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Abstract

Background: Numerous studies have concentrated on high-dose radiation exposed accidentally or through
therapy, and few involve low-dose occupational exposure, to investigate the correlation between low-dose ionizing
radiation and changing hematological parameters among medical workers.

Methods: Using a prospective cohort study design, we collected health examination reports and personal dose
monitoring data from medical workers and used Poisson regression and restricted cubic spline models to assess
the correlation between changing hematological parameters and cumulative radiation dose and determine the
dose-response relationship.

Results: We observed that changing platelet of 1265 medical workers followed up was statistically different among the
cumulative dose groups (P = 0.010). Although the linear trend tested was not statistically significant (Ptrend = 0.258), the
non-linear trend tested was statistically significant (Pnon-linear = 0.007). Overall, there was a correlation between changing
platelets and cumulative radiation dose (a change of βa 0.008 × 109/L during biennially after adjusting for gender, age at
baseline, service at baseline, occupation, medical level, and smoking habits; 95% confidence interval [CI] = 0.003,0.014 ×
109/L). Moreover, we also found positive first and then negative dose-response relationships between cumulative
radiation dose and changing platelets by restricted cubic spline models, while there were negative patterns of the
baseline service not less than 10 years (− 0.015 × 109/L, 95% CI = − 0.024, − 0.007 × 109/L) and radiation nurses(− 0.033 ×
109/L, 95% CI = − 0.049, − 0.016 × 109/L).

Conclusion: We concluded that although the exposure dose was below the limit, medical workers exposed to low-dose
ionizing radiation for a short period of time might have increased first and then decreased platelets, and there was a
dose-response relationship between the cumulative radiation dose and platelets changing.
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Background
Many studies have shown that high-dose ionizing radi-
ation obtained by accidental exposure or radiation ther-
apy can damage human health, such as inducing cancer,
invading the hematopoietic system, and causing
leukemia [1–5]. However, few studies have documented
that low-dose ionizing radiation during occupational ex-
posure has the health effects [6–8].
Outcomes of health examination belonging to the

workers in low-dose ionizing radiation have given consid-
erable attention by the public since the second half of the
twentieth century. One research in this area has focused
on cancer incidence and mortality among workers who
are occupationally exposed to low-dose ionizing radiation
[9]. In recent years, a study has found that the
hematopoietic system of the human body has concerned
to be one of the most sensitive biological indicators in
radiobiology [10], and the changes of blood cells may lead
to diseases including organism immunity to drop, infec-
tion, inflammation, anemia, coagulation dysfunction,
leukemia, myelodysplastic syndrome, and hemophilic cell
syndrome. Leukemia is the most serious blood disease
caused by ionizing radiation [11]. Moreover, the correl-
ation between ionizing radiation doses and the leukemia
mortality has been reported by many studies [12, 13]. And
a model of the hematopoietic system for the Techa River
residents chronically exposed to ionizing radiation de-
scribes a relative decline in blood cell counts (leukocytes
erythrocytes and platelets) caused by the dose rate [14].
However, these researches are limited on ionizing radi-
ation dose and hematopoietic system among medical
workers. Therefore, we implemented a study to investigate
whether low-dose ionizing radiation exposure is associated
with a change in hematological parameters among med-
ical workers who were engaged in radiation occupations,
and if so, whether there is a dose-response relationship be-
tween the cumulative radiation dose and changing
hematological parameters or not.

Materials and methods
Study participants
This study prospectively analyzed the health examin-
ation and personal dose monitoring data of medical
workers who performed occupational health examina-
tions in a chronic disease prevention hospital in Guang-
dong Province from 2015 to 2019 and had been
occupationally exposed to low-dose ionizing radiation
for more than 1 year on the study period. The govern-
ment mandates medical radiation workers conducting
biennially occupational health examination including
hematological parameters at accrediting institutes.
We collected health examination data; excluded sub-

jects who had a history of hematopoietic system diseases,
cancer before the beginning of follow-up, recent

infections, taking acetylsalicylic acid or antibiotics, and
pregnancy during the study period; and included sub-
jects who were aged ≥ 18 years old at baseline. None of
the participants’ doses in the detected radiation exposure
exceeded the occupational exposure limit by Inter-
national Commission on Radiological Protection set.

