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Abstract

Exposure to total-body radiation induces hematological changes, which can detriment one's 

immune response to wounds and infection. Here, the decreases in blood cell counts after acute 

radiation doses of γ-ray or proton radiation exposure, at the doses and dose-rates expected during a 

solar particle event (SPE), are reported in the ferret model system. Following the exposure to γ-ray 

or proton radiation, the ferret peripheral total white blood cell (WBC) and lymphocyte counts 

decreased whereas neutrophil count increased within 3 hours. At 48 hours after irradiation, the 

WBC, neutrophil, and lymphocyte counts decreased in a dose-dependent manner but were not 

significantly affected by the radiation type (γ-rays verses protons) or dose rate (0.5 Gy/minute 

verses 0.5 Gy/hour). The loss of these blood cells could accompany and contribute to the 

physiological symptoms of the acute radiation syndrome (ARS).
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Introduction

The effects of exposure to ionizing radiation (IR) are of interest to the space exploration 

community as well as patients considering radiotherapy. IR has a sufficient amount of 

energy to induce physical symptomatology within minutes of exposure, appearing as the 

acute radiation syndrome (ARS). The prodromal phase of ARS includes nausea, vomiting, 

and fatigue. The quality of radiation, dose, and dose-rate are all contributing factors to the 

differential symptoms of ARS. These prodromal symptoms can be followed by a dramatic 

decrease in peripheral blood cell counts, as hematopoietic cells represent a renewal system 

consisting of cells with fast division rates that are known to be sensitive to IR.
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Astronauts are exposed to chronic low-dose and low-dose rate IR during low-Earth orbit 

missions (Badhwar, 2002; Cucinotta et al., 2008). Contributing to low-Earth orbit radiation 

exposures are solar particle events (SPEs), which accelerate ions and release unpredictable 

doses of IR; therefore, SPE radiation exposure poses a threat to astronauts in a spacecraft 

where shielding is available, and especially during an extravehicular activity (EVA), in 

which shielding may only be provided by the space suit. SPE radiation consists 

predominantly of energetic proton particles with energies greater than 10 millielectron volts 

(MeV). The duration of radiation exposure from an SPE can last several days. It has been 

estimated that the largest dose of SPE radiation recorded from a historically large SPE 

(August 1972) was capable of delivering a 1.38 Gy dose (during an EVA) and a 0.46 Gy 

dose (in a spacecraft) to the blood forming organs to astronauts (Hu et al., 2009).

The Center of Acute Radiation Research (CARR) has been established to investigate the 

risks of ARS induced by SPE-like radiation, and develop countermeasures for those risks if 

appropriate. Thus, measuring the early effects of SPE radiation exposure in the 

hematopoietic system in response to space-relevant radiation is a focus. The hematological 

effects of space radiation contribute to the compromised immune defense in astronauts 

observed in the space environment as well as upon landing (Sonnenfeld et al., 2003; 

Sonnenfeld and Shearer, 2002; Crucian et al., 2008). The complications associated with the 

hematopoietic syndrome include infection and internal hemorrhage. The decrease in 

peripheral blood cell counts recorded within the first 48 hours of radiation exposure serve 

not only as a marker for the severity of the exposure, but also as a marker for treatment and 

prognosis.

As part of this work, we have previously evaluated the acute effects of gamma and proton 

radiation in the murine model (Maks et al., 2011; Ware et al., 2010). Recently, we reported 

increased blood clotting times in ferrets exposed to SPE-like proton radiation, which may 

contribute to radiation-induced coagulopathies (Krigsfeld et al., 2012). In the current report, 

we investigated the effects of SPE-like proton radiation on the hematopoietic system in the 

ferret model. The effects of proton radiation on peripheral blood cell counts were compared 

to the effects produced by conventional gamma-ray (γ-ray) radiation. Effective doses and 

relative biological effectiveness values were determined to compare the effects of the 

differing types of radiation.

