.015 (1.5%)
measurements of doses to

alanine

Uncertainty of fit relating 0.01 (1%)
phantom size with dose rate

Uncertainty of selected dose 0.01 (1%)

rate due to uncertainty in
the monkey size measure-
ment

13
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Figure 7. Dependence of radiation dose rate to water relative to the diameter of the phantom.

of interest is within the abdomen and that the
animals are oriented with their sides to the
sources. As such, bones would not interfere
with the beam path, passing entirely through
soft tissue. Parenthetically, it would be far
more complicated to precisely calculate the
dose to a specific region of a body if irregu-
lar bones are in the exposure field.

Dose delivered to femurs

In other work, we estimated the radiation
dose to the marrow of femurs obtained from
NHP cadavers. In this effort, four femurs
were irradiated adjacent to the small, 7-cm
diameter phantom. The phantom and the fe-
murs contained alanine films (Kodak Bio-
max). The width of the films was 4 mm, the
length of the alanine-containing portion 47
mm. Figure 8 shows the setup.

After irradiating the bones to 1 kGy (a dose
necessary because of the lower sensitivity of
alanine films as compared with that of alanine
pellets), relative doses to the films were mea-

sured using the Bruker e-Scan spectrometer
14

(as with the pellets), but fitted with a special
film holder. At 1 kGy, alanine response to the
dose is still linear. Therefore, the ratio of the
alanine signal in the core of the phantom to
the alanine signal in the bones provides the
ratio of the corresponding dose rates. Table 3
lists the results normalized, for convenience,
to the dose rate in the core of the mid-sized
(10.1 cm), rather than the small, phantom us-
ing the fit. The femurs identified in table 3

Table 3. Relative dose rate in femurs obtained
from NHP cadavers.

Dose rate in the bone

cavity relative to the dose

NHP bone origin rate in the core of the mid-

sized phantom (10.1 cm in

diameter)

A (female) 108%
B (female) 113%
C (male) 110%
D (male) 108%




Figure 8. A view of the system employed to esti-
mate radiation dose inside the marrow cavity of four
NHP femurs. Four dry femurs of different diameters,
devoid of any tissue but containing alanine strips,
were placed in line with the small-sized phantom
(7 cm in diameter) containing similar alanine strips.
The plane in which all the alanine films were located
was perpendicular to the direction of the radiation
beam. Foam blocks were used as a support.

Results
are from four separate NHPs.

Thus, doses to femoral bone marrow were,
on average, 10% higher than those to the core
of the mid-sized phantom. There is no clear
correlation between the dose rates and the
apparent dimensions of the bones. This is not
surprising because the femoral bone thick-
ness is very irregular and the alanine-con-
taining zone of the film is long. Moreover,
even if such a correlation was observed, it
would be of limited usefulness because the
wall thickness of the bone is different in dif-
ferent parts of the femur and, accordingly,
different portions of the bone marrow receive
different radiation doses. It can be deduced
from this experiment, with a reasonable de-
gree of reliability, that doses to femoral mar-
row are roughly 10% higher than doses to the
abdominal core of a mid-sized monkey.
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Discussion

Survival or mortality subsequent to ionizing
radiation depends upon a number of physical
factors. Principle physical components of ra-
diation exposure impacting biologic respons-
es include the inherent nature (quality) of the
radiation and total dose and dose rate. In our
work we used 1.25-MeV photons from a ®°Co
v-photon source and delivered 6.5 Gy at 0.4
Gy/min to the mid-abdominal area. These
attributes were selected based upon the pub-
lished efforts of Dalrymple et al. (1965) and
the unpublished work of Eltringham (pers.
comm.). They employed radiation sources re-
sulting in comparable LD, ., rad-doses (670
vs. 639) even though the rad-dose rates were
dissimilar (10.7 vs. 55 Gy/min). The higher
LD, ,,, rad-dose was achieved with 2-MeV x-
ray photons (Dalrymple, et al. 1965) while
the lower value was obtained with 1.25-MeV
photons (Eltringham, pers. comm.).

