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Abstract The major goal of this study was to identify and
quantitatively describe the association between the characteristics of chronic (low-dose rate) exposure to (low
LET) ionizing radiation and cellularity of peripheral blood
cell lines. About 3,200 hemograms (i.e., spectra of blood
counts) obtained over the years of maximal exposure to
ionizing radiation (1950–1956) for inhabitants of the Techa
River were used in analyses. The mean cumulative red
bone marrow dose (with standard errors), calculated using
Techa River Dosimetry System-2000, was 333.6 ±
4.6 mGy (SD = 259.9 mGy, max = 1151 mGy) to the
year 1956. The statistical approach included both empirical
methods for estimating frequencies of cytopenic states of
the investigated blood cell lines (e.g. neutrophile, platelets,
erythrocyte, etc.), and regression methods, including generalized linear models and logistic regressions which
allowed taking into account confounding factors (e.g.,
attained age, age at maximal exposure, presence of concomitant diseases, and demographic characteristics). The
results of the analyses demonstrated hematopoiesis inhibition manifested by a decrease in peripheral blood cellularity and an increase in the frequency of cytopenia in all
blood cell lines (leukocytes, including lymphocytes,
monocytes, neutrophiles, as well as platelets and erythrocytes). The intensity of hematopoiesis inhibition in the
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period of maximal exposures is determined by the combined influence of the dose rate and cumulative dose. The
contribution of specific confounding factors was quantified
and shown to be much less important than dose characteristics. The best predictor among dose characteristics was
identified for each blood cell line. A 2-fold increase in dose
rate is assumed to be a characteristic of radiosensitivity and
a quantitative characteristic of the effect.

Introduction
Hematopoietic tissue is one of the most radiosensitive tissues of the human body. High sensitivity of the hematopoietic system to acute and chronic radiation exposure has
been demonstrated in numerous experiments on animals
(Seed 1996; Seed et al. 2002a, b; Shvedov and Akleyev
2001; Muksinova and Mushkacheva 1990). The status of
hematopoiesis determines the outcomes of acute radiation
syndrome and is critical for the patient’s survival (Bond
et al. 1965; Guskova and Baysogolov 1971). In the study
by Fliedner et al. (2002a) the pathophysiology of the
chronic radiation exposure syndrome both for human
beings and for a number of animal species has been
reviewed and discussed in details. It should be noted that
reactions of human hematopoiesis to chronic low intensive
exposure has been studied insufficiently as yet.
A characteristic feature of chronic radiation exposure is
its prolonged damaging effect on the cell structures
(nucleus, cell membrane, etc.) accompanied by simultaneous adaptation processes. Mechanisms of adaptation to
chronic radiation exposure in different tissues have some
specific features determined by dependence on the specificity of structure and function of cells and organization of
tissue (Paranich et al. 2001).
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The reaction of tissues to radiation is a threshold effect. It is
considered that induction of the same deterministic effects of
chronic exposure requires higher cumulative doses of radiation than those of acute exposure (ICRP 1991). Different
species of experimental animals can survive high doses of
chronic radiation which exceed absolute lethal doses of acute
radiation without impairment of function of exposed tissues,
organs, and the whole organism (Yagunov et al. 1998). It is
important to differentiate between dose thresholds that lead to
adaptive reactions of cells and tissues and those bringing about
changes in the structure and function of tissue.
Tissue reaction to exposure is an integral result of all
different cell responses in exposed tissue and system to
which this tissue belongs. The reaction of hematopoiesis
includes responses of red bone marrow (RBM), hematopoietic cells, peripheral blood and other organs as well as
intercellular matrix, endothelium of blood vessels, fibroblasts, macrophages, and others. The mechanism of tolerance of tissue to chronic radiation has a very complex
origin and is connected with a complex of subcellular,
cellular, tissue, organ, and even organism’s adaptive
reactions (Baraboı̌ and Oleı̌nik 1999).
The mechanisms of the hematopoietic reaction to
chronic radiation exposure have been investigated more
extensively in animals. A complex rearrangement takes
place in hematopoietic tissue under chronic low-dose rate
and low LET radiation exposure with involvement of different mechanisms of adaptation. Hematopoiesis can
maintain a sufficient level of blood cell functioning due to
increased cell production associated with shortening of cell
cycle and maturation period (Grygoryev et al. 1986),
intensification of proliferation activity of early cell forms
(stem and progenitor cells) (Muksinova and Mushkacheva
1990), and development of extramedular hematopoiesis
(Fliedner et al. 2002b). Besides, radioadapted animals have
displayed an increased repair of sublethal damage in bone
marrow progenitors (Seed et al. 2002b).
The number and quality of surviving hematopoietic stem
cells are critical for hematopoietic recovery. Reducible
damage (that is possible spontaneous hematopoietic
recovery) is observed if more than 2% of stem and progenitor cells stay intact for replication and differentiation.
If their level decreases below the critical one, the hematopoietic system can be exhausted due to the deficiency of
replacement of stem cells for proliferation and differentiation (Fliedner et al. 2002b).
Significant individual variability of tissue reaction is
manifested by animals in chronic exposure experiments.
This variability is caused by different peculiarities of the
organism, including its capacity for repair of radiation
damage (Novoselova and Safonova 1994).
Hematopoiesis inhibition is a key link in the pathogenesis of early effects of chronic radiation exposure within a
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definite dose range. These effects are determined by the
loss of stem and committed progenitor cells resulting in a
decrease in peripheral blood counts (Fliedner et al. 2002b).
Data obtained from previous studies of the Techa River
population show a decrease in thrombocyte, neutrophile,
and lymphocyte counts at RBM dose rates of 0.3–0.5 Gy/
year, or higher. These changes persisted for several years
(Akleyev et al. 1999; Akleyev and Varfolomeyeva 2007).
Under the conditions of chronic radiation exposure at dose
rates over 4.5 Gy/year and a cumulative dose over 8 Gy,
Mayak PA workers developed fatal hypoplasia of RBM
with depression of all blood cell lines (Okladnikova 2001).
Moreover, many parameters of early radiation-related
hematopoiesis abnormalities have not yet been elucidated.
The duration of the latent period, radiosensitivity of each
blood cell line, and their dose and dose-rate dependence are
still less known.
The aim of the present study is to estimate retrospectively the influence of the RBM cumulative dose, dose rate
and different modifying factors on the parameters of
peripheral blood cellularity under chronic low-dose-rate
radiation exposure in humans, and to develop an approach
to quantitative estimation of the effect.