Materials & Methods

Animals

Female descented ferrets (approximately 12-16 weeks of age) were obtained from Marshall 

Bioresources (North Rose, NY) and given an acclimation period of 7 days at the Loma 

Linda University Medical Center (LLUMC). Animals were group-housed and provided 

access to food and water ad libitum with a 12 hour light-dark cycle. The animals were 

maintained under standard husbandry conditions and all procedures for the animal care and 

treatment were approved by the Institutional Animal Care and Use Committees (IACUC) of 

the University of Pennsylvania and the LLUMC. Ferrets were randomly assigned to 

treatment groups, with each group consisting of 6–12 animals.
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Physics and Dosimetry

γ-Ray radiation was chosen as the reference radiation for the determination of relative 

biological effectiveness (RBE) values and was delivered using a 60Co source (Eldorado 

Model ‘G’ machine, Atomic Energy of Canada Ltd., Commercial Products Division, 

Ottawa, Canada) at the LLUMC. For radiation exposures at a high dose rate (HDR) of 0.5 

Gy/minute, the source to target distance was 150 cm, with a usable radiation field of 40 × 40 

cm2 and a field flatness of 5.4% in the horizontal direction and 3.6% in the vertical 

direction. No additional material was placed between the source and target to modify the 

dose rate. For radiation exposure at a low-dose rate of 0.5 Gy/hour, the source to target 

distance was 195 cm with a useable field size of 40 × 40 cm2 and a field flatness of 4.0% in 

the horizontal direction and 2.3% in the vertical direction. To achieve the low dose rate 

(LDR), an additional 12.7 cm of steel plating was placed between the source and the target 

to attenuate the flux of the beam. Depth dose measurements were made using a calibrated 

PTW Markus ionization chamber for comparison with proton irradiation.

For the proton radiation exposures, experiments were performed in the LLUMC horizontal 

clinical beam-line using an incident beam of 155-MeV. The incident protons were scattered 

into a uniform field using the clinical 2-stage scattering system and modulated in depth 

using an 11-cm clinical modulator wheel. At the exit of the beam-line, the beam was 

degraded to the required energy using a pre-determined thickness of polystyrene. The proton 

experiments used two different apertures to target distances and two different polystyrene 

thicknesses to achieve the desired beam sizes and dose rates of 0.5 Gy/minute (HDR) or 0.5 

Gy/hour (LDR), respectively. For the LDR proton experiments, the animal cages were 

placed 122 cm downstream of isocenter. The useable beam at this distance was measured as 

22 × 22 cm2 while achieving a flatness of ±10%. This field size allowed only one ferret in 

the radiation chamber (length, width, and height was approximately 24 × 16 × 9 cm) to be 

irradiated. For the HDR proton experiments, the animal cages were placed at isocenter. The 

usable beam at this distance was experimentally verified and measured as 19 × 19 cm2, 

again allowing only one ferret in the chamber to be irradiated. The upstream polystyrene 

degrader was tuned to achieve a fully modulated proton beam of 110-MeV at the inside of 

the irradiation chamber. Depth dose profiles were measured for the optimized polystyrene 

degrader thickness using Gafchromic film, type MD-55, and verified with a PTW Markus 

ionization chamber.

To complete a more efficient proton radiation of multiple ferrets at the LDR, an alternate 

scattering system was developed and verified in the LLUMC Proton Research Room. The 

incident protons were scattered using a 2-stage scattering system to a useable radiation field 

of 50 cm diameter with flatness and depth dose profiles that were comparable to the clinical 

system described above. This system allowed for 12 ferrets to be irradiated at any one time.

γ-Ray or Proton Radiation Exposure

For the γ-ray and the proton radiation experiments, the animals were placed in Plexiglass 

radiation chambers measuring approximately 24 × 16 × 9 cm in length, width and height, 

respectively. The custom-made radiation chambers contained adequate holes for proper air 

circulation and animals were provided with NapaNectar hydrating gel (SE Lab Group Inc., 
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Napa, CA). For the LDR experiments, the chambers were slightly modified to contain a 

watering system on the outside of each chamber that did not compromise the radiation dose 

delivered to each animal, so these animals were not provided NapaNectar gel. The LDR 

chambers also contained a thermistor which enabled real-time monitoring of temperature 

