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Abstract

US homeland security concerns related to potential misuse of y-ray-emitting radiation sources employed in radiobiological
research (eg, shielded cesium-137 irradiators) led to recommendations by the National Research Council to conduct studies into
possibly replacing y-ray irradiators used in research involving small rodent and other models with X-ray instruments. A limiting
factor is suitability of the X-ray photon energy spectra. The objective of our research was to demonstrate the suitability of the
radiation energy spectrum of 320-kV X rays after filtration (HVL = 4 mm Cu) for in-vivo cytotoxicity studies in immunodeficient
C.B-17 SCID mice. By using a previously-published Hazard Function (HF) model to characterize dose-response relationships for
in vivo bone marrow and spleen cell survival fractions and also to characterize the acute lethality risk (hematopoietic syndrome
mode) we demonstrate that the filtered 320-kV X-ray beam appears suitable for such studies. A key finding for C.B-17 SCID mice
when compared to results previously obtained for immunocompetent C.B-17 mice is that the immunodeficient mice appear to be
more radioresistant, implicating a possible role of the immune system capacity in radiosensitivity of mammals.
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(eg, mice, rats), (2) blood sterilization, and (3) calibration.
Cesium-137 chloride was selected for the irradiators because
of the radiation photon energy spectra in the different radiation
exposure chambers. The radioisotope has a single initial photon
energy (0.662 MeV), very long half-life, low cost (relatively),
and moderate shielding requirements. After the emitted
photons penetrate the irradiator housing materials there is a
complex spectrum of photon energy.

Introduction

The world we live in today is challenged by the threat of radi-
ological terrorism. This includes the possible use by terrorists
of a radioactivity dispersal device containing radioactive mate-
rials such as cesium-137 (**’Cs), a y-emitting radionuclide.
While the use of such a device is likely not life-threatening,
it could possibly lead to large costs associated with population
evacuation, relocation, and area decontamination. There is an
ongoing effort to replace '*’Cs irradiators used in radiobiolo-
gical studies with X-ray irradiators with suitable energy spec-
tra. One attractive X-ray irradiator is the X-RAD 320."
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For each type of radiobiological study (eg, in vitro, in vivo)
of interest that would be conducted using '*’Cs 7y rays, it is
important to consider an alternative X-ray source with a suit-
able photon energy spectrum.”'® Self-shielded '*’Cs-chloride
irradiators with radioactivity at the International Atomic
Energy Agency Category 1 and 2 levels (ie, greater than
27 Ci) are mainly used in 3 major applications'®: (1) biomedi-
cal research involving live cells in culture and small mammals
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A report by the National Research Council'® recommended
that careful consideration be given to the possibility of
replacing '*’Cs irradiators with suitable X-ray irradiators with
respect to characteristics of the filtered (which removes low-
energy, X-ray photons that produce higher local radiation doses
than high-energy photons) photon energy spectrum.

Our previous research'? that relates to the findings discussed
here focused on comparing the relative biological effectiveness
(RBE) of filtered 320-kV X rays (HVL = 4 mm Cu) as com-
pared to shielded '*’Cs y rays for 2 in vivo endpoints in immu-
nocompetent C.B-17 male and female mice after split-dose,
whole-body-bilateral exposure: (1) in vivo cytotoxicity to bone
marrow and spleen cells evaluated at 1 day post exposure and
(2) bone marrow and spleen reconstitution deficits (repopula-
tion shortfalls) evaluated at 6 weeks after radiation exposure.
We found that the cell survival fraction (and related cell leth-
ality hazard) dose-response relationships for bone marrow and
spleen cells are complex, involving negative curvature
(decreasing slope magnitude on semi-log plot of survival frac-
tion as dose increases). The negative curvature can be
explained on the basis of a known mixed cell population com-
prised of hyper-radiosensitive, moderately radiosensitive, and
radioresistant cells. The hyper-radiosensitive cells appeared to
respond with 50% being killed by an absorbed dose <0.5 Gy.

The X-ray RBE, relative to v rays, for a loss of bone marrow
cells in vivo was found to be > 1, while for a loss of splenocytes
it was unexpectedly <1 (explainable based on absorbed doses to
spleen being possibly underestimated). Dosimetric research has
revealed that absorbed dose underestimation for internal organs
of X-ray-exposed mice can be an issue.>'”

In contrast to early occurring effects of irradiation, dose-
response relationships for reconstitution deficits (ie, shortfall
on full recovery) in the bone marrow and spleen of immuno-
competent C.B-17 mice at 6 weeks post irradiation were of the
threshold type with y rays apparently being more effective in
causing reconstitution deficit.'* This may relate to radiation
doses to spleen being in error and/or to RBE being different
for reconstitution deficit than for early (after 24 hours) cyto-
toxicity response.

The observed differences between 320-kV X rays and Cs-137
v rays for mouse bone marrow and spleen cells may also relate in
part to microdosimetric differences for bone marrow cells and
spleen cells,>'*!317-2% which cannot be resolved using macro-
scopic absorbed dose.” Bone marrow cells near bone receive
higher local radiation doses (from photoelectrons) than is the
case for *’Cs y rays.>' In addition, at the level of individual
cells and for subcellular targets (eg, nucleus), the microdose
distribution is inferred to be different for shielded '*’Cs v rays
and filtered 320-kV X rays (based on in vitro studies data and
biological microdosimetry for other cell types).' This is consis-
tent with physical microdosimetric principles.?'**

Research Aim

Research results reported here relate to determining whether
the energy spectrum of filtered photons of the X-RAD 320

irradiator' is suitable for simultaneously depleting live cells
in bone marrow and spleen of irradiated male and female
C.B-17 SCID mice to levels (associated with highest dose of
7 Gy used) expected to be suitable for bone marrow transplan-
tation studies. Judgements about successful depletion are based
on cell survival levels observed after successful bone marrow
engraftment following '*’Cs gamma-ray exposure. Bone mar-
row transplantation was not performed in the new study dis-
cussed. The immunodeficient mice were used because
immunocompetent C.B-17 mice (as previously used) are no
longer available. We assumed that bone marrow and spleen
cell radiosensitivity is not influenced by the immune system
or gender.

A key finding of our dose-response modeling research using
the immunodeficient mice is that they appear to be more radio-
resistant than the immunocompetent mice, implicating a possi-
ble role of the immune system in radiosensitivity in vivo.

Materials and Methods

Mouse Strain

Equal numbers of male and female C.B-17 SCID mice were
purchased from Taconic and used in this research. The animals
were placed in standard rodent housing and provided water
containing Baytril (enrofloxacin, 175 mg/L) antibiotic for
1 week prior to irradiation.