Materials and methods
Description of population and clinical methods
Investigation of peripheral blood cellularity was conducted
for the Techa riverside population which had been exposed
to long-lived radionuclides for several decades as a result
of failures in the technological processes at the Mayak
plutonium facility, Southern Urals, Russia. A major source
of environmental contamination was the discharge of about
1017 Bq of liquid wastes into the Techa River in 1949–
1956 (Degteva et al. 2006).
Members of the Techa River Cohort (TRC) numbering
nearly 30,000 residents of the Techa riverside area were
exposed to a complex mixture of radionuclides, largely
90
Sr and 137Cs. The system of regular follow-up allows
ascertainment of vital status, cause of death, and cancer
incidence. With over 50 years of follow-up, the TRC now
provides a valuable opportunity to study a wide range of
health effects, both early and late, associated with protracted internal and external radiation exposures. The wide
range of doses allows analysis of the nature of the dose–
response relationship based on internal comparisons
(Kossenko et al. 2005).
The study group was comprised of exposed people who
had been followed up by the URCRM researches from
1950 to 1956 (the period of maximal radiation exposure),
and whose RBM exposure doses had been estimated. The
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results of the first complete blood count were included in
the analysis. The study cohort included 3,152 people, 1,182
(37.5%) men and 1,970 (62.5%) women. The health status
information for these persons was retrieved from the
archives and the databases maintained at the URCRM.
Mean dose rate of RBM exposure to IR (with standard
errors) for the period 1950–1956, calculated using
Techa River Dosimetry System-2000 (TRDS-2000), was
42.8 ± 0.99 mGy/y (SD = 54.2 mGy/y, max = 305.4
mGy/y). Mean dose of c-irradiation was 14.6 ± 0.71 mGy/y,
and mean dose rate of internal exposure due to incorporated
90
Sr was 28.2 ± 0.40 mGy/y. The dose-reconstruction
process is extensively based on the results of postmortem
measurements of 90Sr concentration in bone samples
obtained in 1951–1993, the results of in vivo measurements
of surface-beta activity of teeth using tooth-beta counters
(1959–1997), and on measurements of 137Cs and 90Sr body
burden in a whole body counter (1974–1997). Mean cumulative RBM dose in 1956 was 333.6 ± 4.6 mGy
(SD = 259.9 mGy, max = 1151 mGy) (Napier et al. 2001;
Degteva et al. 2006, 2007). The internal exposure was a
determinative factor for about 80% of the riverside population (lower and middle reaches of the Techa). The residents
of the upper reaches were exposed both internally and
externally, and the levels of each type of exposure were
comparable (Degteva et al. 2007; Anspaugh et al. 2006).
The following parameters of peripheral blood cellularity expressed in absolute values were selected for
inclusion in the study: leukocyte (the concentration of all
nucleated blood cells), neutrophile, lymphocyte, monocyte, platelet, and erythrocyte counts. The following values (expressed in 109 cells/L) were used as the low limits
of the norm (Sokolov and Gribova 1972): 4.0 for leukocytes, 2.0 for neutrophiles, 1.3 for lymphocytes, 2.0 for
monocytes, 180 (men) and (150 (women) for thrombocytes, and 4.0 (men) and 3.7 (women) for erythrocytes in
1012 cells/L. We understand by cytopenia a condition
characterized by a reduction or a lack of cellular elements
in the circulating blood and by a lower-than-normal
number of blood cells.
Statistical methods
The statistical methods used in this study are based on
empirical estimates of the frequencies of cytopenic states
for all blood cell lines of interest. The resultant data were
analyzed subsequently using generalized linear models and
logistic regression (McCullagh and Nelder 1989).
In generalized linear models, the response (i.e., blood
counts) is assumed to have a probability distribution of the
generalized exponential form, which includes a number of
standard distributions, such as gamma and normal distributions. These distributions were used for description of
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blood count data, e.g., the data presented in (Sokolov and
Gribova 1972) demonstrate that in normal conditions the
parameters of cellularity of blood cell lines are characterized by normal distribution. Our analyses have shown that
each of the blood cell lines under study can be characterized using one of these distributions. These two distributions were investigated for each blood cell line assuming
that the mean is expressed in terms of linear combination of
three predictors: dose rate at the year of measurement,
cumulative dose, and attained age. The best model was
selected by using the likelihood ratio test (Cox and Hinkley
1974). It was found that gamma distribution is the best
model to describe the distribution shape for all blood cell
lines (except erythrocytes) while the distribution of erythrocytes takes a normal shape. Only age and dose rate were
found to significantly contribute to the specific blood count
model. Thus, the model for all lines except erythrocytes
(denoted by y) is described by the density of c-distribution
fc(y, l, m) specified in our case as
 m