within the radiation chamber during the long LDR exposures. The average recorded 

temperature of an empty chamber prior to radiation was 70°C, and the average recorded 

temperature during/after the HDR and LDR radiation exposures (with an animal in the 

chamber) was 75°C; thus, these results indicated that the temperature during the containment 

remained adequate. The animals were not anesthetized during irradiation to total doses 

ranging from 0.75 Gy to 2.0 Gy and were able to express normal postural movements 

throughout. For the HDR experiments, although the actual radiation exposures were only 

minutes long (as opposed to hours in the case of the LDR experiments), the animals were 

restrained in the radiation chamber for the same amount of time as the LDR animals, 

corresponding to the appropriate dose.

Complete Blood Cell Count Analyses

Animals were anesthetized by isoflurane inhalation for blood collection. Blood samples 

were collected from the external jugular vein and immediately placed in tubes containing 

ethylenediaminetetraacetic acid (EDTA). Blood draws were performed on each animal at 

least 2 days prior to radiation exposure (Pre) and again at 3 hours (3 h) and 48 hours (48 h) 

post-irradiation. A complete blood count (CBC) with differential was performed using a 

Bayer Advia 120 Hematology Analyzer within 24 hours of blood collection (Antech 

Diagnostics, Irvine, CA).

Statistical Analyses

The average counts of white blood cells (WBC), neutrophils, lymphocytes, monocytes and 

eosinophils were determined prior to the radiation exposure as baseline values. The blood 

cell counts obtained in animals at different time points were divided by the respective 

baseline values and expressed as fractions of control for statistical analyses. The effects of 

experimental factors (Radiation Type, Dose Rate, and Dose) and their interactions on the 

blood cell counts were determined by variance analyses using a general linear model, which 

was performed using a Minitab statistical software, release 15 (Minitab Inc., State College, 

PA). The relationship between the dose and blood cell count was determined by fitting the 

data to a linear quadratic model, y = exp (-αD-βD2), where y is blood cell count expressed 

as fraction of pre-irradiation baseline value, D stands for radiation dose (Gray or Gy), and α 

and β are the fitted coefficients for the linear and quadratic components of the linear 

quadratic model. The linear quadratic curve fitting was performed using SigmaPlot graphics 

software (SPSS Inc., Chicago, IL). RBE values were calculated by first determining the dose 

of γ-ray radiation needed to produce the same blood cell counts as proton radiation, and 

secondly dividing the derived γ-ray radiation dose by the proton radiation dose. The RBE 

values were plotted against proton radiation dose and analyzed by a non-linear regression 

analysis to show the relationship between RBE value and proton radiation dose. The non-

linear regression analysis showing the relationship between the RBE value and proton 

radiation dose and the associated 95% confidence interval (CI) was also performed using 

Minitab statistical software (release 15).
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Results

There are no statistically significant changes in hematopoietic cell counts after 
confinement for 7 hours in the radiation chamber, without radiation exposure

The effect of confinement in the irradiation chamber was determined in a group of 5 animals 

that were placed in the irradiation chamber for up to 7 hours without radiation exposure. 

Using oneway ANOVA, no statistically significant differences are reported for each blood 

cell type (WBC, neutrophils, lymphocytes, monocytes, eosinophils, and platelets) when 

comparing the absolute cell count at each time point to the other time points (data not 

shown). Thus, the confinement up to 7 hours did not affect blood cell counts.

Radiation decreases white blood cell counts

The effects of the experimental factors, which consisted of Radiation Type, Dose, and Dose 

Rate, were determined by variance analyses using the general linear model. The data 

obtained at 3 and 48 hours after irradiation were analyzed separately to compare the effects 

observed at these two time points. The results showed that the WBC count decreased within 

3 hours after irradiation and the magnitude of the decrease observed at 48 hours after 

irradiation was approximately three times the decrease observed at 3 hours after irradiation 

(Figure 1). At 3 hours after irradiation, Dose was a significant influencing factor of the 

WBC count. The Dose Rate was also a significant influencing factor of the WBC count, 

which resulted in larger decreased counts after irradiation at HDR than at LDR. Radiation 

