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Abstract

Information about hematopoieses as a result of exposure to very low levels of radiation is scarce. To investigate the
human hematopoietic effect of very low level radiation exposure, measurements of peripheral blood components
were performed among 3602 men and women, aged 35 and above, living in a community near two nuclear power
installations in Chinshan, Taiwan. The radiation level that each individual was exposed to was represented by a
surrogate level, ‘1�D2 �1�D2 ’, a transformed distance from each individual’s residence to the two power plants D1i 2 i 1
and D . In addition to comparing average hematology measurements, multiple regression analyses were done to2
include age, gender, smoking, drinking status and the surrogate radiation exposure level as independent variables.
Univariate and bivariate analyses showed that the hematology measurements had significant associations with age,
gender, smoking or drinking. The multiple regression analyses revealed that significant positive associations with
‘1�D2 �1�D2 ’ were found for hemoglobin, hematocrit, platelet, white blood cell and red blood cell. The platelet1i 2 i
count might increase for 208.7�103��l if the exposure from the nuclear plants increased by one exposure unit. This
type of association implies that those who lived closer to the nuclear power installation had a higher blood cell count;
we suspect that this could be a type of radiation hormesis. � 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Since the discovery of radium and X-ray, a
large number of studies on radiation health ef-
fects have been reported in the medical literature
ŽShapiro, 1990; MacMahon, 1989; Mossman, 1998;

.Bond et al., 1996 . There are concerns about the
complex nature of radiation exposure, including

Žthat from nuclear power plants Drottz-Sjoberg¨
and Persson, 1993; Drottz-Sjoberg and Sjoberg,¨ ¨

.1990; Hendee, 1990 . It is a common perception
that low dose radiation exposure may also lead to
various health effects including leukemia, multi-
ple myeloma, and other cancers. Leukemia has
been mainly studied among the serious etiologic

Žsequelae of low-level radiation exposure Shapiro,
.1990 . Few of these studies have concluded that a

convincing causal association with nuclear power
exposure or other types of low-level radiation

Žexposure exists Little et al., 1995; Sorahan and
.Roberts, 1993; Boice and Lubin, 1997 . The radia-

tion exposure limits based primarily on extrapola-
tions of dose-response from high dose exposure
have thus been challenged, and a stimulatory

Ž .effect hormesis of low-dose exposure has been
Žhypothesized Liu et al., 1987; Loken and Feinen-

degen, 1993; Webster, 1993; van Wyngarden and
.Pauwels, 1995; Bond et al., 1996 .

Research on hematologic cell counts have also
been limited to that of moderate doses of total
body irradiation which induce in mice and rats, a
detectable decrease in the number of circulating
erythrocytes, platelets, granulocytes, lymphocytes,
etc. In animal studies as well as a few human
observations in clinical and other settings, data on
the perturbation of hematopoieses due to low

Žlevel radiation exposure have been reported Seed
.and Meyers, 1993; Tanke et al., 1986 . Changes in

erythropoietic activity as a consequence of low
dose radiation treatment for cancer patients have

Ž .been detected Tanke et al., 1986 . Information
remains scarce about hematopoietic effects on
individuals exposed to very low levels of radiation,
such as living in close proximity to nuclear power
installations.

Here, we were specifically interested in the
effect on blood cell counts related to the distance
between the nuclear power plant and individual’s

residence. Radiation hormesis was addressed. We
also examine the gender difference and the ef-
fects of smoking and drinking.

2. Methods

The study was conducted by the Department of
Internal Medicine, National Taiwan University
College of Medicine, as part of a Chin-shan Com-
munity Cardiovascular Cohort Study in a suburb
of Taipei, Taiwan. A clinic was set up in the
community by the study team consisting of 20
medical students, two assistant nurses, 10 cardi-
ologists and local practitioners. Officers of the
local health center and 14 community leaders
who were familiar with all families in the commu-
nity, assisted the study team by recruiting partici-
pants. This project was designed to identify and
recruit men and women aged 35 and who resided
near two nuclear power plants. One plant is
equipped with two 636 MW boiling water reactors
Ž .BWR and the other equipped with two 985 MW
BWR. Surrounding environmental samples have
been collected to monitor for violation of radia-
tion exposure. Evidence showed radiation level
decreased as distance increased using limited en-
vironmental samples for monitoring, but no viola-
tion has been cited.