It is noteworthy that the National Institute of
Standards and Technology (NIST) and the
National Physics Laboratory (NPL) provide
radiation source calibrations with alanine di-
rectly in terms of absorbed dose to water, not
in terms of exposure as do most other cali-
bration institutions. Conversion of exposure
(which is essentially a charge produced in air
by radiation) into absorbed dose (energy ab-
sorbed inside a specific absorbing object) in-
volves a number of experimentally measured
parameters and difficult-to-verify assump-
tions, which makes it prone to inaccuracies.

By contrast, calibration with alanine against
the national standard sources requires only
two corrections: one for ®°Co decay with a
precisely known half-life of 1925.23 days
(Nagy, Puhl, et al. 2000) and another for dif-
ferences between the mass energy absorption
coefficients for water and soft tissue, which
is small (<1%) and reasonably well-known
(Woods, et al. 2004).

In our work, dosimetry was accomplished
using appropriate-sized acrylic-plastic phan-
toms and alanine pellets and film-strips ex-
posed in the radiation field and read in a
Bruker e-Scan spectrometer. The work re-
ported earlier (Allen, et al. 1960; Broerse,
et al. 1978; Dalrymple, et al. 1965; Eldred,
et al. 1953; Eldred, et al. 1954; Eltringham,
pers. comm.; Haigh, et al. 1956; Henschke,
et al. 1957; Schlumberger, et al. 1954) em-
ployed Victoreen R-meters, Siemens Uni-
versal thimble chambers (Henschke, et al.
1957), and EPR with alanine (Dalrymple,
et al. 1965). The latter was one of the very
first uses of alanine as a dosimetric material
at the time when the method was still in its
infancy. Many presently used techniques for
enhancing the accuracy of the method were
not known at that time. In our effort, strin-
gent measures were taken to ensure that ala-
nine dosimetry was used with all the avail-
able knowledge about this method properly
taken into account. In addition, alanine do-
simeters used at AFRRI to construct calibra-
tion curves were traceable to national stan-
dard sources at NIST and the NPL. Quality
traces were not indicated by the earlier work
(Allen, et al. 1960; Broerse, et al. 1978; Dal-
rymple, et al. 1965; Eldred, et al. 1953; El-
dred, et al. 1954; Eltringham, pers. comm,;
Haigh, et al. 1956; Henschke, et al. 1957,
Schlumberger, et al. 1954).

The focus in the early work (Allen, et al.
1960; Broerse, et al. 1978; Dalrymple, et al.
1965; Eldred, et al. 1953; Eldred, et al. 1954;
Eltringham, pers. comm.; Haigh, et al. 1956;
Henschke, et al. 1957; Schlumberger, et al.
1954) was animal mortality and hematopoi-
esis as determined by constructing dose-re-
sponse curves from whole-body irradiation.
In summary, the delivered dose was accu-
rately determined by alanine dosimetry with
the mid-abdominal area the target site for en-
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suring radiation-induced damage to the gut
epithelial layer allowing for the translocation
of bacteria. Further, we determined that the
radiation dose to femurs was approximately
10% higher than that to the gut. This is im-
portant as depletion of hematopoietic cells in
the marrow of all major long bones such as
the femur would aid in bacterial transloca-
tion and sepsis, a principal aim of this work.
The delivered radiation dose successfully re-
sulted in profound neutropenia and throm-
bocytopenia. Following irradiation and CIP
dosing, qualitative changes in the bacterial
flora of the alimentary canal followed by in-
creased resistance to management with CIP
were observed.

A major component of this research was to
isolate and identify major groups of bacte-
ria from the alimentary canal. In nonirradi-
ated NHPs, principal oral and rectal gram-
negative isolates included Escherichia coli
while gram-positive oral and rectal isolates
included members of the streptococci, staph-
ylococci, and cornybacteria genera. When
the NHPs were given 6.5 Gy in the study,
the incidence of gram-positive organisms in-
creased as did the resistance of these bacteria
to CIP. We did not find other gram-negative

18

opportunistic pathogens (Proteus sp., Pseu-
domonas sp., and Strepococcus pneumoniae)
in the alimentary canal as was observed by
others (Allen, et al. 1960; Dalrymple, et al.
1965; Haigh, et al. 1956; Schlumberger, et al.
1954; Wise, et al. 1968). The specific chang-
es in alimentary canal bacteria and their sus-
ceptibility to a panel of antimicrobials will
also be the subject of a future report.