Irradiator

The X-RAD 320 Unit' from Precision X-Ray, Inc. (Nort
Brandford, CT) in conjunction with a GE ISOVOLT 320
TITAN X-ray Unit is a self-contained X-ray-photon source
designed for biological and medical research. A cathode gen-
erator with a power electronics module and anode generator are
used to generate the negative and positive high voltages to
excite the X-ray tube. X-ray exposures employed a filter com-
prised of 0.75-mm tin 4 0.25-mm copper + 1.5-mm aluminum
(HVL = 4-mm Cu)."' The PTW UNIDOSE E dosimeter and
related Farmer chamber recommended by Precision X-Ray
were used for accurate dose measurements rather than relying
on the setting of the X-RAD 320 device. Radiation exposure
was unilateral-single-dose at a source to surface distance of
50 cm. A fixed dose rate of 1 Gy/min was used. The X-RAD
320 irradiator is housed in a secure area only accessible to
approved qualified individuals.

Exposure of Mice

Mice 6-8 weeks old at the start of irradiations were placed in a
pie-cage on a rotating specimen turntable designed for X-RAD
devices and whole-body exposed to 0.1, 1, 3, 4.5, or 7 Gy of
filtered 320-kV X rays. Age-matched, non-irradiated control
mice were placed in the pie-cage and mock-irradiated for the
same period of time as for the highest dose (7 Gy) group. After
irradiation, mice were housed in autoclaved cage setups and
provided antibiotic-containing drinking water and irradiated
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food. The protocol for animal experiments was approved by
Institutional Animal Care and Use Committees (IACUC) of
Lovelace Biomedical Research Institute.

Surviving Cells Assessment for Bone Marrow and Spleen

On Day 1 after radiation exposure, bone marrow and spleen
were prepared from the irradiated and control mice. Six irra-
diated mice/dose group (n = 30 mice total for irradiated mice,
with half males and half females) were euthanized 24 hours
after irradiation and the extent of bone marrow and splenocyte
cellularity was assessed. The control mice (n = 6, with half
males and half females) were also euthanized 24 hours after
mock irradiation and assessed for spleen and bone marrow
cellularity. Spleen and bone marrow from each of the eutha-
nized mice were harvested, evaluated to determine live cell
counts per unit body weight (an adjustment for different body
sizes to that of a 25 g mouse irrespective of gender).

Evaluating Mortality via the Hematopoietic Syndrome
Mode

Mortality via the hematopoietic syndrome mode was assessed
based on 30-day lethality among 60 mice (10 for each of 6
exposure groups with equal numbers of males and females)
assigned to a 6 weeks follow-up group. Thirty-day lethality has
historically been used in mouse studies when assessing
expected deaths caused by damage to the hematopoietic system
by brief, high-dose-rate, total-body exposure to ionizing radia-
tion.?® The median lethal dose for 30-day lethality (i.e., LDso/30)
is monitored in mouse models for radiation countermeasures
research related to the hematopoietic mode of death.**

Bone Marrow Isolation and Spleen Cell Preparation

The femur was removed from a euthanized mouse and cleaned
of soft tissues and muscles. The bones were then cut at both
ends and the marrow flushed into 15 ml tubes with RPMI 1640
medium containing 5% FBS. The bone marrow was collected
by centrifugation at 500 x g for 10 minutes and re-suspended in
1 ml of ACK lysis buffer (Gibco, A10492-01) at room tem-
perature for 3 minutes to lyse the red blood cells. The debris
were removed by addition of 10 ml of PBS and centrifugation
at 500 x g for 10 minutes, and the bone marrow cells were
resuspended in 3 ml of medium. Single cell suspension of the
spleen was prepared by pressing mouse spleen against a 70 uM
size cell strainer. After red blood cells were lysed using ACK
lysis buffer, the spleen cells were resuspended in 3 ml RPMI
1640 medium. The tissues and cells were placed on ice where
applicable during the preparation.

Cell Counting

Cells were stained with Trypan Blue and counted using Coun-
tess IT automated cell counter (Life Technologies) with default
settings, which provided cell counts of dead, live, and total

number of cells per ml. The data were used to calculate total
counts of bone marrow cells from femurs isolated from mice
resuspended in the same amount of medium as described
above.

Dose-Response-Modeling Approach

A Hazard Function (HF) model'* (mathematical construct is
specific for high dose rates)*® was used for evaluating in vivo
cell survival fractions. The model has the very useful features
that not only can it be applied to cell survival modeling,'*'* but
also to acute lethality modeling as well.>> For combined expo-
sures to different radiation types or for combining results for
different radiation sources (e.g., '>’Cs gamma ray and 320-kV
X rays), a more complicated form of the HF model can also be
employed using RBE-weighted dose and dose rate.>** Chang-
ing dose rates from internal radionuclides can also be addressed
with the more complicated form.*>

In the current research we use HF models (specific for high
dose-rate exposures) for both cell survival fraction and acute
lethality via the hematopoietic mode for 320 kV X-ray-exposed
C.B-17 SCID mice. Different model-parameter and dose-
response-function indicators are used in distinguishing these 2
endpoints. We first present the general HF model with related
basic parameters and then introduce new parameter and dose-
response function indicators to differentiate between cell killing
and acute lethality via the hematopoietic mode as endpoints.

With the HF model and radiation absorbed dose D for the
target tissue of interest, the survival probability S(D) (for cells
or individuals), associated risk R(D), and hazard function H(D)
are related through the following equation:

S(D) =1—-R(D) = ¢ 1D, (1)

Values of both S(D) and R(D) are limited to the range 0 to 1,
while H(D) can take on values from 0 to very large numbers.

The hazard function H(D) as previously modeled and as
used here has but 2 parameters: shape parameter v and median
effective dose Dso which is the radiation dose for a risk of 0.5
(or 50% being affected). For cell killing Ds is the dose asso-
ciated with loss of 50% of the cells. For acute lethality of mice
related to the hematopoietic syndrome, D5, corresponds to the
LDs, dose for 50% mortality of irradiated individuals. For
mice, the hematopoietic syndrome mortality has been esti-
mated based on lives lost within 30 days after brief, single-
dose exposure at a high dose rate, so LDsq;30 evaluations are
used for estimating LDsq.2>"*

The function H(D) is given by the following equation:

H(D) = In(2)[D/Ds,]". 2)

When D = Dsg, H = In(2) = 0.6931. Based on Equation 2,
the dose D, for x% of the cells being killed (when modeling
cell survival) or for x% of the irradiated population of animals
not surviving (when modeling acute lethality) is given by the
following, where H is the value of the hazard function H(D)
for the effect level of interest:
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D, = Dso[H,/In(2)]"". 3)

Because Equation 2 applies to different endpoints (cell kill-
ing [ck] or acute lethality [a/]) in this paper, to distinguish these
endpoints we substitute vck for v for cell-killing modeling and
also substitute Dsg for Dsg. Corresponding substitutions for
acute lethality [ac] of animals are val and LDs, (estimated
based on LDsg 30 for mice).>*** The parameter LDs is for-
mally the historical median lethal dose. The mode of acute
lethality focused on here, that is the hematopoietic mode, is
linked to bone marrow damage.