1
ym
ym
fc ðy; l; mÞ ¼
exp 
CðmÞy l
l
where m is the scale parameter, and mean l and variance V
of y are further specified as

l ¼ ua þ ar rd þ aa age; V ¼ l2 m
where u is an intercept, and ar and aa are parameters which
define the contribution of annual dose rate and age to the
mean of respective blood count. The distribution of
erythrocytes is normal, where standard deviation r plays
the role of the scale parameter, V = r2, and mean is
specified as l = ua ? arrd.
The logistic regression is used to describe the observed
frequencies in terms of predictors, such as dose characteristics, age, and health state represented by a set of 102
diseases. Thus, a dependent variable in the logistic
regression is the binary variable describing whether an
individual had developed a respective cytopenic state as of
date of measurement. Let pL be the response probability of
being healthy, i.e., not to develop a cytopenic state in blood
cell line L. Note, this choice to define the response probabilities help to keep the same sign of dose effects in two
supplementing analyses based on the blood count distributions and frequencies of cytopenic states. The frequencies of cytopenic states are empirical estimates of the
probabilities 1 - pL. They are calculated in selected
regions of dose characteristics, e.g., dose rate,
fL ¼ Nc ðrd Þ=Nðrd Þ, where N(rd) is the total number of
individuals exposed at dose rates within the range of
interest, and N(rd) is the number of such individuals with
the measured blood count below the norm.
There are three stages of analyses involving the logistic
regression model: (1) description of the frequency in terms
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of classic radiobiological predictors, as it was performed
above for analysis of the shape of blood count distributions,
(2) search of the best predictors among dose characteristics
and analysis of the confounding contributions of morbidity
and nonradiation factors, and (3) using an established
model for calculation of dose characteristics capable to
describe radiosensitivity and possible threshold effects of
certain population groups under chronic exposure to IR.
Similar to the case of modeling the shape of blood count
distribution, the same three predictors (i.e., age, dose rate,
cumulative dose) were used to describe the dependences
influencing the frequency of cytopenic states. Note that
logistic regression is also a particular case of generalized
linear model. In this case Bernoulli distribution is assumed
for individual measurement (presence or absence of the
cytopenic state) and the mean value is linked to linear
predictors through logit function (Hosmer and Lemeshow
2000).
The general formula for logistic regression analysis
involving multiple dose characteristics and contributions of
specific diseases is as follows:
log itðpL Þ ¼ log

pL
1  pL

¼ u þ br rd þ    þ bcd Dc þ ba Age þ

102
X

bi  1i :

i¼1

ð1Þ
Here, rd and Dc are the dose rate and cumulative dose,
respectively. Dots between these two contributions mean
that we investigate various dose characteristics as predictors
of the frequencies trying to select the best one. The sum over i
reflects contributions of 102 selected disease, in which li is an
ith disease indicator. b’s are regression parameters to be
estimated. The SAS software Proc Logistic is used for
parameter estimation through maximizing a likelihood
utilizing individual information on dose characteristics and
occurrence of cytopenia and other diseases. We use the
stepwise technique for the estimation of the regression model
(Hosmer and Lemeshow 2000). It means that the model is
estimated iteratively dropping nonsignificant terms from the
model definition, and finally only significant terms remain in
the model. The stepwise selection model is similar to the
forward model except that such effects are not necessarily to
remain in the model. Effects are entered into and removed
from the model in such a way that each forward selection step
may be followed by one or more backward elimination steps
(SAS 2004). This procedure allows us to select the most
important contributions responsible for deviation of blood
counts, and to keep only those diseases which make
significant contributions to the model.
When the best predictor, dbest, is found for the considered blood cell line, the regression formula provides a
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model for frequency of the developing respective cytopenic
states versus dbest by rewriting the formula (1) as
log