Assessment of the cumulative radiation dose
According to Methods of personal dose monitoring for
radiation workers, radiation exposure doses of medical
workers, who wear the badge on their chest during work,
was monitored by the thermoluminescent dosimeter to
record the radiation dose. It was suggested that the an-
nual equivalent dose limit of radiation workers was re-
duced to an average 20 mSv in 5 years with no more
than 50mSv for 1 year [15].
Due to the loss of several personal doses monitoring

data, we used the notional dose, which was the average
dose of the same occupation in the same year to supple-
ment the missing data, and calculated the cumulative ra-
diation dose by the job exposure matrix [16, 17]. We
divided the subjects into categories based on the inter-
quartile range of the cumulative radiation dose. In order
to evaluate hematological parameter changing related to
covariates, we selected the low-dose group as the
reference.

Assessment of hematological parameters
We collected hematological parameters data by the auto-
matic blood cell analyzer measuring which was part of
the health examination for medical workers including
hemoglobin, platelets, red blood cells, and white blood
cells. The reference range of male hemoglobin was 120–
175 g/L and red blood cell was 4.0–5.8 × 1012/L, and fe-
male was 110–150 g/L and 3.5–5.1 × 1012/L, respect-
ively; white blood cell was 4.0–9.5 × 109/L and platelet
was 100–350 × 109/L.

Statistical analysis
The hematological parameters and the personal dose
monitoring data were collected from each subject and
analyzed to identify changing patterns between
hematological parameters and cumulative radiation dose.
The characteristics of the study population were de-
scribed by mean ± SD for quantitative data. Comparison
between two groups was carried out by two-sided Stu-
dent’s t test and three and above groups by one-way
ANOVA; if the variances are unequal, Welch’s methods
(Welch test or Welch’s ANOVA) was used. Poisson re-
gression was used to analyze the associated factors when
the trend test was non-linear between the dose group
and hematological parameters with the hematological
parameters as the dependent variable and continuously
changing cumulative radiation dose as the independent
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variable. To adjust confounding factors, gender, service
at baseline, occupation, and medical level were consid-
ered to be covariates, accounting for the changes in
hematological parameters associated with covariate in
the further analysis. And we evaluated the dose-
relationship between the cumulative radiation dose and
changes in hematological parameters by restricted cubic
spline models which had five knots at 1th, 25th, 50th,
75th, and 95th centiles to flexibly model the association
[18, 19]. In all analyses, a two-sided significance level of
0.05 was adopted. All statistical analyses were performed
using the Stata15.1 software program.

Results
Characteristics of the study population
There were 1265 subjects, of the 1285 participants in the
study cohort, including 916 men and 349 women.
Twenty participants were excluded because they re-
placed the health examination hospital during the study
and lost the data onto health examination reports on the
hospital which was our study location. The cumulative
radiation dose was 0.200–31.272 mSv, the median value
was 3.313 [2.586, 3.754] mSv, and the doses were divided
into 0.200–2.586 mSv, 2.586–3.754 mSv, and 3.754–
32.00 mSv by the inter-quartile range. The average age
at the baseline of medical workers was 37.07 ± 10.03
years (range, 18.54–71.60 years), and the mean servicing
was 9.56 ± 8.28 years. The range of male hemoglobin
was 93.13–183.50 g/L, red blood cell was 4.14–7.58 ×
1012/L, white blood cell was 3.10–14.90 × 109/L, and
platelet was 112.90–451.30 × 109/L and female was
84.10–154.10 g/L, 3.33–6.54 × 1012/L, 2.90–11.80 × 109/
L, and 72.90–552.00 × 109/L, respectively.
Table 1 describes the characteristics of the study