Type (γ-rays vs. protons) had almost no effect on the WBC count. At 48 hours after 

irradiation, the Dose was the only significant influencing factor of the WBC count, which 

decreased in a dose-dependent manner. As shown in the dose response curves in Figure 2, a 

significant and dose-dependent decrease in WBC count was observed in animals at 3 hours 

after irradiation with HDR γ-rays (Figure 2A), HDR protons (Figure 2A). and LDR γ-rays 

(Figure 2B), but not with LDR protons (Figure 2B). The coefficient for the linear component 

of the dose response curve slope was 0.266 and 0.333 for the animals irradiated with HDR 

γ-rays and protons, which were approximately twice or more of that for the animals 

irradiated with LDR γ-rays and protons. The coefficient for the quadratic component of the 

dose response curve slopes was negligible (≤ 3.469 × 10−18) except for the animals 

irradiated with HDR γ-rays. The effective dose (ED) ED10, ED50, and ED90 for the HDR γ-

ray radiation were bracketed by the 95% confidence intervals of the ED10, ED50, and ED90 

for the HDR proton radiation (Table 1), indicating that all three ED values were not 

significantly different between the HDR γ-ray and HDR proton radiation. The ED10, ED50, 

and ED90 values were not compared between the LDR γ-ray and proton radiation due to the 

absence of a significant dose response for the LDR proton irradiated animals. The fitted 

RBE values were 2.15 and 4.02 for HDR and LDR protons at 0.75 Gy, respectively (Table 

2), which were significantly above 1.00. The RBE decreased with the increase of the proton 

radiation dose and the fitted RBE values for HDR and LDR protons at 1 and 2 Gy were not 

significantly different from 1.00, which was within the 95% confidence intervals for the 

respective RBE values.

At 48 hours after irradiation, a significant and dose-dependent decrease in WBC count was 

observed in animals of all groups with the coefficient for the linear component of the dose 
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response curve slope ranging from 0.786 to 1.268 (Figures 2C and 2D). The coefficient for 

the quadratic component of the dose response curve slopes was again negligible (≤ 1.388 × 

10−17) except for the animals irradiated with HDR γ-rays. The ED10, ED50, and ED90 for the 

HDR γ-ray radiation were greater than the upper limit of the 95% confidence intervals of the 

ED10, ED50, and ED90 for the HDR proton radiation (Table 1), indicating that HDR proton 

radiation was more effective than HDR γ-rays in reducing the number of WBCs. The ED10, 

ED50, and ED90 for the LDR γ-ray radiation were within the 95% confidence intervals of the 

three corresponding ED values for LDR proton radiation, suggesting that the LDR γ-rays 

and protons were not significantly different in the effectiveness of reducing the number of 

WBCs. The RBE values derived from results observed at 48 hours after irradiation also 

decreased with the increase of the proton radiation dose, but the downward trend was not as 

prominent as the trend observed at 3 hours after irradiation. The fitted RBE values ranged 

from 1.60 - 1.19 at 0.75 Gy and 1.04 - 0.77 at 2 Gy for HDR and LDR protons, respectively 

(Table 2), and were significantly above 1.00 for HDR protons at 0.75 and 1 Gy but 

significantly below 1.00 for LDR protons at 2 Gy.

Radiation induces changes in the average neutrophil count

Of the three experimental factors evaluated, Radiation Dose was the most significant 

influencing factor of the neutrophil count, which increased at 3 hours after irradiation 

(Figure 3A) but decreased at 48 hours after irradiation (Figure 3B), both in a dose-dependent 

manner. Radiation Dose Rate significantly affected the neutrophil count at 3 hours after 

irradiation with a larger reduction after irradiation at HDR than at LDR. The Radiation Dose 

Rate did not significantly affect the neutrophil count at 48 hours after irradiation. The 

Radiation Type did not significantly affect the neutrophil count at either time points after 

irradiation. At 48 hours after irradiation with HDR γ-rays, HDR protons, LDR γ-rays, and 

LDR protons, the coefficient for the linear component of the dose response curve slope was 