1  f ðdbest Þ 
 dbest ;
¼ b0 þ b
b
f ðdbest Þ

 is the estimated parameter for dbest and b

where b
b
0
includes all other terms in which means of continuous
characteristics (such as age) and prevalences of considered
diseases are used for predictor variables. From this formula
the probability is obtained as
f ðdbest Þ ¼

1


 þb
 dbest :
1 þ exp b
0
b

ð2Þ

Thus, the chosen model provides the logistic or sigmoid
shape for the dose–response effect. According to ICRP, in
general, the dose–frequency relationship is sigmoid in
shape when plotted on linear axes (ICRP 1991, p. 102),
therefore Eq. 2 exactly corresponds to the expected shape
of the frequencies for deterministic effects.
The estimated model for p(dbest) possesses two
important and useful properties. First, it should represent
a proper fit for the frequencies f(dbest), and second, it
allows us to define the notion of the rate of cytopenic
state for a control [i.e., as f0 = f(dbest = 0)], and, therefore, to introduce a notion of a dose rate inducing 2-fold
increase (TFI) in the frequency of cytopenic states relative to the control. The formula for calculation of the TFI
dose rate, dTFI, is obtained by solution of the respective
equations (2),
  
 
 1 2 b

log exp b
0
0
dTFI ¼
:

b
b

Alternatively, dTFI can be expressed in terms of
cytopenia frequency of unexposed population,
dTFI ¼

 
1
2  2f0 logð2Þ þ f0 þ 3=2f02
log
¼
þ o f02 :


1  2f0
 bb
 bb

The series expansion provides a simple formula for
estimating dTFI in mGy:
dTFI ðin mGyÞ 

693 þ 10  f0 ðin%Þ
;

b
b

where the estimate of the effect of the best predictor in
y/Gy is presented in Tables 1, 2, and 4, and the value of
693 is derived from 1000  logð2Þ  693: This formula
 ;
shows that dTFI is basically defined by dose-rate effect b
b
and, to a much lesser extent, by the spontaneous frequency
f0. Standard error for the estimate of dTFI is calculated by
 and the dosepropagating estimated errors for intercept b
0

rate (best predictor) effect bb : The latter is small for
majority of estimates, so the standard error for dTFI is
 :
determined by those of the dose-rate effect b
b

-0.022 (-0.033; -0.010)
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Note: y : year, [L] mean units of blood count measurements, i.e., 109 cells/L (1012 cells/L for erythrocytes). Two units for scale parameter correspond to models with gamma and normal distributions

-4.09 (-5.71; -2.45)
-5.60 (-7.47; -3.71)

0.011 (0.004;0.018)
-0.028 (-0.051; -0.005)

-6.32 (-1.35; -1.38)
-5.89 (-7.97; -3.79)
-8.52 (-10.76; -6.28)
Dose rate, br, y/Gy

Logistic

Age, ba, 1/y

-2.41 (-4.78; -0.03)

-0.030 (-0.038; -0.021)

0.42 (0.40; 0.43)
13.4 (12.4; 14.4)
3.7 (3.5; 3.9)
8.5 (8.1;8.9)
13.3 (12.6; 13.9)
Scale parameter, 1 or [L]

7.0 (6.7; 7.4)

-0.33

-1.42 (-1.69; -1.14)
-253.8 (-291.9; -215.6)

-1.06
-1.33

-0.003
-0.004

-0.82
-0.74

Age (relative), aa =ua , 1/y

-0.002

-0.77

-0.003

Dose rate (rel.), ar =ua , y/Gy

-0.002 (-0.002; -0.0009)

-0.79 (-0.91; -0.66)
-2.17 (-2.59; -1.74)

-0.010 (-0.011; -0.008)
-0.022 (-0.026; -0.018)

-3.00 (-3.80; -2.19)
-5.91 (-6,90; -4.92)
Dose rate (abs.), ar, y[L]/Gy

Age (abs.), aa, [L]/y

-0.007 (-0.010; -0.004)

Erythrocytes
Normal
Trombocytes
Monocytes
Lymphocytes
Neutrophils
Leukocytes
Gamma
Effect, units

Table 1 Absolute and relative dose rate and age effects (95% CI) for blood counts (top part of the table) and for cytopenia frequencies (bottom part of the table) for five different blood cell
lines and leukocytes
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The estimation of the TFI dose rate based on the logistic
model is stable and advantageous in several respects. The
calculation requires only assumptions about logistic type of
the shape for dose–response effects typical of deterministic
effects. The estimated model provides both the estimate of
spontaneous level (or control level) of cytopenia and the
estimate of the TFI dose rate without additional assumptions. In this respect the estimate of spontaneous level of
cytopenia is stable, because it is obtained by extrapolating
the biologically motivated model to the region of zero dose
rates rather than by using artificial parameters defining the
group of external or internal control (e.g., groups of individuals who received doses below the permissible limit).