population. The differences in the distribution of
hemoglobin are statistically significant (P < 0.05) mainly
in that male hemoglobin is lower than female, radiation
nurses have the lowest hemoglobin on occupation,
smokers have higher hemoglobin than non-smokers, and
hemoglobin increases slightly with the baseline service.
The differences in the distribution of red blood cells are
statistically significant (P ≤ 0.001), mainly in that females
have lower red blood cells than males, radiation nurses
have the lowest red blood cells on occupation, and red
blood cells decrease with the baseline age and the effect
of smoking is similar to hemoglobin. The differences in
the distribution of white blood cells are statistically sig-
nificant (P < 0.05), mainly in that female’s white blood
cells are lower than male, white blood cells decrease
with baseline age, and the effect of smoking is similar to
hemoglobin. The differences in the distribution of plate-
lets are statistically significant (P < 0.001) mainly in that
males have lower level platelets than females, physicians

have lower platelets on occupation, and platelets de-
crease with baseline age.

Effect of cumulative radiation dose and hematology
parameters among medical radiation workers
There was a statistically significant difference in platelets
among the cumulative radiation dose group (P = 0.010)
which the 2.586~3.757-mSv group had the highest level,
235.75 ± 55.15 (109/L). Although there was no statistical
significance on the linear trend test of their association
(Ptrend = 0.258), the non-linear trend test was statistically
significant (Pnon-linear = 0.007). And there were no statis-
tical differences to the cumulative radiation dose groups
and other hematological parameters such as hemoglobin,
red blood cells, and white blood cells (P > 0.05) (Table 1).
In the following analysis, a hierarchical Poisson regression
analysis should be conducted based on gender, age at
baseline, service at baseline, occupation, medical level, and
smoking habits.

Correlation between platelets changing and cumulative
radiation dose
Overall, there was a correlation between platelets chan-
ging and the cumulative radiation dose (βa = 0.008 ×
109/L, 95% CI = 0.003, 0.014 × 109/L) after adjusting to
gender, services at baseline, occupation, medical level,
and smoking. Platelets in male showed an increase trend
with the cumulative radiation dose (βa = 0.013 × 109/L,
95% CI = 0.007, 0.019 × 109/L), while females had little
correlation (βa = − 0.002 × 109/L, 95% CI = − 0.012,
0.008 × 109/L). The platelets increased in baseline age
not less than 40 years older (βa = 0.020 × 109/L, 95% CI
= 0.010, 0.029 × 109/L), and the baseline age less than
40 also showed an increase (β = 0.009 × 109/L, 95% CI =
0.002, 0.015 × 109/L), but there was no statistical differ-
ence in this association (P = 0.262) after adjusting rela-
tion factors. The platelet increased to baseline service
less than 10 years (βa = 0.021 × 109/L, 95% CI = 0.014,
0.027 × 109/L), while the opposite trend showed at base-
line service for 10 years or more (βa = − 0.015 × 109/L,
95% CI = − 0.024, − 0.007 × 109/L). Radiation techni-
cians platelets increased (βa = 0.045 × 109/L, 95% CI =
0.033, 0.056 × 109/L), radiation nurses decreased (βa = −
0.033 × 109/L, 95% CI = − 0.049, − 0.016 × 109 /L).
There was an increase in secondary medical level (βa =
0.019 × 109/L, 95% CI = 0.010, 0.028 × 109/L), so did
smoking (βa = 0.037 × 109/L, 95 % CI = 0.026, 0.047 ×
109/L). Among the characteristics of females, baseline
age less than 40 years old, radiation physician, tertiary
medical level, and non-smoking, there was no statisti-
cally significant association between cumulative radi-
ation dose and platelets (P > 0.05). The multivariate
Poisson regression analysis of platelet changing into
medical radiation workers was shown in Table 2.
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The analysis of the restricted cubic spline model (Fig. 1a )
shows that the platelets have a non-linear dose-
response relationship of cumulative radiation dose after
adjusting to gender, baseline age, baseline service, occu-
pation, medical level, and smoking. The median cumu-
lative radiation dose is 3.313 mSv, and the doses are
within 3.313 mSv showing a positive dose-response re-
lationship; greater than 3.313 mSv showing a negative
dose-response relationship (Pnon-linear = 0.007). Overall,
the cumulative radiation dose has a ⋀-shaped associ-
ation with the platelet level; the estimated platelet level
coefficient β per 1 mSv increase in the cumulative radi-
ation dose is 0.031 (0.024–0.038) below 3.313 mSv and
− 0.004 (− 0.007 to − 0.001) above this point. The
platelet trend of males, baseline age not less than 40
years older, baseline service less than 10 years, and
smoking participants is basically similar to the overall
trend (Fig. 1b–e), but there are slightly different to radi-
ation technicians and secondary medical level (Fig. 1f,
g), which the basic trend is consistent with the overall
situation. However, the platelet shows a negative dose-
response relationship of baseline service not less than
10 years and radiation nurse (Fig. 1h, i).