0.334, 0.582, 0.386, and 0.231, respectively (Figures 4A and 4B). The coefficient for the 

quadratic component of the dose response curve slopes was small (≤ 0.003) except for the 

animals irradiated with LDR protons. The ED10, ED50, and ED90 for the HDR γ-ray 

radiation were greater than the upper limit of the 95% confidence intervals of the ED10, 

ED50, and ED90 for the HDR proton radiation (Table 1), indicating that HDR protons were 

significantly more effective than HDR γ-ray radiation in reducing neutrophils. The ED10, 

ED50, and ED90 for the LDR γ-ray radiation were bracketed by the 95% confidence intervals 

of the ED10, ED50, and ED90 for the LDR proton radiation, suggesting that LDR γ-rays and 

protons were not significantly different in their effectiveness of killing neutrophils. The 

fitted RBE values for irradiation with HDR protons at 0.75 and 1 Gy and with LDR protons 

at 0.75 Gy were 1.88, 2.04, and 2.11, respectively (Table 2), which were significantly above 

1.00. The fitted RBE values for irradiation with HDR protons at 2 Gy and with LDR protons 

at 1 and 2 Gy were 1.55, 0.62, and 0.90, respectively, and were not significantly different 

from 1.00.

Radiation decreases lymphocyte counts as early as 3 hours after radiation exposure

Of the three experimental factors evaluated, Radiation Dose was the only significant 

influencing factor of the lymphocyte count at 3 hours (Figure 5A) and 48 hours (Figure 5B) 

after irradiation. Neither the Radiation Type nor the Dose Rate significantly affected the 
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lymphocyte count at either time points after irradiation. The dose response curves for the 

lymphocytes displayed a significant and dose-dependent decrease in lymphocyte count at 3 

hours and 48 hours after irradiation with either γ-rays or protons at HDR or LDR (Figure 6). 

The coefficient for the linear component of the dose response curve slope ranged from 1.698 

to 2.148 and the coefficient for the quadratic component of the dose response curve slopes 

was negligible (≤ 1.180 × 10−16) for all groups except the animals at 48 hours after 

irradiation with HDR protons and LDR protons, for which the coefficient for the linear 

component of the dose response curve slopes were 1.227 and 0.858 whereas the coefficient 

for the quadratic component of the dose response curve slopes were 1.159 and 0.782, 

respectively. The ED10, ED50, and ED90 for animals at 3 and 48 hours after irradiation with 

HDR and LDR γ-rays were within the 95% confidence intervals of the corresponding ED10, 

ED50, and ED90 for the HDR and LDR proton radiation (Table 1), indicating that γ-rays and 

protons were not significantly different in their effectiveness of reducing lymphocytes at 

HDR or LDR. The fitted RBE values for HDR and LDR protons at 0.75 Gy ranged from 

0.83 to 1.41 at 3 and 48 hours after irradiation (Table 2). With the increase of proton 

radiation dose to 2 Gy, the fitted RBE values decreased to a range of 0.67 to 0.84 at 3 and 48 

hours after irradiation at HDR or LDR. The RBE values were not significantly different 

from 1.00; however, the RBE was significantly higher than 1.00 for 0.75 Gy protons at LDR 

and significantly lower than 1.00 for 2 Gy HDR and LDR protons at 3 hours after irradiation 

and for 2 Gy LDR protons at 48 hours after irradiation.

Monoctye, eosinophil, and platelet counts were statistically insignificant at both the 3 hour 

and 48 hour time points (data not shown).

Discussion

The effect of SPE-like proton radiation on hematopoietic cell counts in the ferret model was 

investigated in the present study. The energy of protons used to simulate SPE radiation was 

determined to ensure a homogenous dose distribution throughout the whole body. 