A benefit of being able to use the HF Model for character-
izing dose-response relationships for S(D), R(D), and H(D) for
cytotoxicity is that this allows for generating expected cell
survival curves for subpopulations of cells with differing radio-
sensitivity distributions. For example, a cell survival curve can
be generated for the subpopulation of cells expected to be
eliminated by doses up to but not exceeding the LDsq. This
allows for comparing expected cell survival curves for radia-
tion doses up to acute lethality dose percentiles, eg, LDy (dose
expected to eliminate 1% of animals), LD, LDsq, LDog, and
LDyy (dose expected to eliminate 99% of animals). These
curves can also be compared to the modeled cell survival curve
for the total cell population.

Characterizing Cell Survival Fraction and Related
Dose-Response Relationships

The predicted average cell survival fraction, dose-response for
the subpopulation of cells (highly radio-sensitive and moder-
ately radiosensitive) eliminated by absorbed radiation doses up
to the LDs, is given by the following equation (for D in the
range 0 to LDsq but not any higher doses):

Ssock(D < LDsg) = [Sek(D) — Sck(LDso)]/[1 — Sek (LDso)].
(4)

Again, the subscript ck is used to specify the cell killing
endpoint, rather than the acute lethality (a/) endpoint. Also,
LDs, relates to acute lethality of animals here and not to cell
loss specifically, as previously indicated. For any other acute
lethality dose percentile LD, (for x % of the irradiation popu-
lation of animals eliminated), the more general cell survival
faction equation Sy(D < LDy) is given by the following
equation:

Sxek(D < LDy) = [Sek(D) — Sek (LDy)]/[1 — Sek(LDy)]. (5)

Equation 5 only applies to radiation doses up to the acute
lethality dose percentile LD,. Previously, vck has been
assumed to have the same value for both X rays and y rays but
may differ for different tissue.'?

For D = 0 Gy, Sxck(D < LDy) = 1, so Syek(D < LDy) takes
on the value [1 — S (LD,)]/[1 — Sc(LDy)] which equals 1. For
D = LD,, all of the cells in the subpopulation considered are
expected to be eliminated and this is reflected by the numerator

of Equation 5 then being [Sc(LDy) — Sck(LDy)], which is of
course 0 at the indicated dose LD,.

Values for LD, and related uncertainty can be obtained
when using Bayesian inference in applying the HF model to
data for acute lethality. We have focused on the 3 specific
values LD;, LDsgy, and LDgyg for some comparisons and on
LDy, LD5g, LDsg, LDgg, and LDgg for other comparisons. Of
the different dose percentiles, only LDs, is a HF model para-
meter (for lethality of animals) that is evaluated (along with
related uncertainty) via our current Bayesian analyzes program.
However, the other acute lethality dose percentiles can be (and
are) calculated (central estimates) based on Bayesian-analysis
posterior means for HF model parameters.

For X-ray cytotoxicity in vivo, Ry (D) corresponds to the
ablation function A(D), as used in Gott et al® for immunocom-
petent C.B-17 mice. For characterizing the average live cell
counts C(D) in bone marrow (or spleen) per unit body weight 1
day after radiation exposure as a function of absorbed dose D,
an additional parameter C,, can be used to represent the average
live cell count per unit body weight among un-irradiated con-
trol replicates. The expected average live cell count per unit
body weight after dose D is given by C(D) = CSc(D). The
expected average survival fraction for live cells after animal
exposure to dose D is derived from data for C(D) based on the
following relationship:

C(D)/Co = [CoSex(D)]/Co = S (D). (6)

Thus, experimental data for C(D) and C, can be used to
generate data for S (D), which is the approach that has been
used in this paper. This is how the data in Figure 1 for bone
marrow cells and in Figure 2 for spleen cells are related to the
corresponding cell survival fraction data (averages) in Figures
3 and 4. Because mice in our study were of differing body
weights, results obtained for cell counts per gram body weight,
were adjusted to cell counts for a reference 25 g mouse. Thus,
results in Figures 1 and 2 relate to 25 g mice. The adjustment
has no impact on S (D) as evaluated.

Characterizing Acute Lethality Dose-Response
Relationships

For modeling acute lethality (a/) via the hematopoietic mode,
where ck has been used above for cell killing, al is used for
acute lethality via the hematopoietic mode for HF model func-
tions and the related parameter v, as previously pointed out.
Thus, S.(D), Ha(D), and R, (D), and val (for v) are used for
survival function, hazard function, risk function, and shape
parameter respectfully, for acute lethality modeling. Because
acute lethality is the interest, LDs, (for 30-day lethality) is used
instead of D5, as previously pointed out.

Fitting the HF Model to Data for Cell Survival Fraction
and Acute Lethality Frequency

The HF-model-based fitted cell survival fraction and acute
lethality frequency dose-response curves were obtained via
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Figure . Live bone marrow cell counts (x 10°) | day after 320-kV
X-ray exposures of C.B-17 SCID mice. Cell counts were adjusted to a
body weight of 25 g (reference mouse) using data for cell count per
unit body weight. Each data point represents an individual animal. The
dose scale is linear so the 0.1 Gy group is near the 0-dose group
(controls). As illustrated, there is large variability in the data. The live
cell count data are negatively correlated with radiation dose [r =
—0.466; t = —3.02, p (non-directional) = 0.00482, www.vassarstats.
net]; thus there is a significant radiation dose dependence. The data
are suggestive of a negative curvature dose-response relationship
where the magnitude of the slope on a semi logarithm plot decreases
with increasing dose. One outlier (lowest data point for controls) was
excluded in modeling of the data.
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Figure 2. Live spleen cell counts (x10°) | day after 320-kV X-ray
unilateral-single-dose exposures of C.B-17 SCID mice. Cell counts
were adjusted to a body weight of 25 g using data for cell count per
unit body weight. Each data point represents an individual animal. The
dose scale is linear so the 0.1 Gy group is near the 0-dose group
(controls). As illustrated, there is some variability in the data and there
is a clear dose association. Compared to bone marrow, a smaller
number of data points were available at the time of the modeling of
the data. A sufficient number of data points were however available for
reliable modeling as the model used for characterizing in vivo cell
survival fractions has but 2 parameters. One outlier (lowest data point
for controls) was excluded in modeling of the data.