Discussion
This study found that low-dose ionizing radiation is re-
lated to changing platelets, and there is dose-response evi-
dence for a change of platelets among medical workers
exposed to occupational ionizing radiation in hospital.
This report updates the effect of low-dose ionizing radi-
ation on medical workers’ hematological parameters and
explores the dose-response relationship between the both.

Overall associations of low-dose ionizing radiation and
changing platelets among medical workers
As shown in Table 2, occupational exposure to ionizing radi-
ation has an impact on the hematological parameters of
medical workers; what is more obvious is the effect on plate-
lets in the short term. The platelet count of males increases
in the cumulative radiation doses after low-dose ionizing ra-
diation, whereas the opposite is no significant change in fe-
males; this reflects that the gender may be a confounding
factor of cumulative radiation dose and platelets’ changing
into hematological parameters. The increase in platelets not
less than 40 years old suggests that the risk of thrombosis in
middle-aged radiation workers is increased. When service at
the baseline was less than 10 years, platelets of the participant

Table 2 Multivariate Poisson regression analyses for the biennially changes in platelets

Variable β (95% CI) P βa(95% CI) Pa

All 0.011 (0.006, 0.016) < 0.001 0.008 (0.003, 0.014) 0.001

Gender

Male 0.012 (0.006, 0.018) < 0.001 0.013 (0.007, 0.019) < 0.001

Female − 0.001 (− 0.010, 0.010) 0.955 − 0.002 (− 0.012, 0.008) 0.751

Age at baseline

< 40 years 0.009 (0.002, 0.015) 0.007 0.004 (− 0.003, 0.010) 0.262

≥ 40 years 0.023 (0.014,0.032) < 0.001 0.020 (0.010, 0.029) < 0.001

Service at baseline

< 10 years 0.027 (0.020, 0.033) < 0.001 0.021 (0.014, 0.027) < 0.001

≥ 10 years − 0.014 (− 0.023, − 0.006) 0.001 − 0.015 (− 0.024, − 0.007) < 0.001

Occupation

Physician − 0.002 (− 0.008, 0.004) 0.530 − 0.002 (− 0.009, 0.004) 0.497

Radiation technician 0.047 (0.036, 0.059) < 0.001 0.045 (0.033, 0.056) < 0.001

Nurse − 0.031 (− 0.048, − 0.015) < 0.001 − 0.033 (− 0.049, − 0.016) < 0.001

Others 0.043 (0.016, 0.069) 0.002 0.037 (0.008, 0.066) 0.012

Medical level

Primary 0.006 (− 0.007, 0.020) 0.336 0.015 (0.002, 0.029) 0.027

Secondary 0.017 (0.007, 0.026) < 0.001 0.019 (0.010, 0.028) < 0.001

Third 0.010 (0.003, 0.017) 0.004 0.004 (− 0.003, 0.011) 0.274

Smoking habits

No 0.007 (0.001, 0.013) 0.020 − 0.001 (− 0.007, 0.005) 0.838

Yes 0.025 (0.015, 0.035) < 0.001 0.037 (0.026, 0.047) < 0.001
aEstimate based on Poisson regression model, adjusted for gender, age at baseline, service at baseline, occupation, medical level, and smoking habits
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showed an increasing trend with the cumulative radiation
dose, whereas there was an opposite trend in changing plate-
lets if the service was greater than 10 years; this means that
service at the baseline (< 10 years) has an impact on promot-
ing platelets after irradiation, whereas inhibiting platelets
may cause coagulation disorders and affect bone marrow
hematopoietic function after 10 years servicing, and there
may be a healthy worker effect. The table also shows that the
platelet changes of radiation technician and nurses have op-
posite trends as the cumulative radiation dose increases, indi-
cating that they have the potential capability to influence
changing from hematological parameters in different occupa-
tions. Only the second medical level increased platelets in
the study population of the cumulative radiation dose, which
also showed that different medical levels had an impact on
changing the hematological parameters of the medical
workers. This may be caused by the different protective mea-