Hematopoietic cell loss was observed as early as 3 hours after the conclusion of radiation 

exposure, with a more profound decrease observed at the 48-hour time point. For the WBC 

and neutrophil counts determined at 3 hours after irradiation, a small but statistically 

significant dose rate effect was observed. Ferrets exposed to the HDR (0.5 Gy/min) radiation 

had lower average WBC and neutrophil counts than the animals exposed to the LDR (0.5/h) 

radiation. This result agrees with a similar experiment by Maks et al. (2011) in which mice 

were exposed to proton and γ-ray radiation at the same HDR or LDR dose rates. Although 

the LDR radiation exposures resulted in significant decreases in peripheral blood cell counts, 

the HDR radiation, for both the protons and γ-rays, resulted in even lower average blood cell 

counts compared to the LDR radiation. Interestingly, the dose rate effect was not observed at 

48 hours after irradiation in the present study, suggesting that the higher dose rate might 

have only accelerated the onset of radiation effect but did not affect the overall magnitude of 

the radiation effect developed at the later time points. Given the fact that the dose rate effect 

was not observed at 48 hours after irradiation, a critical time with a pronounced reduction in 

circulating WBCs, neutrophils, and lymphocytes, the dose rate effect probably did not have 

a biologically meaningful impact on the blood cell counts in the irradiated animals.
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In the present study, the time course for the changes in the neutrophil and lymphocyte 

counts were strikingly different. The neutrophil count displayed a dose-dependent increase 

at 3 hours after irradiation and a dose-dependent decrease at 48 hours after irradiation 

(Figure 3) whereas the dose response relationship for the lymphocytes were nearly identical 

between 3 hours and 48 hours after irradiation (Figure 5). It is conceivable that the increase 

in the neutrophil count might have partially canceled the decrease in the lymphocyte count 

when total WBC count was determined at 3 hours after irradiation, which might be the 

reason for the less pronounced dose response of the WBC count at 3 hours after irradiation. 

Since the neutrophils are an essential part of innate immunity, the early increase in their 

count could be at least partly due to rapid recruitment of these cells from the bone marrow 

(Christopher and Link, 2007). The different time courses for the neutrophil and lymphocyte 

counts observed after irradiation highlighted an importance to monitor the changes in the 

WBC differential in addition to the total WBC count since a change in one type of 

hematopoietic cells after radiation exposure may be masked by an opposite change in 

another type of hematopoietic cells. Based on the magnitude of the decrease and the time 

required to show a significant decrease in the blood cell count after irradiation, lymphocytes 

appeared to be the most sensitive to γ-ray and proton irradiation among the types of cells 

evaluated, which is consistent with the previous observation in a porcine model (Sanzari et 

al., 2013).

As expected, the dose of radiation was the most significant contributing factor in the 

observed radiation-induced cell loss. The dose-dependent decrease in peripheral WBC 

counts is consistent with previous findings in the mouse model after whole-body proton 

(Maks et al., 2011; Ware et al., 2010; Wambi et al., 2009) and photon irradiation (Wambi et 

al., 2008; Pecaut et al., 2001; Gridley et al., 2001) as well as high linear energy transfer 

(LET) iron ion exposure (Pecaut and Gridley, 2010). The dose response relationship of 

proton or γ-ray irradiation on hematopoietic cell loss observed here in the ferret model 

represents a genetically heterogenous, non-rodent test system. The present findings suggest 

that damage from IR causes a significant reduction in blood cell counts in a dose-dependent 

manner, which may be considered a potential health risk during space travel.

The hematologic profile of ferrets has been previously determined by standard methods (Lee 

et al., 1982). The average leukocyte count ranges from 2.5-8.6 × 103 cells/uL, compared to 

the human total leukocyte count range of 4.5-11 × 103 cells/uL. While the average number 

of circulating leukocytes may not differ between ferrets and humans, it is worthwhile to note 

that the percentage of each specific type of WBC may. Therefore, when translating the 

results from the ferret model to human consequence, the interspecies disparity merits careful 

attention.

We have observed increased clotting times and the consumption of coagulation factors in 

ferrets exposed to the doses of SPE-like proton radiation investigated in the current report 

and within the same time frame (Krigsfeld et al., 2012). The consumption of coagulation 

factors and platelets throughout the body's blood vessels, a condition known as disseminated 

intravascular coagulation (DIC), can result in internal and external hemorrhaging, and 

potentially death. Platelet numbers did not change in a significant manner within the first 48 

hours of proton or gamma radiation exposure in this study. However, current studies 
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underway suggest that radiation-induced coagulopathies and decreased platelet counts are 

present in animals exposed to the radiation doses reported in this study (up to 2 Gy) at time 

points later than 48 hours post-irradiation and with serious implications within weeks after 

radiation exposure (unpublished data). The observed coagulopathy changes in irradiated 

ferrets are accompanied by a severe loss of circulating white blood cells.