Overall, 4349 non-institutional individuals were
identified as potential participants in the cardio-

Ž .vascular disease study. Among them, 747 17.2%
were non-respondents, which included 95 refusals
and 652 individuals not available for interview
contacts and physical exams. Among the 3602
participants, 36 persons were excluded from data
analyses regarding blood cells because of incom-
plete data. The clinical examination for this part
of the study consisted of an interview, physical

Žexaminations and an electrocardiogram 12-lead
.resting . With participants’ consent, fasting blood

specimens were requested from each participant
for measurement of lipids, hepatic, renal and
other biochemical components.

The blood specimens were also used for hemo-
Ž . Ž .globin Hb , hematocrit HCT , red blood cell
Ž . Ž .counts RBC , mean corpuscular volume MCV ,

Ž .mean corpuscular hemoglobin MCH , mean cor-
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Ž .puscular hemoglobin concentration MCHC ,
Ž . Ž .white blood cells WBC and platelets PLT , as

determined by an F-800 Hematology Analyzer
Ž .Sysmex . Samples preserved in ice were trans-
ferred to the medical center and analyzed within
8 h. These peripheral blood cell counts were
studied in the connection with hematopoietic ef-
fects of the very low levels of radiation of the
nuclear power installations. Since the background
radiation doses were not pro�ided by the company,
surrogate exposure le�els were used. Each individ-
ual’s results were associated with a transformed
distance from each individual’s residence to the
location of the two nuclear power plants, D and1
D by the following formula 1�D2 �1�D2 , where2 1 i 2 i
D � the distance between the individual’s resi-1 i
dence and the nuclear power plant number 1 in
km, and D � the distance between the same2 i
individual residence and the nuclear power plant

Žnumber 2 in km. The distances D mean�3.41
. Žkm, S.D.�1.6 km and D mean�4.3 km,2

.S.D.�1.7 km were measured based on municipal
planning maps constructed by the civil engineers

Ž .of the local authority Fig. 1 . Greater values for
D indicates longer distance and lower exposure,i
or smaller value in 1�D2.i

The initial descriptive analyses were performed
using SASPC to observe average peripheral blood
cells counts by quartiles of exposure and identify
possible confounding variables such as gender,

Ž .age and smoking. Nordenberg et al. 1990 re-

ported that the hemoglobin level is significantly
higher for smokers than non-smokers. Relation-
ships between the hematology measurements and

Ž .radiation exposure the transformed distance
were calculated using Pearson correlation coef-
ficient. The actual effects of radiation on the
hematology measurements were also calculated

Ž .using an average by quartile of the transformed
distance. The statistical significance of the mean
difference of the average hematologic values

Ž 2 2 .between quartiles of 1�D �1�D , �25%,1 i 2 i
25�49.9%, 50�74.9% and �75%, and was de-
termined using analysis of variance. This report
presents results on smoking status as hematology
measurements were different between smokers and
non-smokers. For example, the a�erage hemoglobin
le�el in smokers was higher than that in non-smokers.
Only 3.1% of females were smokers and the
relationship of interest should not be confounded
by the smoking status for females.

Multiple regressions were then performed to
obtain a correlation between blood cells counts

Ž .and age, sex male�1, female�0 , daily number
of cigarettes smoked, drinking and the surrogate
radiation exposure.