Results
The empiric distributions of each blood count in different
RBM dose-rate groups (less 15 mGy/y, 15–45 mGy/y,
more 45 mGy/y) are presented on the Fig. 1. Medians,
modes, and means of these distributions are lower for
groups with higher dose rates, and these differences are
significant.
The dose rate is the only predictor for erythrocytes and
thrombocytes, while the set of predictors for other cell lines
includes attained age as well. The top part of Table 1 summarizes estimates of parameters of distributions of the cellularity of all blood cell lines of interest. The intercept value
characterizes the cellularity of each blood count for people
with zero RBM dose rate and zero age (or any age for the
model of erythrocytes and thrombocytes). Cellularity at zero
doze rate and any age a are given as u þ ba a: Absolute values
of influencing factors br characterize the value of depression
of hematopoietic cell lines when the dose/dose rate increases
by 1 Gy and age increases by 1 year. The relative units
(absolute value of parameter divided by the value of intercept) are used for a comfortable comparison of estimated
parameters.
Then, the frequencies of cytopenic states were investigated using the logistic model. It was found that the set of
predictors for frequencies of cytopenic states was the same as
in models of respective blood counts. Annual dose rates
serve as predictors for thrombocytopenia and neutropenia,
and dose rate and age for other cytopenic states. The effect of
IR in both these analyses is presented in Table 1. A comparison of the values between cell lines shows that leukocytes (viz, lymphocytes and monocytes) and thrombocytes
are the most radiosensitive blood cell lines.
The effect of annual dose rate measured in the year of
blood count measurements can be nonlinear. At very high
dose rate (i.e., above 150 mGy/year) we observed the
effect of leveling-off and even decrease in the dose-rate
pattern of cytopenia frequencies in all blood cell lines
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Table 2 Variations of dose-rate
effect on cellularity of blood
counts
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Blood cell line

Dose-rate parameter

Leukocytes

Mean of dose rates for two prior years, including the year of measurement

Neutrophils

Mean of dose rates for three prior years, including the year of measurement

Lymphocytes

Dose rate for the year of measurement

Monocytes

Mean of dose rates for three prior years, including the year of measurement

Trombocytes

Mean of dose rates for three prior years, including the year of measurement

Erythrocytes

Dose rate for the year prior to the year of measurement

Fig. 1 Distribution of
cellularity displayed by blood
counts of people chronically
exposed to ionizing radiation in
the period of maximal exposure
(1950–1956)
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1
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200
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9

0

3000
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-1

Blood Counts in 10 cells L
< 15 mGy,

except lymphocytes. This allowed us to hypothesize the
existence of some lag period in the effect of exposure. One
consequence of this hypothesis is that annual dose rate
measured in the year of blood count measurements may be
not the only predictor of blood count decline. Instead of
using this dose characteristic as the only predictor, we
investigate a set of predictors of the frequencies of cytopenia and test respective hypotheses on identifying the best
predictor for each blood cell line. Alternative dose predictors were as follows: (1) dose rates measured in years
prior to the year of blood count measurements and (2) the
means of dose rates over the period prior to the year of
blood count measurements. The best predictor represents
certain compromise between the effects of instantaneous
dose rates and cumulative dose. Because of high correlation between dose rate and cumulative dose [correlation
coefficient is 0.53 (p \ 0.0001)], their effects can hardly be
interpreted in separate. Using the logistic models and the
likelihood ratio test we identified the best dose predictor for
each blood cell line as summarized in Table 2. As can be
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15-45 mGy,

> 45 mGy

seen from the table, the influence of the previous exposure
on response of peripheral blood parameters was obvious for
all cell lines, except for the lymphoid cell line. Leukocyte
count during prolonged exposure is influenced by the mean
of dose rates of two last years, including the year of
measurement. Similarly, the thrombocyte, granulocyte, and
monocyte counts are dependent on the mean of dose rates
of three last years, including the year of measurement. The
influence of dose rate on the erythrocyte count in the year
previous to the year of measurement was observed. The
response of lymphocyte count to exposure was determined
by the influence of dose rate in the year of measurement.
This type of reaction of peripheral blood cellularity can be
explained by the effect of cumulative dose of chronic
radiation exposure.
Dependence of frequency of cytopenia on the best dose
predictor is shown in Fig. 2. A gradual increase in the
frequency of cytopenia with dose-rate value is evident. The
logistic model prediction expressed by a simplest version
 ¼ u; is also shown.
of Eq. 2, i.e., when b
0

Radiat Environ Biophys (2010) 49:281–291
20

15

Leukopenia

25

Neutropenia

Lymphopenia
20

15
10

15
10
10
5
5

Frequency,%

Fig. 2 Frequencies of
cytopenic states for five blood
cell lines and leukocytes versus
the dose rate identified as the
best predictor. Means of
frequency estimates are denoted
by dots, and standard errors by
bars. The solid line corresponds
to the model prediction. The
dose rate was categorized
according to the percentiles of
its distribution excepting higher
dose rates for which the lower
number of measurements was
acceptable
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Dose Rate, mGy year

