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ABSTRACT 
Purpose 
A retrospective statistical analysis of data obtained from the Janus Program at 
Argonne National Laboratory was conducted.  We assessed the cancerous and 
non-cancerous tissue toxicities induced by low dose rate fractionated gamma or 
neutron irradiation and the way in which gender modulates their accumulation.   
Methods and Materials 
The statistical analysis was done of the data from a study done on mice 
irradiated with either 2-40 cGy of Janus reactor fission neutrons or 100-600 cGy 
of 60Cobalt gamma rays, given in 60 fractions.  Dose rates varied between 0.002 
– 0.034 cGy/min for neutrons or 0.083 – 0.5 cGy/min for gamma rays.  Using the 
logistic regression model for analyses of individual toxicities and the Poisson 
regression model for analyses of organ systems, we specifically assessed: (1) 
the likelihood of developing individual tissue toxicities due to each radiation 
treatment; (2) the modulating effect of gender on radiation response; (3) the 



  

 

incidence rate ratio of organ system failure; and (4) the relationship between 
multiple organ systems failure, radiation treatment regimens and gender.   
Results 
The effects of radiation are tissue-type specific and in many cases modulated by 
gender.  The effect of gender was also evident in organ system and multiple 
organ system failure analyses.   
Conclusions 
Gender modulates the odds ratios of particular tissue toxicities and well as organ 
system toxicities.  Finally, multiple organ systems analysis suggestes that gender 
modulates cummulative effect of n° irradiation up to 13.5 cGy total dose (dose 
rate of 13.5 cGy/min) at the marginally significant value, and the cumulative 
effect of gamma irradiation at every dose/dose rate used in this study at a 
statistically significant value.   
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late tissue toxicity 
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TBI  Total Body Irradiation 
OR  Odds Ratio 
IRR  Incidence Rate Ratio 
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INTRODUCTION 
It is well established in the literature that high doses of ionizing radiation cause 
detrimental effects in humans1, however the literature on the consequences of 
low-dose and low dose-rate radiation is more controversial.2, 3  Several factors 
make low-dose radiation research more difficult.  At very low doses (< 5 cGy), it 
is difficult to observe a consistent effect from the radiation unless the number of 
subjects is extremely high.4, 5  Unfortunately, recruiting this number of human 
subjects is difficult, time-intensive, and costly, while irradiations studied would 
have to be incidental and not experimentally designed, making dosimetry very 
complex.  As a result, some radiation research laboratories have resorted to 
studying the long-term effects of radiation on laboratory animals.  Although there 
are still some issues in extrapolating results from laboratory animals to humans, 
animal studies can be utilized to assess general risk to humans.7  The archived 
data from the Janus Program at Argonne National Laboratory provides a large 
database to research the effects of low-dose external total body irradiation by 
either gamma rays or neutrons and provides means to gain insight to the health 
risks that these two qualities of radiation pose to animals and humans. 
From 1969 to 1992, a set of large-scale mouse experiments was conducted in 
the Division of Biological and Medical Research at Argonne National Laboratory 
(ANL).  These studies were conducted using the Janus Reactor at ANL to 
produce fission-spectrum neutrons and a 60Cobalt source for gamma-radiation—
the whole study came to be called the Janus Program.  The Janus Program 
focused on the late effects of whole-body exposure to gamma rays or fission 
neutrons and collected data on post-irradiation survival and pathology of the 
B6CF1 mouse (C57BL/6 X BALB/c).  From these studies, a series of publications 
on life shortening effects of radiation and carcinogenesis were published, mostly 
using the information about the gross pathology at the time of necropsy.6-23 The 
life shortening was considered as an indirect measure of cumulative toxicities.   
Here we present analyses of the effects of highly fractionated, low to 
intermediate whole-body irradiation with gamma rays or neutrons, on tissues, 
organs, or organ systems.  Both tumor and non-tumor pathological complications 
were considered as toxicities.  This study looked closely at individual toxicities 
found at death and if their pattern of occurrence was affected by dose, radiation 
quality and/or gender.  Additionally, we evaluated the toxicities found in organ 
systems.  By counting the number of distinct toxicities reported within an organ 
system, we determined the relationship between the extent of damage to an 
organ system and radiation treatment regimen.  Finally, cumulative multiple 
organ system failure was also analyzed by dose, radiation quality and gender. 
Interestingly, the data provide evidence for the protective effects of certain 
radiation doses to specific tissues and organs.  Still more intriguing is the finding 
that gender modulates incidence of multiple organ system failure for each one of 
the tested gamma irradiation doses with a statistical significance of P<0.05 and 
for two lowest neutron doses at marginal significance of P=0.06.  It is very likely 
that the tissue damage acquired at the doses/dose rates the effect of which is 