3. Results

Men were on average two years older than
women. A significantly higher proportion of men

Fig. 1. Locations of the nuclear power plants and the Chin-shan community.
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Table 1
Ž .Means S.D. of hematology measurements by smoking status and gender

Measurement Males Females

Non-smoker Smoker P Non-smoker Smoker P
n�649 n�1054 n�1813 n�86

a Ž . Ž . Ž . Ž . Ž .Hb g�dl 14.6 1.6 14.9 1.8 0.0008 13.1 1.4 13.3 1.5 0.3136
b Ž . Ž . Ž . Ž . Ž .HCT % 45.1 5.1 45.7 5.4 0.0296 41.0 4.9 41.5 4.8 0.4002
c Ž . Ž . Ž . Ž . Ž .MCV fl 91.8 7.3 94.0 8.0 0.0001 91.7 7.4 91.7 8.6 0.9845
d Ž . Ž . Ž . Ž . Ž .MCH pg 29.9 4.8 30.8 4.8 0.0001 29.5 5.0 29.4 3.5 0.8217

e Ž . Ž . Ž . Ž . Ž .MCHC g�dl 32.5 3.9 32.8 4.4 0.2136 32.2 5.0 32.1 2.2 0.5853
f 3Ž . Ž . Ž . Ž . Ž .PLT 10 ��l 265.3 84.3 257.3 75.6 0.0503 276.0 84.9 276.0 88.5 0.9986

g 3Ž . Ž . Ž . Ž . Ž .WBC 10 ��l 6.3 1.6 6.7 1.8 0.0001 6.1 1.6 6.7 2.0 0.0027
h 6Ž . Ž . Ž . Ž . Ž .RBC 10 ��l 4.9 0.6 4.9 0.6 0.0766 4.5 0.6 4.6 0.7 0.4304

a Hemoglobin.
b Hematocrit.
c Mean corpuscular volume.
d Mean corpuscular hemoglobin.
e Mean corpuscular hemoglobin concentration.
f Platelet.
g White blood cell.
h Red blood cell.

Žthan women were current smokers 61.9% vs.
. Ž .4.5% and drinkers 43.6% vs. 6.5% . Men also

Žoutnumbered women in employment 68.3% vs.
.22.1%

Mean levels of each hematological measure-
ment were compared by gender, by age, and by
smoking status. Most mean levels of hematological
measurements were significantly higher for men

Ž .than for women data not shown except PLT,
Ž 3 .which was higher for women 276�10 ��l than

Ž 3 .for men 260�10 ��l . Average values of Hb,
HCT, PLT and RBC decreased as age increased.
Measurements of MCV and MCH were positively
associated with age. Table 1 shows that the mean
values among men were significantly higher for
smokers than for non-smokers on Hb, HCT, MCV,
MCH and WBC; however, smokers had a lower
PLT mean value than non-smokers. WBC was the
only item with a significantly higher mean value
for female smokers, compared with non-smokers.

The Pearson correlation coefficients were cal-
culated between each hematological measure-
ment and the exposure by smoking status and

Ž .gender Table 2 . Significant associations were
identified in Hb, and HCT for male non-smokers,
in Hb, HCT, PLT, WBC and RBC for male
smokers, and in HCT and PLT for female non-

smokers, i.e. counts increased as distances de-
creased. The association in MCHC for females
was inversely related to the exposure at a border-

Ž .line significance level P�0.05 . Comparisons of
average values between exposure quartiles for
items found to be significant from the Pearson
correlation coefficients for male non-smokers and
smokers, are presented in Table 3. The trends of
Hb and HCT were significant for male non-
smokers; the average Hb was 14.2 g�dl for indi-
viduals at the lowest exposure quartile. The Hb
value increased to 14.6 g�dl for the second expo-
sure quartile, and to 15.0 g�dl for the non-
smokers with strongest exposure.

Data for results of multiple regression analyses
are also given in Table 4. Levels of Hb, HCT,
PLT, and RBC had a significant negative correla-

Ž .tions with age P�0.001 . Males had higher lev-
Ž .els of Hb, HCT, WBC and RBC P�0.001 , but

Ž .lower PLT P�0.01 than females had. Those
who smoked more had significantly higher levels
of Hb, HCT, MCV, MCH and WBC, and those
who drank more had significantly higher levels of

Ž .Hb, MCV, MCH P�0.001 but lower levels of
Ž .WBC P�0.05 .