sures and education levels of different. By the way, the pri-
mary medical level has a statistical significance of
multivariate analysis; we consider that there is an interaction
between factors after adjusting the related factors.

The dose-response relationship between changing of
platelets and cumulative radiation dose
Although Fig. 1a shows a dose-response relationship be-
tween the cumulative radiation dose and changing plate-
lets by restricted cubic spline models, the shape of dose-
response curve is non-linearity. On the whole, the

platelet levels of medical workers related to the cumula-
tive radiation dose and the multivariate analysis also
supported the relationship. In general, the changing in
platelets increases first and then decreases non-linearly
as the cumulative radiation dose after adjusting to con-
found factors such as gender, age at the baseline, service
at the baseline, occupation, medical level, and smoking.
However, the changing trend of platelet counts for base-
line service not less than 10 years, and radiation nurses
are contrary to the overall. This may be related to the
fact that there are more female nurses. Radiation profes-
sional women have more or less menstrual problems
due to work stress, and menorrhagia is the main mani-
festation which is consistent with the physical condition
caused by thrombocytopenia. The service period of more
than 10 years indicates that the body’s compensatory re-
sponse mechanism may be impaired, causing radiation
damage to the body and leading to thrombocytopenia.
Whether the changing of platelet level is increased or
decreased to the cumulative radiation dose, it shows that
low-dose ionizing radiation has a certain impact on the
hematological parameter changing of medical workers,
thereby affecting health. Therefore, the findings of the
epidemiological study of changing into hematological
parameters among medical workers with the low-dose
ionizing radiation are confirmed by our study, which
consists of biennial health examinations and personal
dose monitoring since 2015.

Fig. 1 The dose-response relationship between platelets changing and the cumulative radiation dose. We recorded the changes of platelets in a
the whole population, b male, c not less than 40 years old, d less than 10 years of service, e smoking habits, f radiation technician, g second
medical level, h over 10 years of service, and i nurses occupations. The solid and dashed lines are β values and corresponding 95% confidence
intervals. β coefficients were estimated using Poisson regression
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Mechanisms of changing in hematological parameters
The hematopoietic system of the human body that is
sensitive to ionizing radiation has been evaluated in
many studies [10, 20, 21]. According to reports, ionizing
radiation exposure causes biological effects on human
health including hematological parameters that change
sooner or later, and hematopoietic syndrome is observed
in animals and humans after systemic radiation exposure
[22], including myelodysplastic disease by platelet eleva-
tion causing and chronic myelogenous leukemia [23–
25]. The most important cause of hematopoietic syn-
drome is that induction to apoptosis in hematopoietic
stem cells and hematopoietic progenitor cells which is
primarily responsible for ionizing radiation inducing
acute bone marrow injury, depending on ionizing radi-
ation doses [23, 26]. The findings provide a reasonably
consistent picture of changing into hematological pa-
rameters associated with exposure to radiation. More-
over, there is a supplement to the risk assessment of
low-dose ionizing radiation based on animal models [20,
27, 28].