  

 

modulated by gender falls into the category of “potential” damage which could 
perhaps be altered by changes of the whole organism physiology, which, in turn, 
can lead to new approaches to radioprotection. 
 
MATERIALS AND METHODS 
Irradiation Procedure 

Total body irradiations (TBI) of 5,935 mice were done either with 60Co γ rays 
(Gamma) or fission neutrons nº (Neutron) (mean energy = 0.85 MeV).  
Treatments were given in 60 once-weekly exposures and had varying dose rates 
and total doses as listed in Table 1.  The total dose of radiation for all mice was 
given in 60 exposures of 20 minutes; as the total dose increased, the dose rate 
also increased.  As a result of this experimental setup, it is not possible to 
delineate the contribution of total dose versus dose rate to the frequency of 
toxicity incidences in this experiment.  The first exposure of all mice was at about 
110 days of age; the control mice were sham irradiated.  All of the mice were 
allowed to die a natural death, and a necropsy was done to determine death-
contributing causes, but other apparent tissue toxicities in screened organs were 
recorded as well.  Necropsy screening was done on a set of organs that always 
included the adrenal gland, heart, kidney, liver, lung, and spleen, which were also 
always paraffin embedded.  Both control and irradiated mice lived in a common 
environment for the majority of their lifetime.  For detailed procedures of the 
irradiation process, please see Carnes and others.6 
 
Pathology database 
The autopsy procedure performed for the Janus Program followed a standard 
protocol to observe and record pathology data from  42,000 mice involved in 
fourteen different large experiments.  The experiment used for analysis in this 
work consisted of 5,935 mice and only comprised a portion of the completed 
work done in the course of the Janus Program.  All 5,935 mice used in our 
analysis had corresponding death and gross pathology records.  Autopsy results 
were stored in an Oracle database, and each mouse was annotated by radiation 
history, entry and exit data, and gross pathological findings, or MACRO code, 
listed in Table 2.  A random histopathological examination of these samples was 
conducted and also recorded as, so called MICRO codes.  Approximately 50% of 
the mice analyzed in the current study received a detailed histopathological 
examination, results were recorded as so called MICRO codes..  The autopsy 
results generated by this study were independently verified by Pathology 
Associates, Inc. who agreed upon the gross and histopathological diagnoses in 
92% of the cases examined.  The MICRO codes of mice in this study are not 
listed here but can be found in the original study, along with details of the 
autopsy and histopathological procedures, on the database website 
http://janus.northwestern.edu.24   



  

 