Of interest was the observation that levels of
Hb, HCT, PLT, WBC and RBC had a positive
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Table 2
2Ž . ŽPearson correlation coefficients P-values in parentheses between hematology measurement and transformed distance 1�D �1 i

2 .1�D by gender and smoking status2 i

Males Females

Non-smoker Smoker Non-smoker Smoker
n�649 n�1054 n�1813 n�86

a Ž . Ž . Ž . Ž . Ž .Hb g�dl 0.186 0.0001 0.064 0.04 0.024 0.31 0.007 0.94
b Ž . Ž . Ž . Ž . Ž .HCT % 0.150 0.0001 0.070 0.02 0.051 0.03 0.036 0.74
c Ž . Ž . Ž . Ž . Ž .MCV fl 0.067 0.09 �0.035 0.26 0.005 0.82 0.098 0.37
d Ž . Ž . Ž . Ž . Ž .MCH pg 0.046 0.25 �0.038 0.22 �0.034 0.15 0.048 0.66

e Ž . Ž . Ž . Ž . Ž .MCHC g�dl 0.027 0.50 �0.010 0.76 �0.046 0.05 �0.046 0.68
f 3Ž . Ž . Ž . Ž . Ž .PLT 10 ��l 0.040 0.31 0.116 0.0001 0.083 0.0005 0.018 0.87

g 3Ž . Ž . Ž . Ž . Ž .WBC 10 ��l 0.059 0.14 0.187 0.0001 0.037 0.12 0.005 0.97
h 6Ž . Ž . Ž . Ž . Ž .RBC 10 ��l 0.086 0.03 0.100 0.0014 0.043 0.07 �0.042 0.70

a Hemoglobin.
b Hematocrit.
c Mean corpuscular volume.
d Mean corpuscular hemoglobin.
e Mean corpuscular hemoglobin concentration.
f Platelet.
g White blood cell.
h Red blood cell.

correlations with radiation exposure level 1�D2
1 i

�1�D2 in this multiple regression analysis; all2 i
Ž .were significant at the 0.001 level Table 4 . These

peripheral blood component levels increased with
greater exposure. For example, the PLT might
increase for 208.7�103�� l if combined exposure

Table 3
Ž .Means and S.D. values in parentheses of hematology measurements by smoking status and the quartile distance of

2 2‘1�D �1�D ’ and significance levels of Pearson correlation for males1 i 2 i

f�Exposure quartile P

�25% 25.1�49.9% 50�74.9% 75%�

Non-smokers n 302 79 375 286
a Ž . Ž . Ž . Ž . Ž .Hb g�dl 14.2 1.7 14.6 1.9 14.8 1.4 15.0 1.5 0.0001

b Ž . Ž . Ž . Ž . Ž .HCT % 44.0 5.4 44.2 4.9 45.5 5.3 46.0 4.4 0.0005
c 3Ž . Ž . Ž . Ž . Ž .PLT 10 ��l 265.8 84.3 270.2 66.3 264.4 86.8 268.4 76.2 0.8769

d 3Ž . Ž . Ž . Ž . Ž .WBC 10 ��l 6.3 1.7 6.3 1.5 6.3 1.5 6.5 1.5 0.9991
e 6Ž . Ž . Ž . Ž . Ž .RBC 10 ��l 4.9 0.7 4.9 0.5 5.0 0.6 5.0 0.5 0.1144

Smokers n 165 73 259 157
a Ž . Ž . Ž . Ž . Ž .Hb g�dl 14.7 1.6 14.3 1.9 15.0 1.8 15.1 1.8 0.0020

b Ž . Ž . Ž . Ž . Ž .HCT % 45.1 5.1 45.2 8.4 46.0 5.1 46.2 4.9 0.0215
c 3Ž . Ž . Ž . Ž . Ž .PLT 10 ��l 246.4 73.0 268.7 81.2 261.0 75.7 268.0 80.6 0.0083

d 3Ž . Ž . Ž . Ž . Ž .WBC 10 ��l 6.3 1.6 6.6 2.0 6.8 1.9 7.2 2.0 0.0001
e 6Ž . Ž . Ž . Ž . Ž .RBC 10 ��l 4.8 0.6 4.8 0.8 4.9 0.6 5.0 0.6 0.0004

a Hemoglobin.
b Hematocrit.
c Platelet.
d White blood cell.
eRed blood cell.
fP-value of Pearson correlation.
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Table 4
Ž . Ž .Parameter estimates and S.E. values in parentheses of multiple regression analyses: age; sex male�1, female�0 ; daily number