Figure 3. Fitted dose-response curve for the bone marrow cell sur-
vival fraction (average) for 320-kV X-ray exposed C.B-17 SCID mice,
based on average bone marrow survival fraction data in Table | and
HF model parameters (means) in Table 2. Error bars for the presented
data points are + | standard error.
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Figure 4. Fitted dose-response curve for spleen cell survival fraction
(average) based on average spleen survival fraction data in Table 3 and
HF model parameters (means) in Table 4. Error bars for the presented
data points are +2 standard errors as a smaller number of animals
were used for the spleen data than for the bone marrow data.

Bayesian analysis implemented by Markov chain Monte Carlo
(MCMC) evaluations,”®*” which is the same approach as we
have previously used for cell survival.'> A formal description
of using Bayesian inference in dose-response-data analysis is
provided in the Appendix and is an update of Scott et al.'?
Vector notations used have changed.

With employing MCMC via WinBUGS software,*® thou-
sands of iterations were used with some early (during the itera-
tions) unreliable data discarded (ie, burn-in data discarded),
which helps to get reliable model parameter estimates and
related uncertainty (standard deviation and distributions
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percentiles). MCMC data autocorrelations were monitored
which helped in deciding how many iterations to use. Twenty
thousand iterations (single MCMC chain) were judged to be
more than adequate based on autocorrelation, probability den-
sity plots, and ratios Monte Carlo error/parameter standard
deviation <0.05. For the results presented, of the 20000 data
points generated per endpoint (e.g., model parameter vck or
val), the first 10000 were discarded.

Results

Modeling Results for Bone Marrow Cells

Table 1 shows data for the bone marrow cell survival fraction
Sck(D) (an average) that was obtained based on Equation 6. The
standard deviations for S. (D) values were obtained via error
propagation evaluations. The related standard errors were
obtained from the standard deviation values, based on sample
sizes. Results of application of the HF model to the data in
Table 1 are provided in Table 2.

A negative curvature dose-response relationship for He, (D)
is implicated by vck <1.0 in Table 2. A negative curvature
dose-response relationship for H (D) was also found for
in-vivo killing of bone marrow cells for whole-body, split-
dose exposure of anesthetized immunocompetent C.B-17 mice
to 320-kV X rays and Cs-137 v rays separately.”'? This also
implicates a negative curvature dose-response relationship for
the live bone marrow cells per unit body weight evaluated 1 day
after irradiation. Results in Figure 1 are based on cell counts per
unit body weight (in grams) converted to corresponding cell
counts (x 10°) for a reference 25-g mouse.

Table I. Calculated Values (Averages) for S, (D) and Related Stan-
dard Deviation (SD) and Standard Error (SE) for Bone Marrow Cells In
Vivo After Unilateral-Single-Dose Exposure of C.B-17 SCID Mice to
Filtered 320-kV X Rays, Based on Cell Count Data in Figure | Which
Is Adjusted for 25 g Mouse.

Dose (Gy) Number of mice Sa(D) SD SE

0 5° | 0.830 0.371
0.1 5 1224°> 0881  0.394
I 6 0.690 0.530 0.216
3 6 0.502 0.365 0.149
45 6 0.434 0.346 0.141
7 6 0.404 0.324 0.132

?One outlier (lowest data point) in Figure | was excluded.
PReplaced with upper limit | when fitting HF model to the data.

Data for S (D) need to be plotted on semi logarithmic scale
(vertical axis logarithmic) to see a decreasing slope magnitude
with increasing dose that implicates negative curvature. How-
ever, H, (D) can be plotted on linear vs. linear scales to see
negative curvature. In this case, the magnitude of the positive
slope decreases with increasing dose, which is characteristic of
a mixed cell population with hyper-radiosensitive, moderately
radiosensitive, and radioresistant cells (as appears to be the
case for both bone marrow and spleen of C.B-17 mice).>'? For
a negative exponential survival curve, H (D) is a linear-no-
threshold (LNT) function of the radiation absorbed dose and
therefore has no curvature.

In general, vck <1 always indicates negative curvature for
Hu(D), vek = 1 (typical for some in vivo cell survival studies)
corresponds to no curvature for He (D), and vek > 1 (typical for
some in vitro studies) indicates positive curvature (magnitude
of slope [positive] increases with dose). For vek =n withn > 1,
the slope of H. (D) (ie, dH(D)/dD) increases as D raised to
the n-1 power. For example, for n = 3, the slope at dose D is
proportional to D squared.

For acute lethality (eg, via hematopoietic syndrome or gas-
trointestinal syndrome mode) rather than cell loss as the end-
point of interest, values of val (replaces vck) much larger than 1
can occur and dose-response relationships for R, (D) has an
effective threshold (dose below which the very small risk cal-
culated has no practical value). Dose-response relationships for
R, (D) for val > 2 are sigmoidal (ie, distorted-S shape).?>* For
low radiation doses, R, (D) and H,(D) have essentially the
same value for a given dose D.

The fitted dose-response relationship obtained for cell sur-
vival fraction using the information in Tables 1 and 2 for bone
marrow cell survival after unilateral exposure of C.B-17 SCID
mice to 320-kV X rays is shown in Figure 3. Mean (from
Bayesian analysis posterior distribution) HF model parameter
estimates were used for the smooth curve. Error bars are +1
standard error (SE). As already indicated, the fitted curve was
obtained via Bayesian analysis implemented by MCMC eva-
luations. Data were weighted by sample size for a given dose
level. The calculated average survival fraction at 0.1 Gy
exceeded the upper limit of 1.0 and therefore was set to 1.0.

Modeling Results for Spleen Cells

The average spleen cell survival fraction data used in our
Bayesian-inference modeling are presented in Table 3. Model-
ing results obtained are presented in Table 4 and are the basis
for the dose-response curve plotted along with the related

Table 2. Estimates of Hazard Function (HF) Model Parameters Dsg and vck for In Vivo Bone Marrow Cell Survival Fraction After Single-Dose-

Unilateral Exposure of C.B-17 Mice to 320-kV X Rays.”

Parameter Posterior distribution mean SD (Monte Carlo error) 2.5% 50% 97.5% MCMC sample size used
Median effective dose Dso (Gy) 3.13 1.03 (0.0114) 243 406 6.44 10,000
Shape parameter vck 0518 0.19 (0.0025) 042 071 1.18 10,000

*The % values are percentiles of the distribution of the many values obtained via Bayesian inference implemented with Markov chain Monte Carlo (MCMC).
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measured cell survival fraction data in Figure 4. Based on the
mean value of vck (0.281) in Table 4 and 97.5% (percentile)
value (0.597), the dose-response curve for S, (D) clearly has
negative curvature (ie, vck < 1), and this applies also to the
dose-response curve for Hi (D). The posterior distribution
(from Bayesian analysis) mean value for D5y (0.531 Gy) for
in vivo spleen cells is much smaller than the corresponding
value for bone marrow cells (Dsoc = 3.13 Gy), indicating a
much higher (about 6-fold) radio-sensitivity for spleen cells of
irradiated C.B-17 SCID un-anesthetized mice at the D5 dose.
The negative curvature dose-response relationships for Sc(D)
and H, (D) for both cell types can be explained on the basis of a
mixture of cells with different radiosensitivity distributions for
both spleen and bone marrow.**? Interestingly, for spleen
there is strong evidence for a hyper-radiosensitive subpopula-
tion, where 50% of all cells are eliminated by a dose of approx-
imately 0.5 Gy (500 mGy). This is not the case for bone
marrow.