Statistical methods 
The Oracle database was translated into Microsoft Access format and then Stata 
format.  The software package Stata10/SE (StataCorp LP, TX) was used to 
analyze the effect of dose on the genesis of tissue toxicities analyzed for this 
paper.   A logistic or Poisson regression model was chosen to explore the 
relationship between radiation doses and specific pathological outcomes 
because the outcomes were binary (the presence or absence of a specific 
toxicity) or count variables (the number of toxicities in a particular organ system 
or affected organ systems in a whole mouse).   
Treatment conditions – total dose and radiation quality – were used as 
categorical independent variables in the logistic regression model, the control 
group was the reference category.  The odds ratios (ORs) indicated the ratio 
between the odds of developing a toxicity in a treatment group relative to 
developing the same toxicity in the control group.  The control group (the 
reference category) which received no radiation treatments, and the OR for 
developing a toxicity in the control group was equal to 1.   
The model allowed us to adjust for age differences at time of death between 
different experimental groups of animals in the way described in this passage.  
Many tissue toxicities varied in a non-linear pattern for animal age at time of 
death and animal life span varied by radiation type, total dose, and dose rate. 
These age differences are a result of radiation-induced life shortening. 25-27   To 
account for this non-linear relationship, age adjustment was done by using 
“dummy” variables that represented age-at-death quartiles for each gender.  The 
gender adjustment on the age-at-death quartiles accounted for the differences of 
life-span between males and females.  This categorical model provided the best 
fit as opposed to other models that had age as a linear independent variable, a 
second-order polynomial, or a logarithmic adjustment term.  Similar to a previous 
study conducted with our laboratory, we desired to focus on the individual tissue 
toxicities rather than the life shortening effects of irradiation.28   
All the tissue toxicities observed in the original study were tested by logistic 
regression analysis; tissue toxicities related to various organ systems were 
aggregated and analyzed with Poisson regression.  P-values less than 0.05 were 
considered to be significantly different from the control group.   
 To test for the role of gender in toxicity development, we initially analyzed 
males and females separately for each toxicity and treatment group.  E.g. a linear 
comparison test analyzed whether or not males were more likely to develop a 
particular toxicity than females within each treatment group.  This is a post-
estimation comparison that can compute odds ratios (Ors) or incidence rate 
ratios (IRRs), standard errors, p-values, and confidence intervals for linear 
combinations of coefficients.  If in this example the male OR was significantly 
different from the female OR, then both the male and female ORs for that toxicity 
were reported.  If the linear comparison test for a toxicity showed no significant 
differences, then the toxicity was re-analyzed using a regression model that did 
not break up the treatments by gender.  This latter model for logistic regression 



  

 

analysis identified significant differences (P<0.05) within radiation types – gamma 
vs. control, neutron vs. control – on a per-toxicity basis, and these ORs are 
reported.     
Poisson regression was used to determine the relationships between incidence 
rate ratios (IRRs) of count outcomes and categorical independent variables – 
total dose and radiation type.   The statistical analysis same as in the previous 
section was used to adjust for age discrepancies in order to better fit the model 
and data.  We used Poisson regression to analyze the total toxicity IRRs 
corresponding to each radiation group, when compared against controls; this 
total toxicity count was used as the continuous outcome variable.  We used the 
Poisson model for analyzing the relative risk of organ system failures and also 
multiple organ systems failure, comparing radiation treatments and control 
groups.   
  
RESULTS 
LOGISTIC REGRESSION ANALYSIS 
Per-Toxicity Analysis – Gamma Irradiation  
The data for gender differences in mice irradiated with gamma rays were 
analyzed by using a linear comparison test.  Eight tissue toxicities, both tumors 
and non-tumor pathological complications are shown in Table 3.  Clear 
hydrothorax and Harderian glad complication were more frequent in males, while 
cysts developed with higher odds ratios in females.  Of the tumor toxicities, lung 
tumor has higher odds ratio in males, as well as secondary tumors, while females 
have higher chances to develop tumor of pylorus.  With the exception of clear 
hydrothorax which peaked in males at maximal dose (600 cGy), all other gender 
modulated toxicities showed peak differences at low or intermediate radiation 
doses (100 and 200 cGy).  Regarding gender-unique toxicities, only ovarian non-
tumor pathological changes and ovarian tumors shoved increased incidence in 
irradiated mice, peaking at 450 or 600 cGy, respectively.   
In addition to eight toxicities listed in Table 3, gamma irradiation caused 
increases in odds ratios for 8 more pathological complications and two tumors, 
listed in Table 4.  This table presents toxicities which showed no significant 
differences between genders in the linear comparison test, and were re-analyzed 
to test for significant differences (P<0.05) between the treatment group and the 
control.  With the exception of hemorrhage, where ORs were significantly 
decreased, ORs were significantly increased in irradiated groups.  In many cases 
OR values showed maximal values at intermediate irradiation doses.  For 
example, bloody ascites, dermatitis, hydrothorax, kidney and liver pathological 
changes, or adrenal and Harderian gland tumors showed OR maxima at 200, 
300 or 450 cG total dose treatments.  A gradual increase in ORs which peaked at 
600 cGy (maximal dose) was found only in one of 10 cases, in the case of 
adrenal gland non-tumor pathological changes. 
 