2 2Ž .of cigarette smoking; daily number of drink; and radiation exposure 1�D �1�D related to blood cell counts and other blood1 i 2 i
characteristics for participants aged 35 and above in Chin-Shan community, Taiwan

2 2iBlood Intercept Age Sex Smoking Drinking 1�D �1�D1 i 2 i
component

a l l k k lŽ .Hb g�dl 13.9 �0.02 1.48 0.23 0.28 2.86
Ž . Ž . Ž . Ž . Ž . Ž .0.14 0.002 0.07 0.07 0.07 0.82

b l l j lŽ .HCT % 42.6 �0.05 4.10 0.55 0.43 11.3
Ž . Ž . Ž . Ž . Ž . Ž .0.48 0.007 0.23 0.24 0.23 2.72

c l l lŽ .MCV fl 87.8 0.07 0.001 1.53 1.34 1.74
Ž . Ž . Ž . Ž . Ž . Ž .0.72 0.01 0.34 0.35 0.34 4.07

d k lŽ .MCH pg 29.1 0.012 0.27 0.65 0.76 �3.29
Ž . Ž . Ž . Ž . Ž . Ž .0.46 0.007 0.22 0.23 0.22 2.63

e Ž .MCHC g�dl 33.1 �0.011 0.29 0.13 0.34 � 3.91
Ž . Ž . Ž . Ž . Ž . Ž .0.44 0.006 0.21 0.21 0.21 2.48

f 3 l k lŽ .PLT 10 ��l 290.1 �0.62 �11.1 �6.03 0.59 208.7
Ž . Ž . Ž . Ž . Ž . Ž .7.76 0.12 3.65 3.81 3.70 44.1

g 3 l l j lŽ .WBC 10 ��l 5.86 �0.004 0.26 0.46 �0.18 4.66
Ž . Ž . Ž . Ž . Ž . Ž .0.16 0.002 0.07 0.08 0.08 0.90

h 6 l l lŽ .RBC 10 ��l 4.86 �0.009 0.44 �0.03 � 0.02 1.16
Ž . Ž . Ž . Ž . Ž . Ž .0.06 0.001 0.03 0.03 0.03 0.32

a Hemoglobin.
b Hematocrit.
c Mean corpuscular volume.
d Mean corpuscular hemoglobin.
e Mean corpuscular hemoglobin concentration.
f Platelet.
g White blood cell.
h Red blood cell.
iD and D distances between a study participant‘s home and nuclear power plants 1 and 2, respectively.1 2,
j � 0.05.
k � 0.01.
l � 0.001.

from the two nuclear plants increased by one
exposure unit, and HCT increased for 11.3%. In
other words, those living closer to the installa-
tions had higher levels of Hb, HCT, PLT, WBC
and RBC.

4. Discussion

ŽData sources on the effects of low-level and
.very low-level radiation on humans may vary

ŽShapiro, 1990; MacMahon, 1989; Mossman 1998;
.Bond et al., 1996 . Nuclear power installations are

Žof particular concern Drottz-Sjoberg and Persson,¨
.1993; Daglish, 1988; Slovic et al., 1991 . Regard-

less of an overwhelming number of epidemiologi-

cal studies on cancer in irradiated populations,
there are limited studies on the association with
very low level exposure surrounding the nuclear

Ž .power installations Little et al., 1995 . The clus-
ter of childhood leukemia reported around the
BNFL Sellafield nuclear reprocessing installation,
Cumbria, UK, suggests paternal occupational ex-
posures at the facilities. Further investigations
failed to prove it in either case comparisons or
the frequency of gene mutations in somatic cells

Žof the workers Cole et al., 1995; Doll et al.,
.1994 .