Lastly, all 24 NHPs given 6.5 Gy in this
study survived the 30-day observation peri-
od. Indeed, survival for these NHPs current-
ly ranges from 1.5-2 years postirradiation.
No remarkable physiologic or pathologic
findings were recorded during this extended
time period even though significant blood
chemistry, peripheral blood, bone marrow,
and alimentary canal bacteria changes were
noted during the 30-day postirradiation peri-
od. The survival recorded is ascribed in large
measure to (a) the accurate dosimetric tar-
geting and delivery of radiation and (b) clini-
cal support abetted by continuous telemetric
monitoring. These two factors permitted the
evaluation of CIP for therapy of high-dose
radiation-induced immunosuppression in a
large animal species phylogenetically close
to man.



References

Allen RG, Brown FA, Logie LC, Rovner DR,
Wilson SG Jr., Zellmer RW (1960) Acute ef-
fects of gamma radiation in primates. Radia-
tion Research 12:532-5509.

Arber JM, Sharpe PHG (1993) Fading charac-
teristics of irradiated alanine pellets: The im-
portance of preirradiation conditioning. Ap-
plied Radiation Isotopes 44:19-22.

ASTM (1994) E 1607-96el Standard Practice
for Use of the Alanine-EPR Dosimetry Sys-
tem. Annual Book of ASTM Standards, 12(02,
report E):1607-94.

Broerse JJ, van Bekkum DW, Hollander CF,
Davids JAG (1978) Mortality of monkeys af-
ter exposure to fission neutrons and the effect
of autologous bone marrow transplantation. In-
ternational Journal Radiation Biology 34:253—
264.

Carter RE, Verrelli DM (1973) AFRRI cobalt
whole-body irradiator. Armed Forces Radio-
biology Research Institute Technical Report,
AFRRI TN73-3.

Dalrymple G, Lindsay IR, Ghidoni JJ (1965)
The effect of 2-Mev whole-body X-irradiation
on primates. Radiation Research 25:377-400.

Eldred E, Eldred B (1953) Effects of total body
X-irradiation on the peripheral blood of the
monkey. Blood 8:262-2609.

Eldred E, Trowbridge WV (1954) Radiation
sickness in the monkey. Radiology 62:65-73.

Haigh MV, Paterson E (1956) Effects of a sin-
gle session of whole body irradiation in the
rhesus monkey. British Journal of Radiology
29:148-157.

Henschke UK, Morton JL (1957) Mortality of

rhesus monkeys after single total body irradia-
tion. American Journal of Roentgenology Ra-
dium Therapy and Nuclear Medicine 77:899—
909.

Nagy V, Desrosiers MF (1996) Complex time
dependence of the EPR signal of irradiated
L-alpha-alanine. Applied Radiation Isotopes
47:789-793.

Nagy V, Puhl JM, Desrosiers MF (2000) Ad-
vancements in accuracy of the alanine dosime-
try system. Part 2. The influence of the irradia-
tion temperature. Radiation Physical Chemistry
57:1-9.

Nagy V, Sleptchonok OF, Desrosiers MF,
Weber RT, Heiss AH (2000) Advancements
in accuracy of the alanine EPR dosimetry
system. Part 3. Usefulness of an adjacent ref-
erence sample. Radiation Physical Chemis-
try 59:429-441.

Schlumberger HG, Vazquez JJ (1954) Pathol-
ogy of total body irradiation in the monkey.
American Journal of Pathology 30:1013-
1047.

Sleptchonok OF, Nagy V, Desrosiers MF
(2000) Advancements in accuracy of the ala-
nine dosimetry system. Part 1. The effects of
environmental humidity. Radiation Physical
Chemistry 57:115-133.

Wise D, Turbyfill CL (1968) The acute mor-
tality response of monkeys (Macaca mulatta)
to pulsed mixed gamma-neutron radiations.
Armed Forces Radiobiology Research Insti-
tute Technical Report, AFRRI SR68-17.

Woods MJ, Collins SM (2004). Half-life
data—A critical review of TECDOC-619
update. Applied Radiation Isotopes 60:257—
262.