Per-Toxicity Analysis – Neutron Irradiation 



  

 

Group of non-tumor toxicities modulated by neutron irradiation was very different 
from the set observed in gamma irradiated mice, with the adrenal gland non-
tumor pathological complications as a single overlap.  On the other hand, tumor 
toxicities following two qualities of radiation overlapped much more.  These 
included tumors of adrenal gland, Harderian gland, lung and secondary tumors.   
Group of gender unique and gender modulated toxicities was shorter in neutron 
than gamma irradiated mice, encompassing only three toxicities.  This list (Table 
5) includes uterus as the only gender unique non-tumor toxicity, peaking at 
intermediate dose of 30 cGy.  Two gender modulated toxicities are ascites and 
lung tumor, first more common in males and peaking at 13.5 cGy, second in 
females and peaking at maximum neutron dose (40 cGy).   
For the 5 non-tumor and 8 tumor toxicities which showed no gender specific 
modulations in the linear comparison test, the data was re-analyzed to test for 
significant differences (P<0.05) between the treatment groups and the control 
group on a per-toxicity basis.   Toxicities that were modulated by irradiation are 
reported in Table 6.  As in the case of gamma irradiation, many odds ratios 
peaked at intermediate doses, e.g. non-tumor pathological complications in 
adhesion, Harderian gland, and pneumonia, peaked at 7.5 to 30 cGy; as well as 
tumors of adrenal gland, bone and secondary tumors which peaked at 13.5 to 21 
cGy of neutrons.  Opposite from the gamma irradiation caused toxicities, a more 
substantial fraction of toxicities (4 of 13) peaked at the maximum irradiation does 
of 40 cGy.  These included non-tumor toxicity of adrenal gland and tumors of 
Harderian gland, kidney and pylorus.  Two cases where irradiation decreased the 
toxicity OR were diverticulum and non-thymic lymphoma.  
 
POISSON REGRESSION ANALYSIS 
 
Organ System Failure Analysis: 
 For the organ system failure analysis, we grouped 113 of 155 toxicities 
into the following organ systems – cardiovascular, female reproductive, male 
reproductive, digestive, hematopoietic/vascular, integument, lymphatic, nervous, 
renal, respiratory and skeletal systems (Table 7).  Some toxicities were not 
grouped and not analyzed because they did not associate with a specific organ 
system.  Using the Poisson regression model, we explored the relationship 
between organ systems and their breakdown due to radiation by looking at the 
impact of radiation type and total dose on the count of toxicities appearing in that 
organ system. 
 
Poisson Regression Analysis of Organ System Failure Caused by Gamma 
Irradiation  
The organ system complications data did not show any significant modulating 
effect of gender and we list only gender-unique organ systems: femaleand male 
reproductive systems in the Table 8.  Peak in incidence rate ratio for female 



  

 

reproductive system was at 450 cGy, and for male reproductive system at 200 
cGy. 
Remaining 9 organ systems were analyzed and the data for all of them is 
presented in Table 10.  Only some of the organ systems showed incidence rate 
ratios (IRRs) that were affected by irradiation.  These included digestive system, 
integument, renal and respiratory system.  In all cases IRRs peaked at 200 to 
450 cGy.   
Taken together, six of 11 organ systems had significant IRR values at 
intermediate gamma irradiation doses (200 to 450 cGy at dose-rates of 0.167 to 
0.375 cGy/min respectively).  These data may either support the concept of 
decrease in complications caused by cell death at higher dose-rates and doses 
of irradiation, or the existence of an adaptive response at dose rates and/or with 
fractionation listed. 
 