It has been reported in animal studies that
peripheral cell counts such as lymphocytes, granu-
locytes, platelets, and erythrocytes decreased as
radiation increased to greater than 300 rads
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Ž .Casarett, 1968 . Severe bone marrow failure may
occur in men receiving doses in excess of 1000
rads. Regulations were written to ensure ap-
propriate controls; the release of 85 Kr and other
radionuclides to the atmosphere has produced
environmental exposures surrounding the nuclear
facilities well below statutory limits, a level less

Žthan that of coal-fired plants Davies, 1968; Fish,
.1969 . Investigations have not proven whether

there is a health threat when it comes to such a
very low order of exposure to the ionizing radia-
tion.

However, if proliferative disorders of bone
marrow occur after irradiation and there is poly-
cythemia vera in low-level radiation exposure
Ž .Caldwell et al., 1984; Cusick, 1981 , there may be
an association between the exposure and molecu-

Žlar changes and hematopoietic counts Little,
.1993 . This study for measured cellular counts

among individuals living around nuclear installa-
tions, indicates that an individuals’ count of blood
cells are negatively associated with the distance
between the individuals’ residence and the nu-
clear reactor. Specifically, male adults whose
hemoglobin and hematocrit increased signifi-
cantly as the distance decreased to the plant sites
Ž 2 2 .exposure measured as 1�D �1�D . Individu-1 i 2 i

als who lived near the nuclear power plants were
also likely to have larger counts of platelets, white
and red blood cells. These associations were
stronger for smokers than for non-smokers. As
for women, significant associations were only
found for hematocrit and platelets in non-
smokers. The discernible negative associations
identified from multiple regression analyses were
impressive for Hb, HCT, PLT, WBC and RBC.

In animal studies, radiation was found to cause
a reduction in the hematopoietic system of the
marrow that is necessary for the production of

Ž .blood cells Boggs and Boggs, 1984 . Our findings
for the blood cell counts in participants were
likely inverted. We also found that gender, age
and smoking were factors associated with the
blood cell counts, but the association remained
after controlling for these factors. Although the
absolute values for the differences in mean values
for most of the measurements between exposure

groups seemed small when data were analyzed by
the quartile value of 1�D2 �1�D2 . The trend1 i 2 i
was significant because the sample size was large
enough to demonstrate the dose effect. For exam-
ple, this trend was particularly obvious in platelet
levels for male smokers; men in the higher expo-

Ž 3 .sure levels gained 5.9�9.1% 14.6�22.3�10 ��l
of platelets compared with men who lived in the
first quartile of 1�D2 �1�D2 , the farthest from1 i 2 i
the power plants. This means that men who lived
closer to the nuclear power plant had higher
platelet counts.

We suspect this could be related to the contro-
versial phenomenon of radiation hormesis that

Žresearchers had attempted to identify Loken and
.Feinendegen, 1993; Webster, 1993 . A very low

radiation exposure may have the effect of horme-
sis, stimulating the hematopoietic function as ex-

Žpression in the immune system Loken and
Feinendegen, 1993; van Wyngarden and Pauwels,

.1995; Luckey, 1994 . There may be a threshold to
this stimulation. Within the threshold value, the
hematopoietic function increased with increasing
radiation exposure; the hormetic hematopoietic
function decreased as radiation exposure is in-
creased to greater than the threshold.

An identification of this hormetic effect may
have no immediate interpretation, i.e. the mecha-
nisms are unknown. Yet, it does not seem that
the significant associations between blood cell
counts and the surrogate estimation of exposure
are due to chance alone, as P-values were less
than 0.001. Although exposure measurements or
blood measurements had co-variate associations
with smoking, drinking or ages, it is unlikely that
those living near the nuclear power plants were
younger, smoked or drank more. In order to
advance our understanding of the health conse-
quence of low dose radiation exposure, this
phenomenon deserves attention and additional
investigation, including the effects of smoking.
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