Modeling Results for Acute Lethality

Data for 30-day lethality of 320-kV, X-ray-exposed C.B-17
SCID mice are presented in Table 5 and are presumed to be
associated with the hematopoietic syndrome mode. Although
there were a relative small number of animals involved, there
are but 2 HF model parameters that need to be assessed so that
the data are still valuable. Bayesian inference implemented via
MCMC was also used for modeling the data. HF Model para-
meter estimates (posterior distribution means) and related sta-
tistics (standard deviation and specific percentiles) are
presented in Table 6.

Table 3. Calculated Values (Averages) for S, (D) for Spleen Cells In
Vivo and Related Standard Deviation (SD) and Standard Error (SE)
After Unilateral-Single-Dose Exposure of C.B-17 SCID Mice to Fil-
tered 320-kV X Rays, Based on Cell Count Data in Figure 2 Which
Is Adjusted for 25 g Mouse.

Dose(Gy) Number of mice Se(D) SD SE

0 4 | 0.826 0413
0.1 5 0.509 0.340 0.152
I 5 0.493 0.331 0.148
3 5 0.527 0.321 0.144
45 4 0.286 0.423 0.212
7 3 0.0748 0.0524 0.03

2One outlier with low abnormal cell count excluded.

Discussion

Studies using small animal models of hematopoietic system
cell survival after exposure to X rays or y rays has been a
practice for decades and are important for bone marrow trans-
plantation, medical counter measures, and other study-protocol
planning.** Previously we performed successful bone marrow
transplantation in Cs-137 y-ray, split-dose exposed (bilaterally)
C.B-17 immunocompetent anesthetized mice® but not with
now-considered “not comparable” effective doses (based on
an updated RBE estimate) of 320-kV X rays from the same
X-RAD 320 irradiator as used in our present studies. Based on
careful consideration of the research data generated, we think
the most likely reason for the lack of success for 320 kV X rays
was due to the RBE estimate (RBE = 1.3) used in the study
design being too large, leading to the absorbed doses used
being too small. Based on physical microdosimetry performed
by others®'° for bone marrow of mice, an RBE ~ 1 would be
expected for filtered (HVL ~ 4-mm Cu) 320-kV X rays. This
suggests that the X-ray doses we used should have been about a
factor of 1.3 higher (ie, same doses as used for Cs-137 v rays).

The dose-response relationship for 30-day lethality in mice
has traditionally been used for characterizing the risk of mor-
tality via the hematopoietic-syndrome mode (bone marrow
failure related).”*** For brief single-dose exposure at a high
dose rate, the risk curve for this mode of death has previously
been characterized using the HF Model*>?° and the model was
therefore also used in this paper for modeling the risk of acute
lethality via this mode for the C.B-17 SCID mice exposed to
filtered 320-kV X rays. However, as previously found'? and
also found in this new research, model parameter values for
acute lethality are quite different than those for the cell survival
fraction in vivo.

The shape parameter for in vitro studies of cell survival
fraction may also differ from that for in vivo radiation expo-
sure. Exponential cell survival fraction curves (ie, vck = 1)
were previously used for characterizing in vitro cell survival
of bronchial epithelial cells (HBEC-13 and HBEC-2) exposed
to 320-kV X rays or Cs-137 vy rays.'? The exponential nature of
the survival curves allowed for the introduction of a new area
of dosimetric research, namely biological microdosimetry."
However, this form of microdosimetry is not widely known.

We had planned to repeat our previous X-ray study related
to bone marrow transplantation using higher does and C.B-17
immunocompetent mice, but the immunocompetent mice are
no longer available as they have been replaced by an immuno-
deficient (immunocompromised) strain as already indicated.

Table 4. Estimates of Hazard Function (HF) Model Parameters D5 and vck for Spleen Cell Survival After Single-Dose-Unilateral Exposure of

C.B-17 Mice to 320-kV X Rays.”

Parameter Posterior distribution mean SD (Monte Carlo error) 2.5% 50% 97.50% MCMC sample size used
Median effective dose Dso (Gy) 0.531 0.278 (0.0036) 0.047 0.538 0.977 10,000
Shape parameter vck 0.281 0.164 (0.0019) 0.023 0271 0579 10,000

*The % values are percentiles of the distribution of the many values obtained via Bayesian inference implemented with Markov chain Monte Carlo (MCMC).
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Under the hypothesis that dose-response relationships for the
in vivo cell survival fraction for bone marrow and spleen have
similar curvature (ie, displaying negative curvature) for the
immunocompetent and immunodeficient mice, we conducted
X-ray dose-response modeling using newly generated (at Love-
lace Biomedical Research Institute) bone marrow and spleen
cell survival fraction data for C.B-17 SCID mice reported in
this paper to test our assumption. As demonstrated in Figures 3
and 4 along with associated central estimates (mean of modeled
distribution) of the shape parameter vck (< 1) in Tables 2 and 4,
this is indeed the case at 1 day post radiation exposure.

As is revealed in Figure 5 (results based on modeling of cell
survival fractions for subpopulations of cells) for 320-kV X-ray
irradiated C.B-17 SCID mice, there appears to be a subpopula-
tion of bone marrow cells in vivo that are radioresistant. Based
on results for the LDgg (for 99% acute lethality of the mice),
this radioresistant subpopulation may be as large as about 40%
of the total cell population of the immunodeficient mice. Such
a large percentage essentially guarantees a negative curvature
dose-response relationship, with much larger doses than 7 Gy
being needed to reduce the cell survival fraction to a level that
would permit successful bone marrow transplantation based on
published results for immunocompetent C.B-17 mice.” Regard-
ing the radioresistant cell subpopulation for bone marrow,
which cell types are represented cannot be resolved from the
data used in our analyzes. For spleen, some cell type enrich-
ment information related to high doses can be derived from
findings from a study by others® that are discussed in a sub-
sequent paragraph.

It was informative to have considered in Figure 5 the rela-
tionship between survival of subpopulations of bone marrow
cells and the risk of acute lethality as a function of the radiation
absorbed dose of 320-kV X rays and of acute lethality (for
mice) dose percentiles LDy, LDsgy, and LDgg. With the

Table 5. Thirty-Day Mortality Data for C.B-17 SCID Mice After
Unilateral-Single-Dose Exposure to 320 kV X Rays.