Poisson Regression Analysis of Organ System Failure Caused by Neutron 
Irradiation  
 
In neutron-irradiated mice, gender played a more pronounced role in how often 
an organ system was injured.  In Table 10, in addition to gender-unique organ 
systems (female and male reproductive systems) are listed three more cases 
where gender modulated the effect of neutron irradiation: the integument, 
hematopoietic/vascular, and nervous systems.  Statisticaly significant differences 
compared to controls were found in integument where females at 7.5 cGy 
showed the highest significant IRR; in hematopoietic/vascular system where 
males showed significant decrease in IRR compared to controls, and male 
reproductive system where IRR peaked at 30 cGy.   
Similar to the logistic regression analysis, when damaged organ systems showed 
no significant differences between gender in the linear comparison test, the 
organ system was re-analyzed without the gender separation to test for 
significant differences (P<0.05) between the treatment group and the control 
group on a per-toxicity basis.   Six remaining organ systems are listed in Table 
12; the only two showing significant difference in IRR compared to control are 
renal and respiratory systems, first peaking at maximum neutron dose (40 cGy), 
the other at the intermediate dose of 13.5 cG.  
 
Poisson Regression Analysis on Multiple Organ Systems Failure 
 Analyses of multiple organ systems failure in the gamma-irradiated 
groups, and the neutron-irradiated groups were performed.  Table 13 shows that 
multiple organ systems failure has a significantly different response  between 
genders for all doses of gamma radiation (P < 0.05), moreover, only in females 
gamma irradiation lead to a significant increase of multiple organ system IRR (P 
< 0.05).  No differences between male control and irradiated mice was detected 
for multiple organ system failure.  In neutron irradiated mice only treatement 
group showing significant difference from control were female mice that were 



  

 

exposed to 7 cGy dose.  However, male-female IRR was marginally different at 
both 7 cGy and at the lower 2 cGy dose of neoutrons (P = 0.06)   
 
DISCUSSION 
 Very few studies report the odds ratios (ORs) for the development of 
individual toxicities detected by necropsy at death for the Janus Program mice, 
nevertheless one study did determine that tumor and non-tumor diseases both 
contributed to the cause of death in irradiated mice.29  Our results in Tables 3 - 6 
treated all toxicities equally, making no difference between the single toxicity that 
was considered as a cause of death and other toxicities present in the same 
animal.  Instead, we focused on investigation of factors that may modulate ORs.  
Experiment chosen for this study compared highly fractionated (60 once a week 
fractions irradiations) low dose-rate gamma and neutron irradiation.  Study 
design allowed us to study effects of radiation quality and dose/dose rate on the 
ORs and incidence rate ratios (IRRs) when multiple toxicities are investigated.  
However, we also found gender to be one of the additional effect-modulating 
factors.  
 These studies were done on samples treated in a very specific way, using 
a very specific type of analysis, and in several cases we found discrepancies 
between our data and the data available in the literature.  For example, in the 
experimental set studied here development of lung tumors was associated only 
with 40 cGy of neutron radiation and female mice where this treatment caused a 
significant increase in OR for females.  At all other doses the incidence for lung 
tumor development due to radiation was fairly similar to the development of 
spontaneous lung tumors in the control group.  This finding differs from one of 
the first studies that looked at dose and dose rate as factors in radiation-induced 
cancers, which found that both chronic and acute neutron exposures in the dose 
range of 24 – 94 rads (24 – 94 cGy) caused an increased incidence of lung 
tumors.30  However, when we analyzed the lung tumor OR data by putting both 
genders together, thereby ignoring the modulation caused by gender, results 
obtained were more similar to the literature findings: ORs for lung tumors in 
neutron irradiated mice (both genders together) were statistically significant at 
doses of 7.5 and 13.5 cGy already, with ORs of 1.33 and 1.38, respectively. 
Over 150 different radiation-induced injuries were reported in the study, and the 
incidence of each tumor and non-tumor pathological complications varied from 
tissue to tissue.  Overall, more non-tumor toxicities occurred with gamma 
radiation (12 vs 7 in neutron irradiated groups), while neutron radiation caused 
more tumors (9 vs 5 in gamma irradiated groups).  One explanation of the 
varying response of radiation-induced toxicities may be related to p53 levels in 
various tissues.  It is widely known that the p53 gene is involved in controlling 
apoptosis and the p53-mediated effects after whole body irradiation are tissue-
specific.31  In fact, lymphoid organs are the organs most sensitive to radiation 
and also show the highest expression of p53 mRNA.32-34    Lower levels of p53 
mRNA are seen in radioresistant tissues - liver, muscle, and heart.35, 36  