The model taking into account the best dose predictor
and the age can be naturally extended to include other
information available in the data set, i.e., to take into
account the influence of nonradiation factors (age, gender,
and health status) on the cytopenia frequency. Respective
generalized model is presented by Eq. 1. This model was
estimated using the stepwise technique in the logistic
regression model allowing for keeping only significant
contributions of specific diseases. As a result, we selected
13 clinical conditions whose contribution to the effect on
blood counts is significant, and evaluated their effects. The
list of the diseases/conditions included brucellosis, flu/
pneumonia, hepatitis/cirrhosis, and other, as well as normal
pregnancy. Table 3 presents the set of factors contributing
to the model which significantly define the respective
frequency.
The data shown in the table characterize the influence of
each factor on the probability of cytopenia development in
the corresponding blood cell line: the lower the estimated
value of the effect exerted by different factors, the higher
the probability of cytopenia development. Note that
because of using the best dose predictor rather than the
dose rate at the year of measurements, the estimates of the
respective dose-rate effects presented in Tables 1 and 3 are
different, and the effect of the best predictor is stronger.
The influence of infectious (brucellosis, trachoma, influenza), parasitic (protozoal intestinal diseases) diseases,
chronic noninfectious diseases (anemias, chronic hepatitis,
cirrhosis, nephritis, nephritic syndrome), and normal
pregnancy has been revealed following an increase in the
frequency of cytopenia. The degree of radiation exposure

200

0

0

100

200

-1

influence prevails under the influence of other modifying
factors.
It is rather difficult to apply ICRP criteria (ICRP 1984)
to threshold dose estimation for cytopenia induction during
chronic radiation exposure because of the spontaneous
level of cytopenia [for the Russian population, the level of
leukopenia is 2.0–5.2%, erythropenia for men is 4.0%, for
women 5.1%, thrombocytopenia is 2.2% (Sokolov et al.
1985)]. An important property of the logistic modeling
applied is not only that it represents a proper fit for the
frequencies, but that it also allows us to estimate the frequency of cytopenic states for controls (i.e., the frequency
for a zero dose rate), and, therefore, to introduce a notion of
the dose rate associated with a 2-fold increase in the frequency of cytopenia. By the TFI dose rate we understand
such a dose rate for which the rate of cytopenic states is
increased by a factor of two compared to the control. The
TFI dose rate (dTFI) can be considered as a quantitative
characteristic of the effects of chronic exposure.
The TFI dose rates calculated using the approach based
on the logistic model for members of TRC are presented in
Table 4. The calculation of dTFI was performed taking into
account the age structure of the population, i.e., assigning
members of the study population to a specific age group
was considered as an explanatory variable. This allows for
extrapolating results for other populations with different
age structure.
Judging by TFI dose-rate parameter, the thrombocyte
line (84 mGy/year) is the most radiosensitive one. The
frequency of leukopenia increased 2-fold at the dose rate of
56 mGy/year, and that of erythrocytopenia at 103 mGy/
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Leukopenia

–
–

–
–

285.0–285.9

287.0–287.9

288.0–288.9

381.0

Other and unspecified
anemias

Purpura and other
hemorrhagic
conditions

Diseases of white blood
cells

Acute nonsuppurative
otitis media

-0.63 (-1.82;0.55)

-1.53 (-3.04; -0.02)

–

571.4–571.5

580.0–589.9

799.9–799.9

V022

Chronic hepatitis,
Cirrhosis of
liver without mention
of alcohol

Nephritis, nephritic
syndrome
and nephrosis

Other ill-defined and
unknown causes

Normal pregnancy

–

–

–

–

–

–

-2.91 (-5.69; -0.13)

–

–

–

–

-1.93 (-2.49; -1.37)

-2.85 (-4.82; -0.88)

–

-4.22 (-7.11; -1.33)

Neutropenia

–

–

–

–

–

–

–

–

–

–

–

–

–

-0.030 (-0.038; -0.021)

-5.88 (-7.97; -3.79)

Lymphopenia

–

–

–

–

–

-2.47 (-4.57; -0.38)

–

–

–

-2.29 (-4.41; -0.16)

–

–

–

-0.032 (-0.054; -0.009)

-9.71 (-16.87; -2.55)

Monocytopenia

–

–

–

–

–

–

–

–

-2.97 (-3.91; -2.03)

–

–

–

–

–

-8.88 (-11.52; -6.23)

Thrombocytopenia

Note: ‘‘–’’ means that corresponding factors do not influence depression of cellularity of individual peripheral blood count. Effects of diseases, bi are dimensionless

–

-0.80 (-1.85;0.23)

-2.41 (-4.70; -0.11)

382.0–382.4

494.0–494.9

Influenza

Bronchiectasis

-1.28 (-2.17; -0.38)

-0.92 (-2.38;0.53)