19






Acknowledgments

Support for this work was provided by
NIAID contract #Y1-Al1-4827-01 and by
AFRRI project #RAB3AG-1. Expert assis-
tance was provided as follows: Dr. A. Nurtaeva
for radiation dosimetry; HM3 K.T. Allen and
HMI1 T.L. Hemphill for radiation source op-
eration; HM2 M.A. Foriska, LT A. Germana,
MAJ B. Gnade, D.L. Bolduc, Dr. J. Thakar,
and V. Villa for animal handling and microbio-
logical analysis; LTC A.K. Hildebrand for ani-

mal welfare advice; LTC J.G. Harre, MAJ C.A.
Ege, and Dr. J.J. Beren for surgical procedures
and veterinary care and welfare; D.E. Giraldo,
Shelly Callahan, and H.D. Clinton for tissue
sample analyses; TSgt S.E. Beach, SGT D.M.
Lyon, CPL R. Walker, SPC N. Meadows, and
SPC J.L. Kelly for animal handling and care;
David Morse for photographs, Mark Behme
and Patrice Bolté for graphic design, and Erica
Pirrung for editorial support.

21






Form APPROVED

REPORT DOCUMENTATION PAGE OMB No.

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing
instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of
information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions

for reducing the burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis
Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188),
Washington, DC 20503.

1. AGENCY USE ONLY 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
October 2007 Special Publication
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
Alanine dosimetry accurately determines radiation dose to nonhuman
primates
6. AUTHORS

V Nagy, PhD; NC Parra, CPT, DVM, USA; MO Shoemaker, PhD; TB
Elliott, PhD; GD Ledney, PhD

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
Armed Forces Radiobiology Research Insitute NUMBER

8901 Wisconsin Avenue SPO7-1

Bethesda, MD 20889-5603

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) T0. SPONSORING/MONITORING AGENCY

REPORT NUMBER

11. SUPPLEMENTARY NOTES

12A. DISTRIBUTION/AVAILABILITY STATEMENT

Cleared for public release; distribution unlimited

13. ABSTRACT (MAXIMUM 200 WORDS)

The unique capabilities of the Armed Forces Radiobiology Research Institute’s (AFRRI) cobalt-60
(®°Co) gamma (y)-photon irradiator were used for bilateral whole-body irradiation of the nonhuman
primate (NHP) Macaca mulatta. In this study, 6.5 Gy radiation was delivered at 0.4 Gy/min to 24
male NHPs 7-10 years of age weighing 7-14 kg in order to evaluate the (a) pharmacokinetics and
pharmacodynamics (PK/PD) of ciprofloxacin (CIP) in an irradiated non-rodent large-animal species
phylogenetically close to man, (b) utility of CIP in managing postirradiation infection related to bacte-
rial translocation from the alimentary canal, and (c) the side effects of CIP in acutely irradiated NHPs.
This dose was chosen from published and unpublished studies indicating 6.5 Gy (a) approximated the
LD, ., for NHPs and (b) resulted in severe hematopoietic system injury with increased risk for death
from sepsis. For irradiation, an acrylic plastic container was constructed to comfortably restrain large
NHPs that were 60-80 cm in length. Three acrylic plastic cylinders (7, 10.1, and 12.6 cm in diameter)
were used in conjunction with alanine pellets to estimate the dose to the mid-abdominal target area of
various sized NHPs.

14. SUBJECT TERMS 15. NUMBER OF
lonizing radiation, cobalt-60, dosimetry, radiation, NHP, ciprofloxacin, alanine pellets, PAGES
whole-body irradiation 32

16. PRICE CODE

17. SECURITY CLASSIFICATION OF REPORT 18. SECURITY CLASSIFICATION OF THIS PAGE 19. SECURITY CLASSIFICATION OF 20. LIMITATION

UNCLASSIFIED UNCLASSIFIED ABSTRACT OF ABSTRACT
UNCLASSIFIED










Armed Forces Radiobiology Reearch Institute
Uniformed Services University of the Health Sciences
8901 Wisconsin Avenue
Bethesda, MD 20889-5603
http://www.afrri.usuhs.mil