  

 

This study looked at the effect of gender on the development of individual tissue 
toxicities from radiation throughout the entire statistical model.  Many toxicities 
did not have a large difference in OR values between males and females (p > 
0.05); however, our data show that the radiation-induced response is also 
gender-specific, as seen in Tables 3 and 5.  This analysis was conducted using a 
linear comparison test between the ORs of males and females within the same 
treatment; the comparison was performed in every analysis throughout this 
study.   
Both logistic regression and Poisson analyses suggest that gender modulates 
the effects of gamma irradiation more than the effects of neutron irradiation.  This 
finding may be a result of the fact that tissue damage caused by neutrons is 
more dependent on the direct damage to DNA, causing mutations the fixing of 
which is likely very similar between the two genders.  Evolutionarily, DNA 
damage and repair are older than existence of genders, tissues and organs.  By 
the same token, more indirect damage of tissues and organs may be a result of 
an interplay between organ/tissue architecture and homeostasis and gender 
related physiological cues. 
Similar type of analysis done on different Janus experiment 28 with acute gamma 
ray and neuron exposures also suggested modulatory role of gender in effecting 
the tissue toxicity repertoire.  However, probably in response to the fractionated 
vs. acute exposure and/or dose rate differences, both similarities and differences 
could be observed in gender modulation (Table 13).  For example, gender unique 
toxicities (ovarian pathological complications and ovarian cancer) are similarly 
affected by gamma rays, while with neutron exposures one finds both agreement 
(regarding uterus pathological complications) and disagreement (uterine tumor 
incidence); also induction of ovarian tumors was found only in acute neutron 
irradiated mice.  Clear hydrothorax and ascites were the only toxicities to be 
affected similarly both by gamma and neutron irradiation, and by both 
fractionated and acute exposures.  “Unequal” gender modulation by either 
gamma or neutron irradiation was found to be associated with an effect in the 
case of acute exposure only.  This was especially the case for neutron 10 cGy 
acute irradiation.  A special case in point was the effect of fractionated gamma 
irradiation on induction of the tumor of pylorus—while fractionated irradiation is 
modulated by gender, acute irradiation is not.  Finally, there were two cases 
where fractionated, low dose-rate and acute higher dose-rate exposures were 
modulated by gender in the exactly opposite manner:  causing of cysts by 
gamma irradiation was more pronounced in females when the exposure was 
fractionated low dose-rate, while it was more pronounced in males with the acute 
high dose-rate irradiation.  Reversed finding is associated with the secondary 
tumors induced by gamma irradiation; more effect was found in males after 
fractionated irradiation, and more in females after acute exposure. 
Another study has shown differences in genomic responses to chronic radiation 
for male and female mice.37  It is known that the retinoblastoma tumor 
suppressor plays an important role in cell growth and apoptosis after ionizing 



  

 

radiation and Cassie reported that chronic low dose radiation increased 
expression of a Rb-binding protein, which is involved in the signaling pathway 
after radiation exposure, in males but had a decrease in females.   
 