Dose (in grays) Mice Deaths in thirty days Thirty-day mortality
0 10 0 0

0.1 10 0 0

I 10 0 0

3 10 0 0

4.5 10 10 1.0

7 10 10 1.0

*The value was entered as 0.999 in the MCMC analysis to facilitate estimating
the 2 model parameters LDsq and val.

indicated predicted loss of a large number of hyper-
radiosensitive and radiosensitive cells at the LDy; (for acute
lethality of mice) of 1.9 Gy, there is little if any expected
increase in the risk of acute lethality via the hematopoietic-
syndrome mode. This is not the case for the predicted cell
losses at the LDs (for expected acute lethality in 50% of mice)
of 3.79 Gy where large numbers of cells of moderate radio-
sensitivity in addition to hyper-radiosensitive and radiosensi-
tive cells are predicted to be lost. For the LDyo, the predicted
cell loss is worse (more subpopulations lost) but even so,
greater than 35% of bone marrow cells (radioresistant) are
expected to survive (Figures 6 and 7) but a somewhat smaller
fraction (less than 30%) of radioresistant spleen cells.

Interestingly, regarding the highest 320-kV X-ray dose in
Figure 6 (LDgg = 5.19 Gy), had a somewhat higher dose (eg,
5.2 Gy) been used in the bone marrow transplantation study
performed by Gott et al,” where the central estimate of the
highest X-ray dose actually used is 4.8 Gy (rounded), success-
ful bone marrow engraftment would be expected as can be
inferred from our modeling results in Figure 7. The modeling
results (bone marrow survival fractions) in Figure 7 are for the
same absorbed doses (LDg;, LD,y, LDsg, LDgg, and LDgo,
respectfully) as in Figure 6 and results for Cs-137 y rays and
320-kV X rays for immunocompetent mice are also included
for comparison. Successful engraftment was achieved after
using a '*’Cs-y-ray dose of 5.1 Gy (central estimate) and a
dose of 6.6 Gy (central estimate).’ Based on the study of Gott
et al® with y rays, we expect that the bone marrow cell survival
fraction would need to be reduced to around 0.15 (15% cell
survival) for successful bone marrow engraftment. The 15%
survival also relates to the radioresistant subpopulation of cells
as can be inferred from Figure 7. These findings support pos-
sible successful use of the X-RAD 320 irradiator along with
immunocompetent mice (e.g., immunocompetent BALB/c mice)
in bone marrow transplantation studies.

The notion that bone marrow and spleen cellularity after
exposure at the level of the LDy is likely to be comprised of
highly radioresistant cells (via cellular enrichment) is sup-
ported by findings of Harrington et al* for splenocytes in vivo.
Their flow cytometric analysis of spleen of C57Bl/6 mice
whole-body exposed at 1.15 Gy/min to '*’Cs 7y rays revealed
both a decrease in spleen cellularity (similar to results in Figure
4) and an alteration in the relative composition of constituent
spleen cell populations as dose increased. This was interpreted
by the researchers to reflect differential radiosensitivity along
with selective enrichment of NK cells (seven-fold) and CD4+
T lymphocytes (3-fold). The enrichment occurred within 1

Table 6. Estimates of Hazard Function Model (HF) Parameters (for 320-kV X-Ray Exposed C.B-17 SCID Mice) for Acute Lethality via the

Hematopoietic Mode.?

Parameter Posterior distribution mean Standard deviation 2.5% 50% 97.5% MCMC sample size used
Shape parameter val 6.08 243 1.52 6.21 9.8 10,000
LDso (Gy) 3.79 0.68 2.54 3.76 5.33 10,000

2The % values are percentiles of the distribution of the many values obtained via MCMC analysis.



Scott et al

1.2

£ c
282!
_ W
oL
= % 0.8
[-5 .

2 e RiskHM
£
= 306 4 ——SckiD1
£ (]
3 e SCkLD 50

o
E 3 0.4 1 ——5ckLD99
ﬁ g —Sck

L1}
] 0.2
S =

0 ¥ r v T 3
0 2 4 6 8 10
Dose (Gy)

Figure 5. HF-model-based expected bone marrow cells subpopula-
tions survival fraction curves for S, (D < LD)), indicated as SckLD;
Ssock(D < LDsyg), indicated as SckLD50; Sgoc (D < LDygg), indicated as
SckLD99; full cell population survival fraction S (D), indicated as Sck;
and expected risk of lethality R, (D) via the hematopoietic syndrome
mode, indicated as RiskHM. Results apply to immunodeficient C.B-7
mice single-dose-unilaterally exposed 320-kV X rays. For the acute
lethality risk curve, LD, = 1.9 Gy, LDso = 3.79 Gy, LDgg = 5.19 Gy.
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Figure 6. Expected relationship between modeled lethal dose (for
animal lethality) percentiles LD, LD,g, LDsg, LDgg, and LDgg and
modeled cell survival fractions S, (D) (for total cell population) for
bone marrow and spleen for 320-kV X-ray-exposed, immunodeffi-
cient C.B-17 mice, based on HF models for cell killing and for acute
lethality via the hematopoietic mode. Numbers on top of the 3D
objects are the expected average cell survival fractions. Values for
LDXXI LD| =19 G)’, LDzo =3.13 G)’, LD50 =379 G)’, LDgo =462
Gy, and LDgg = 5.19 Gy.

week after radiation exposure, which is longer follow-up than
for our presented data for immunodeficient and immunocom-
petent C.B-17 mice. Our results relate only to cell survival
fractions 1 day after radiation exposure. For a longer period
before assessing cell survival, some repopulation of cells could
occur.>?

Our view that successful bone marrow engraftment studies
in mice could be achieved using 320-kV X rays is supported by

041
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Figure 7. Modeled bone marrow cell survival fractions for immuno-
competent (S_IC) C.B-17 mice bilaterally exposed to 320-kV X rays
(model parameters from: Scott et al'%; Gott et al®), for immunocom-
petent (SCs137) C.B-17 mice bilaterally exposed to Cs-137 v rays
(model parameters from: Scott et al'%; Gott et al®), and immunodefi-
cient (S_ID) C.B-17 mice unilaterally exposed to 320-kV X rays. LD,
(for animal lethality) for doses in increasing order are LD, LD, LDs,
LDgo, and LD99.

results of others® who achieved successful bone marrow
engraftment in male C57BL/6 mice whole-body exposed via
an X-ray source irradiator (Rad Source 2000 X-ray Biologic
Irradiator, Rad Source Technologies, Alpharetta, GA). They
also achieved successful engraftment using '*’Cs 7y rays (Irra-
diator: Gamma Cell 40, MSD Nordion, Ottawa, Ontario,
Canada). Based on their research results, it was concluded by
the researchers that although both sources ablated endogenous
bone marrow sufficiently to allow for successful bone marrow
engraftment, there were distinct physiologic responses that
should be considered when choosing the best radiation source
for such studies. A key observation was that radiation from the
X-ray source used was associated with higher overall morbid-
ity due to opportunistic infection than was the case for '*’Cs vy
rays.