In conclusion, whole-body proton or γ-ray radiation results in a significant reduction in 

circulating WBCs in the ferret model. Using the spread-out Bragg peak to achieve a 

homogenous dose distribution, the proton doses used here (0.75-2.0 Gy) resulted in RBE 

values of 0.59 - 4.02 when evaluating radiation-induced reductions in WBC counts. Thus, 

whole body SPE-like radiation exposure poses threats to the hematopoietic system in an 

acute manner, which can result in increased susceptibility to infection, and an overall 

depressed immune response and function.
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Figure 1. 
Variance analysis of white blood cell (WBC) results. Variance analysis was performed to 

determine which experimental factor(s) significantly affected the WBC counts in the 

animals 3 hours after irradiation (A) or 48 hours after radiation exposure (B). Radiation type 

(γ-rays vs. protons) did not significantly affect the overall WBC counts after radiation 

exposure whereas the dose rate did have an effect at 3 hour post-exposure, and total dose 

also contributed significantly to WBC count changes in the irradiated animals at both 3 

hours and 48 hours after exposure. Note: the x-axes labels are included at the top of each 

panel, i.e., Radiation, Dose Rate, or Dose.
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Figure 2. 
Dose-response curves for WBC in animals after irradiation. The WBC count results obtained 

3 hours after irradiation at HDR (A) or LDR (B) or 48 hours after irradiation at HDR (C) or 

LDR (D) were determined by a non-linear regression analysis using a linear quadratic 

model. Statistically significant dose responses were observed for HDR and LDR γ-rays and 

protons at both time points except for LDR protons at 3 hours after irradiation.
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Figure 3. 
Variance analysis of neutrophil results. Variance analysis was performed to determine which 

experimental factor(s) significantly affected the neutrophil count in animals 3 hours after 

irradiation (A) or 48 hours after radiation exposure (B). Radiation type (γ-rays vs. protons) 

did not significantly affect the overall neutrophil counts after radiation exposure whereas the 

dose rate did have an effect at 3 hour post-exposure, but not 48 hours post-exposure. Lastly, 

the total dose did contribute significantly to neutrophil count changes in the irradiated 

animals at both 3 hours and 48 hours after exposure. Note: the x-axes labels are included at 

the top of each panel, i.e., Radiation, Dose Rate, or Dose.
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Figure 4. 
Dose-response curves for neutrophils in animals after irradiation. The neutrophil count 

results obtained 48 hours after irradiation at HDR (A) or LDR (B) were analyzed by a non-

linear regression analysis using a linear quadratic model. Statistically significant dose 

responses were observed for HDR and LDR γ-rays and protons.
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Figure 5. 
Variance analysis of lymphocyte results. Variance analysis was performed to determine 

which experimental factor(s) significantly affected the lymphocyte counts in irradiated 

animals 3 hours (A) or 48 hours (B) after exposure. Radiation type (γ-rays vs. protons) and 

dose rate did not significantly affect the overall lymphocyte count after radiation exposure, 

whereas the total dose contributed significantly to lymphocyte count changes in the 

irradiated animals. Note: the x-axes labels are included at the top of each panel, i.e., 

Radiation, Dose Rate, or Dose.
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Figure 6. 
Dose-response curves for lymphocytes in animals after irradiation. The lymphocyte count 

results obtained from animals at 3 hours after irradiation at HDR (A) or LDR (B) or 48 

hours after irradiation at HDR (C) or LDR (D) were analyzed by a non-linear regression 

analysis using a linear quadratic model. Statistically significant dose responses were 

observed for HDR and LDR γ-rays and protons at both time points. It should be noted that a 

common log scale is used for y-axis, which has visually exaggerated the deviation of the 

dose response curves from the actual data points at the high end of the radiation dose range.
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