023.0–023.9

076.0–076.9

Brucellosis

–

Other protozoal
intestinal diseases

Trachoma

-0.024 (-0.036; -0.013)

007.0–007.9

Age, ba, 1/y

-11.70 (-14.70; -8.70)

ICD-9-CM

Best dose rate
predictor, br y/Gy

Effects, units

Table 3 The extent of influence of radiation and nonradiation modifying factors on cellularity of blood cell lines [results of logistic modeling (95%CI)]

-1.82 (-2.54; -1.11)

–

-2.10 (-3.71; -0.49)

–

–

–

–

-1.01 (-1.60; -0.42)

–

–

–

–

–

–

-7.40 (-9.47; -5.33)

Erythropenia
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Table 4 The estimated dose
rate inducing TFI in cytopenia
frequency (mGy/year) with
standard error or 95%
confidential intervals
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Blood count

 ; y/Gy
Dose-rate effect, b
b

Frequency f0, %

TFI dose rate, mGy/y

Leukocytes

-12.5 ± 1.5

1.5 (1.1, 2.0)

56.8 ± 7.0

Neutrophils

-3.6 ± 1.5

5.3 (4.3, 6.4)

206.7 ± 87.8

Lymphocytes

-6.2 ± 1.1

4.4 (3.6, 5.4)

118.9 ± 20.8

Monocytes

-8.7 ± 1.3

0.6 (0.5, 0.7)

86.2 ± 12.9

Trombocytes

-9.2 ± 1.4

8.1 (6.3, 10.4)

84.2 ± 12.7

Erythrocytes

-7.5 ± 1.1

8.8 (7.6, 10.3)

103.4 ± 15.0

year. When the neutrophiles and lymphoid lines are estimated separately, it can be seen that the value of dose rate,
which leads to a 2-fold increase in the frequency of cytopenias for the lymphoid cell line increases up to
118.9 mGy/year, and that for neutrophiles—up to
206.7 mGy/year. This parameter is estimated for gender
and age groups. Application of this approach to specific
population groups and calculation of respective TFI dose
rates showed that compared to men, women had a slightly
higher radiosensitivity, as is demonstrated by the example
of the frequency of neutropenia and lymphopenia. Exposed
people aged 55 years or older at the start of exposure also
demonstrated a higher radiosensitivity.

Discussion
Hematopoiesis inhibition is considered to be the main early
effect of chronic low-dose-rate radiation exposure, which is
manifested by depression of RBM hematopoiesis and cellularity of peripheral blood (Akleyev and Varfolomeyeva
2007; Fliedner and Graessle 2008). Complete blood count
is the most accessible and widely used method to evaluate
the status of hematopoiesis (Sokolov et al. 1985; Dainiak
et al. 2003). Mathematical methods promote identification
of the radiation-induced modifying factors of changes in
hematopoiesis and the most important characteristics of
exposure affecting the parameters of cellularity of peripheral blood.
In the course of investigation the dose-rate parameter
was found to be a determinant factor for changes in
peripheral blood cellularity observed among people
exposed on the Techa River. The tension of regenerative
processes in RBM is confirmed by the influence of previous
exposure (effect of cumulative dose) on cellularity of
peripheral blood which continues for several years in different blood cell lines. Monitoring of thrombocyte, granulocyte, and monocyte counts revealed a latent period in
the reaction of these blood cell lines to chronic radiation
exposure.
Mature forms of blood cells (except lymphocytes) are
rather radioresistant, while stem and progenitor cells are