Our present study focused on C.B-17 SCID mice while our
earlier studies® used immunocompetent C.B-17 mice as already
indicated. X-ray exposure research was initiated in 2020 by our
research team using immunocompetent BALB/c mice. The
genetic background of the C.B-17 strain is the same as for the
immune competent BALB/c mice. The only difference is that
BALB/c mice carry the Igh-1b allele of the C57BL/Ka strain.
Preliminary findings are suggestive of negative curvature dose-
response relationships for both bone marrow and spleen cells in
vivo, similar to findings for immunocompetent C.B-17 mice.
Similar radiosensitivities of the immunocompetent C.B-17
mice and BALB/c mice is also suggested, which if validated
would support the view that C.B-17 SCID mice may be more
radioresistant than immunocompetent C.B-17 mice. However,
formal modeling of the BALB/c data would need to be taken up
in a follow-on project. Thus, we hope to address the modeling
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needs and any additional experimental research needs in a
follow-on research project.

Conclusions

We have demonstrated through dose-response modeling with
the previously-introduced HF model and Bayesian inference
that dose-response relationships for the in vivo cell survival
fractions for both bone marrow and spleen cells of 320-kV
X-ray exposed C.B-17 SCID mice exhibit negative curvature
(vek < 1), explainable based on subpopulations of cells with
differing radiosensitivity distributions. Hyper-radiosensitive
cells are removed by very low radiation doses (eg, 0.1 Gy) and
many radioresistant cells survive even a 70-fold higher radia-
tion doses (ie, 7 Gy). The 7 Gy X-ray dose likely led to enrich-
ment of radioresistant cells.

For acute lethality via the hematopoietic syndrome mode,
the dose-response relationship for the lethality hazard H, (D)
(and related survival probability S,(D)) has positive curvature
(shape parameter val > 1) and can be explained on the basis of
the mixed subpopulations of cells that are killed by radiation
doses above an effective threshold (for animal lethality) and up
to near the acute lethality dose percentile LDgg. However, the
dose-response relationship for the risk R, (D) of acute lethality
via the hematopoietic syndrome mode is sigmoidal.

Radiation sources such as 320-kV X rays from an X-RAD
320 irradiator and other irradiators (eg, Rad Source 2000 X-ray
Biologic Irradiator) are suitable for in vivo studies of cell sur-
vival in mice. While successful bone marrow transplantation in
mice has been demonstrated using the Rad Source 2000 X-ray
Biologic Irradiator, this is not the case for the X-RAD 320
device. Thus, there is still a need to verify that filtered 320-
kV X rays from an X-RAD 320 device can be successfully used
in a bone marrow transplantation study using a mouse model.

A key finding for C.B-17 SCID mice when compared to
results previously obtained for immunocompetent C.B-17 mice
is that the immunodeficient mice appear to be markedly more
radioresistant, implicating a possible key role of the immune
system capacity in radiosensitivity of mammals. However, con-
firmation will necessitate additional research.

Appendix

Evaluating Dose-Response Model Parameters Using Bayesian
Inference Implemented With MCMC

With the Bayesian approach, dose-response model parameters
and the biological effects for data of interest (eg, cell survival
fraction, animal lethality risk) are considered as random vari-
ables.'>273% If dat (bolded) is used to denote the observed
biological effects data vector and Q (bolded) is used to denote
a dose response model parameters vector, then formal Baye-
sian inference requires setting up a joint probability distribu-
tion P(dat,QQ) over the quantities in the 2 vectors (in vivo
biological effects and model parameters). This joint distribu-
tion comprises 2 parts: a prior distribution, P(€2), and a like-
lihood, P(dat|€2). The vertical bar indicates that the data vector

dat is conditional on the parameter vector €. The joint prob-
ability distribution is specified as follows:

P(dat, Q) = P(dat|Q)P(Q)=P(Q|dat)P(dat).  (Al)

Both P(Q2) and P(dat) are unconditional distributions. When
new observations are available, Bayes theorem is used to
update the distribution of the parameters, P(Q|dat), given
(ie, conditional on) the new observations. The Bayesian
updating relationship can be expressed as follows’':

P(Q|dat) = P(dat|Q)P(Q)/ JP(dat|Q)P(Q)dQ )

— P(dat|Q)P(Q)/P(dat).

Analytical solutions to Equation A2 may exist, depending
on the complexity of the model being addressed. Analytical
solutions do not exist for some complex stochastic models.
However, whether or not an analytical solution does exist, the
integral ([ ...d€Q) can be estimated numerically using Markov
chain Monte Carlo (MCMC).***® MCMC methods involve a
group of rather sophisticated methods that are often used in
challenging Bayesian analyzes. The most common implemen-
tation uses what are called the Metropolis-Hastings algorithm
and Gibbs sampling.

Markov chains provide a framework under which simula-
tion techniques can be implemented to explore various distri-
bution properties, generally related to what is called the
posterior distribution. Gibbs sampling is iterative and allows
the marginal distribution of model parameters (eg, HF Model
parameters v and Dsg) to be directly sampled. The Markov
chain component of Gibbs sampling provides the framework
by which random samples (e.g., of model parameters) are gen-
erated. However, to allow Monte Carlo sampling it is required
that the distribution of all model parameters, conditional on all
other influential parameters and the data fitted, to be specified.
Generally, single or multiple chains are used and data from the
initial portion from a Markov chain sample is discarded so that
the effect of the initial values on the posterior inference is
minimized. The discarded data are called burn-in. For our
MCMC analyzes a single very long chain was used with the
first 2 of the chain discarded as burn-in data. Our MCMC
evaluations were implemented using WinBUGS Software.*®

Authors’ Note

This article describes objective technical results and analysis. Any
subjective views or opinions that might be expressed in the article
do not necessarily represent the views of Lovelace Biomedical
Research Institute, Sandia National Laboratories, the US Department
of Energy, or the U.S. Government.

Acknowledgments

This publication is dedicated to the memory of our colleague, close
friend, and co-author Dr. Yong Lin who was responsible for the design
of the project in which the research results presented here were a part
of. The world has lost an outstanding researcher and citizen.



Scott et al

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support for the
research, authorship, and/or publication of this article: This work was
funded by the U.S. Department of Energy’s National Nuclear Security
Administration under Contract DE-NA0003525, SAND2019-15284
J. S.A. Belinsky is also supported in part by P30CA11800 to C. Will-
man from the National Institutes of Health.