Protective Effect 
Our logistic regression analysis also revealed that hemorrhages for both genders 
and certain toxicities in females (clear hydrothorax, Harderian gland, lung tumors, 
and secondary tumors) were less likely to develop with gamma radiation than 
with the sham-irradiated control group.  One explanation as to why low-dose TBI 
suppresses tumor growth is that it is associated with a radiation-induced immune 
stimulation as opposed to radiation-induced apoptosis of tumor cells.38  For 
example, with mice infected with Friend Leukemia Virus that develops into an 
immune deficiency similar to human AIDS, Shen showed that mice receiving the 
lethal dose of FLV could be completely cured with 150 cGy TBI.  
For neutron radiation, disease of the diverticulum for both genders, non-thymic 
generalized lymphoma for both genders, and ascites in females also decreased 
in prevalence as the neutron dose increased.  This suggests that low-doses of 
neutron radiation may have some health benefits for specific tissues.39  In fact, a 
previous study on fractionated total body irradiation using a cobalt 60 source with 
a total dose of 150 cGy showed that patients with chronic lymphocytic leukemia 
(CLL) and low-grade lymphoma had successful long-term remissions.40 Another 
study reported that very low doses of gamma rays reduce the risk of lymphomas 
by significantly increasing the tumor latency by reducing the rate at which cells 
spontaneously become malignant.41   
However, the beneficial effects of low dose radiation are quite controversial, 
where one group has even published contradicting effects of low dose TBI.  In 
two different studies, Hashimoto et al. showed that the stimulation of the immune 
system due to low doses of radiation led to increased anti-tumor effects and then 
later found that the same low dose (0.2 cGy) of TBI resulted in an increase in 
tumor-infiltrating lymphocytes.42, 43  In several cases of our particular study, 
protective effects were dose-specific and tissue-specific.  A consistent trend for a 
protective effect at all of the doses was rarely seen in our study, therefore the 
data do not indicate that low doses of gamma or neutron radiation, at this specific 
dose range, are overall of therapeutic value.   
 
Poisson Regression Analysis of Organ Systems 
 When we evaluated organ system failure for each radiation dose and for 
organ systems with one significant IRR value, many of the maximum IRR values 
for neutron radiation corresponded with the highest neutron dose.  Our data 
support the idea that a low dose threshold is not present with low doses of 
neutron radiation, a concept that is expressed most fully in the linear non-
threshold model of radiation carcinogenesis.39  However, our data on highly 
fractionated low and intermediate dose gamma radiation showed that many 
systems have a maximum IRR value at one of the “middle” doses, thus 
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producing a mildly bell-shaped dose response.  Compared to most other Janus 
experiments, the irradiations in these experiments were fractionated and 
conducted with long pauses between fractions (one fraction per week).  In other 

Janus experiments, similar total doses of γ rays delivered at a higher dose rate or 
as acute irradiation did not have a bell-curve effect (data not shown).  Our data 
support the concept and the existence of an adaptive response at dose rates and 
fractionation used here for some radiation responses.  Wang showed that 48 h 
after bone marrow cells were irradiated with 0.5 Gy of X-rays, there was a 
hormetic effect on cell proliferation.44  In Mitchell’s study, a low dose of radiation 
followed by a series of chronic doses caused the latency period for developing 
leukemia to be prolonged.45  While our data support the adaptive response 
discoveries of other laboratories, we will further investigate this area to acquire 
more evidence of adaptive response effects.  
 
Poisson Regression with Multiple Organ Systems Failure 
 Finally, the Poisson regression analysis on multiple organ systems failure 
also produced interesting results.  With the multiple organ systems failure 
analysis, IRR values significantly differed from the control group when treated 
with gamma but not neutron radiation.  This difference indicated that the gamma-
irradiated group in comparison to the control group produced a significant 
increase in incidence rate for multiple organ systems failure while the neutron 
radiation did not.  Our data suggest that gamma radiation produces a higher 
incidence of multiple organ systems failure than receiving no radiation.   
 
CONCLUSION 
 Our retrospective analysis supports the concept of a possible protective 
effect of low dose gamma-ray and, in some cases, neutron irradiation.  More 
importantly, however, the analyses conducted strongly support the effect of 
gender on the outcome of irradiation.  Gender as a modulator of irradiation 
effects has been known for some time, nevertheless, this is one of the first large 
scale studies of this phenomenon.  Further studies of the possible reason(s) for 
this gender dependence are necessary, as well as more elaborate work on the 
differences in genomic responses to chronic radiation for male and female mice.  
It may be sufficient to study the “interaction” between different qualities, doses 
and dose rates of irradiation and the Rb-binding protein (which responds to 
irradiation in a gender specific way.37  On the other hand, it may be necessary to 
approach the “gender modulation” phenomenon in a more robust manner, 
looking for all and any molecular and physiological differences between the two 
genders.  Such studies may, with time, evolve into a novel approach for 
development of radioprotection. 
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