highly radiosensitive (Fliedner et al. 2002b). Accumulation
of DNA damage requiring repair under chronic radiation
exposure leads to a gradual decrease in proliferating
activity of hematopoietic precursors (Seed and Meyers
1993). At the same time, the cell’s ability for repair is
reduced too (Plappert et al. 1997). A slow exhaustion of
compensation can be observed in actively proliferating cell
compartments (CFU-GEMM and earlier) (Fliedner et al.
2002b). The fact that these cells undergo active phases of
cell cycle leads to an increase in their radiosensitivity and,
consequently, to incurrence of damage (Cheng 2004;
Valerie et al. 2007). Decrease in proliferative activity of
hematopoietic precursors results in reduction in their
mature forms in peripheral blood (Fliedner and Graessle
2008).
The situation in the erythroid cell lineage has some
peculiarities. The influence of dose rate in the year previous to the year of erythrocyte counts on the erythroid line
cellularity is indicative of a more manifest compensatory
ability of this blood cell line. It is well known that a
decrease in RBM erythroblasts under chronic radiation
exposure is compensated by a shift of stem cell differentiation to the red cell line (Gruzdev et al. 1963). The data
presented by (Akleyev and Varfolomeyeva 2007) show that
the leading role in sustaining the normal level of erythrocytes in the peripheral blood under chronic radiation
exposure is played by the proliferative activity of erythropoietic cell precursors. This is also confirmed by the
elevation of erythrocaryocyte level in RBM, and the level
of mitosis in the line.
Lymphoid cell line has some peculiarities in comparison
with other counts. The reaction of lymphoid cells is rather
rapid (without any delay) in the case of chronic radiation
exposure because they are the most radiosensitive blood
cells (both young and mature forms) (Safwat 2000; Tuschl
et al. 1995).
Obviously, lymphoid cells have considerable capacity
for migration; maturation and differentiation of lymphocytes take place in the thymus and lymphatic nodes
(Woodruff et al. 1987; Fliedner et al. 2002b). These organs
are to a lesser extent influenced by 90Sr incorporated in
bones. They are exposed for a very brief time period to
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gamma irradiation (mean dose rate was 92 mGy/y, maximal—206 mGy/y) from 1950 to 1952 (Degteva et al.
2006).
As was mentioned above, the existing principles of
threshold estimation of deterministic effects suggested by
ICRP (1984) are more applicable for cases of acute radiation exposure and are not suitable for chronic radiation
exposure of low intensity. In such situations, the frequency
of cytopenia can vary under simultaneous influence of
concomitant diseases. This increases the level of spontaneous cytopenia in the exposed population. The estimation
of influence and ranging of nonradiation factors which
increase the frequency of cytopenic states helps reveal the
prevailing factor. The TFI dose-rate parameter allows
taking into account the changing level of spontaneous
(nonradiation) cytopenia and demonstrates reliably an
increase in its frequency with dose rate. The dose leading
to a 2-fold increase in cytopenia in the investigated blood
cell line can also be considered as a characteristic of
radiosensitivity.
People of older age chronically exposed to radiation
showed an increase in radiosensitivity of lymphoid and
erythroid lines of hematopoiesis. Progenitor cell pool
which plays the role of a pluripotent precursor reserve
decreases with age (Bagnara et al. 2000). The ability of the
progenitor pool to self-maintenance diminishes too (Marley et al. 1999). Chronic radiation exposure as a stress
factor can lead to different degrees of hematopoietic
insufficiency manifested by elderly people.
Modeling of changes in hematopoiesis for exposed
general populations (Russia, Germany, United States of
America), including men and women of different ages, has
been conducted with the purpose to test this approach
(Table 5). These estimations showed that the 2-fold
increase in the dose-rate parameter for different blood
counts made for the populations of the USA, Germany, and
Russia is stable and applicable for populations differing in
age and gender structure.

Table 5 Dose rate for TFI in cytopenia frequency (mGy/year) estimated for three different countries
Blood count

USA (2006)

Germany (2006)

Russia (2002)

Leukocytes

56.7

56.8

56.7

Neutrophils

205.6

205.4

205.7

Lymphocytes

119.2

120.1

119.5

Monocytes

86.4

86.4

86.1

Trombocytes

84.3

84.1

84.1

Erythrocytes

104.0

103.6

103.6

Note: The year of status of age- and gender–structure of the populations of the 3 countries is indicated in brackets (Human Mortality
Database (HMD) 2009; The All-Russia Population Census 2002)
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Conclusions
It has been demonstrated in this study that a long-term (over
many years) low-dose rate exposure to IR (maximal dose rate
reaches 0.3 Gy/y) results in inhibition of hematopoiesis
manifested by decreased cellularity of peripheral blood. The
intensity of inhibition is determined by the dose rate measured
in (or prior to) the year of measurement and is largely related to
the cumulative character of the effect and determined by the
dose rates measured 1 or 2 years before the blood counts were
made (the influence of cumulative dose). The impact of specific individual characteristics (e.g., attained age, age at
maximal exposure, health state represented by ICD-9 diagnoses, and demographic characteristics) has been evaluated
and shown to be a much less important factor contributing to
hematopoiesis inhibition than the dose characteristics. The
value of 100–200 mGy/year is interpreted as a level of a 2-fold
increase in hematopoiesis inhibition. This parameter is considered as a characteristic of quantitative description in the
case of chronic exposure to IR.
Thus, a series of findings highlighting a number of
features of early effects on hematopoiesis in chronic radiation exposure have been obtained as result of the studies
presented in this paper. Further studies are needed to
develop an unambiguous view on the mechanisms of
development of early effects under chronic exposure to IR,
and to relate them to the late ones, and to reveal, if possible, their cause-effect relationship. A number of specific
points which require further analyses deal with the following questions: (1) what is the potential for adaptation
characteristic of the hematopoietic system affected by
chronic exposure to IR of low- and intermediate-dose
range? (2) what is the pattern of the relationship between
early and late effects manifested by the hematopoietic
system (3) to what extent are these effects deterministic
and how can the influence of population heterogeneity on
these effects be quantified? (4) what residual changes in the
hematopoietic system persist in the long run at molecular,
cell, and tissue levels and what is their role in the development of IR-induced leukemia? and (5) what influence is
exerted by exposure dose, dose rate, and duration of RBM
exposure on long-term status of hematopoiesis? These
important questions have to be addressed in further studies.
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