ORCID iD
Bryanna Saxton { https://orcid.org/0000-0002-0389-8843
References

1. Precision X-Ray, Inc. (PXINC). X-RAD 320 Users Manual. Doc-

10.

11.

13.

ument Number: X-RAD320UMUG, Precision X-Ray, Inc.; 2010.

. Belley MD, Ashcraft KA, Lee C-T, et al. Microdosimetric and bio-

logical effects of photon irradiation at different energies in bone
marrow. Radiat Res. 2015;184(4):378-391. doi:10.1667/RR14095.1

. Dodd B, Vetter RJ. Replacement of 137 Cs irradiators with X-ray

irradiators. Health Phys. 2009;96(2 suppl):S27-S30.

. Gibson BW, Boles NC, Souroullas GP, et al. Comparison of

cesium-137 and X-ray irradiators by using bone marrow trans-
plant reconstitution in C57BL/6 J mice. Comp Med. 2015;65(3):
165-172.

. Gott KM, Potter CA, Doyle-Eisele M, Lin Y, Wilder J, Scott BR.

A comparison of Cs-137 y rays and 320-kV X-rays in a mouse
bone marrow transplantation model. Dose Response. 2020;18(2):
1559325820916572. doi:10.1177/1559325820916572

. Janatpour K, Denning L, Nelson K, Betlach B, Mackenzie M,

Holland P. Comparison of X-ray vs. gamma irradiation of
CPDA-1 red cells. Vox Sang. 2005;89(4):215-219.

. Kamen J, Hsu W-Y, Boswell B, Hill C. Successful migration from

radioactive irradiators to X-ray irradiators in one of the largest
medical centers in the US. Health Phys. 2019;117(5):558-570.

. Kennedy PJ, Wang L, Burke MJ, Sullivan G, Hernandez JM, Tse

WT. Irradiation conditions necessary for murine bone marrow abla-
tion utilizing X-ray based irradiator. Blood. 2004;104(11):4959.

. Mehta K, Parker A. Characterization and dosimetry of a practical

x-ray alternative to self-shielded gamma irradiators. Radiat Phys
and Chem. 2011;80(1):107-113.

Poirier Y, Belley MD, Dewhirst MW, Yoshizumic TT, Downe
JD. Transitioning from gamma rays to X rays for comparable
biomedical research irradiations: energy matters. Radiat Res.
2020;193(6):506-511. doi:10.1667/RADE-20-00039.1

Potter CA, Longley SW, Scott BR, et al. Radiobiological Studies
Using Gamma and X Rays. Sandia Report SAND2013-0743; 2013.

. Scott BR, Gott KM, Potter CA, Wilder J. A comparison of in vivo

cellular responses to Cs-137 gamma rays and 320-KV X rays.
Dose Response. 2013;11(4):444-459. doi:10.2203/dose-
response.12-050.Scott

Scott BR, Hutt J, Lin Y, Padilla MT, Gott KM, Potter CA. Bio-
logical microdosimetry based on radiation cytoxicity data. Radiat
Prot Dosimetry. 2013;153(4):417-424.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Scott BR, Potter CA. Stochastic threshold exponential (TE) model
for hematopoietic tissue reconstitution deficit after radiation dam-
age. Dose Response. 2014;12(3):415-428.

Azimi R, Alaei P, Spezi E, Hui SK. Characterization of an ortho-
voltage biological irradiator used for radiobiological research.
J Radiat Res. 2015;56(3):485-492. do0i:10.1093/jrr/rrul29
National Research Council (NRC). Radiation Source Use and
Replacement. The National Academies Press; 2008.

Amols HI, Zellmer DL. Microdosimetry of 10-15 MeV brems-
strahlung x rays. Med Phys. 1984;11(3):247-253.

. Okamoto H, Kanai T, Kase Y, et al. Relation between lineal

energy distribution and relative biological effectiveness for
photon beams according to the microdosimetric kinetic model.
J Radiat Res. 2011;52(1):75-81.

Hawkins RB. A microdosimetric-kinetic model for the sensitiza-
tion of V79 cells to radiation by incorporation of bromodeoxyur-
idine. Radiat Res. 2001;155(5):698-702.

Rossi HH, Zaider M. Microdosimetry and Its Applications.
Springer-Verlag; 1996.

Rossi HH. Spatial distribution of energy deposition by ionizing
radiation. Radiat Res. 1960;(suppl 2):290-299.

Kellerer AM. Microdosimetry: reflections of Harold Rossi.
Radiat Prot Dosimetry. 2002;99(1-4):17-22.

Yuhas JM, Storer JB. The effect of age on two modes of radiation
death and on hemopoietic cell survival in the mouse. Radiat Res.
1967;32(3):596-605.

Plett PA, Sampson CH, Chua HL, et al. Establishing a murine
model of the hematopoietic syndrome of the acute radiation syn-
drome. Health Phys. 2012;103(4):343-355. do0i:10.1097/HP.
0b013e3182667309.

Scott BR. Health risks from high-level radiation exposures
from radiological weapons. Radiat Protect Manage. 2004;
21(6):9-25.

Gilks WR, Richardson S, Spiegelhalter DJ, eds. Markov Chain
Monte Carlo in Practice. Chapman & Hall; 1996.

Gamerman D. Markov Chain Monte Carlo. Stochastic Simulation
for Bayesian Inference. Chapman & Hall; 1997.

Lunn DJ, Thomas A, Best N, Spiegelhalter D. WinBUGS—a
Bayesian modeling framework: concepts, structure, and extensi-
bility. Stat Comput. 2000;10:325-337.

Scott BR., Hahn FF, McClellan RO, Seiler FA. Risk estimators
for radiation-induced bone marrow syndrome lethality in humans.
Risk Anal. 1988;8(3):393-402.

Harrington NP, Chambers KA, Ross WM, Filion LG. Radiation
damage and immune suppression in splenic mononuclear cell
populations. Clin Exp Immunol. 1997;107(2):417-424.

Bogdandi EN, Balogh A, Felgyinszki N, et al. Effects of low-dose
radiation on the immune system of mice after total-body irradia-
tion. Radiat Res. 2010; 174(4):480-489.

Wu T, Plett PA, Chua HL, et al. Immune reconstitution and thy-
mic involution in the acute and delayed hematopoietic radiation
syndromes. Health Phys. 2020;119(5):647-658. doi:10.1097/HP.
0000000000001352

Sivia DS. Data Analysis, a Bayesian Tutorial. Oxford University
Press; 1998.


https://orcid.org/0000-0002-0389-8843
https://orcid.org/0000-0002-0389-8843
https://orcid.org/0000-0002-0389-8843


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