Comparison with other studies
Despite the limited epidemiological and experimental
data, several studies had shown the effects which were
low-dose ionizing radiation on hematopoietic system,
and early manifestations of changing in hematological
parameters existed possibility. Long-term low-dose ion-
izing radiation can cause acute and chronic reactions
against the hematopoietic system, just as radiation-
related leukemia occurs mainly due to radiation-induced
DNA damage [11]. A study on chronically irradiated res-
idents of Techa riverside villages found an influence on
the hematopoietic system which was the correlation be-
tween chronic exposure dose rates and granulocytes,
platelets, and red blood cells by modeling analysis [29].
As we all know, changing into the levels of platelets,
white blood cells, and red blood cells are important signs
of leukemia. From occupational leukemia studies, the
cumulative radiation dose bellowing the effective limit is
associated with leukemia incidence or mortality among
the radiation-monitored workers [12, 13, 30, 31]. Wan-
Ling Hsu also found that there is a non-linear dose-
response relationship between radiation dose and
leukemia, and the excess risk will continue until 55 years
after irradiation, especially acute myeloid leukemia [24].
In addition, some experiments, which were associated
with hematopoietic stem cells’ radio-sensitivity and im-
plemented by 90Sr ionizing radiation on rats’ bone mar-
row and mesenchymal stem cells, also demonstrated the
effects of ionizing radiation on the hematopoietic system
[32, 33]. Significant associations with radiation for the
hematological parameters were reported on medical oc-
cupational workers at a large hospital with a lower mean

of the total white blood cell and the neutrophils than the
control group [34], while these studies may have limita-
tions on sample selection risk factors of changing into
hematological parameter levels and personal dose moni-
toring. The low-dose mouse model experiment also
found ionizing radiation damaged to the hematopoietic
system including granulocytes in the irradiated mice in-
creased by 1.7 times of the seventh day of the experi-
ment [20]. Another study also found this effect of
cumulative dose, long-term ionizing radiation inhibits
blood cell production, and only a few past years of ex-
posure contribute to the observed hematological param-
eter declines to include platelets [14, 35]. XiangHong Li
also mentioned the effect of low- and medium-dose
gamma radiation on the hematopoietic system basing on
CD2F1 mice that the blood cell count decreased with
whole body irradiation after 3 and 5 Gy keeping below
the baseline for 28–42 days, while the lymphocytes and
monocytes increased after 0.5 Gy peaking at day 3 to day
14, and mouse bone marrow (BM) progenitor cells were
significantly suppressed on the first day after 0.5–5 Gy
lasting low levels up to 42 days [27]. Therefore, low-dose
ionizing radiation damages the hematopoietic system
changing hematological parameters, which is consistent
with the results of this study. It is worth mentioning that
we also found that the platelets may increase as the ion-
izing radiation dose in the early. The result should
arouse the attention on researchers in the biological ef-
fects of radiation damage early.
The relationship between low-dose ionizing radiation

dose and hematological parameters is unclear. A study
found that, although most of the parameters were below
the normal range and were disturbed in the majority of
the radiation-exposed workers, these associations were
weak between annual average effective dose (0.29–1.91
mSv) and hematological parameters, comparing with
blood parameters with the normal range of radiation-
exposed workers and radiation-unexposed workers [36].
Another study on expansive epidemiologic entitled the
Million Person Study of Low-Dose Radiation Health Ef-
fects found that medical workers had been detected any
late-occurring health effects of radiation exposures expe-
rienced gradually in time including hematological par-
ameter changing [37]. Moreover, there have been few
researches on the dose-response relationship between
low-dose ionizing radiation and hematological parame-
ters among medical workers, and the most informative
low-dose radiation studies to date provide little evidence
for a relationship between mortality from non-malignant
diseases and radiation dose [38]. When ionizing radi-
ation dose less than 0.5 Gy, epidemiology cannot prove
that the risk increases on health damage [7]. As
Alexander Vaiserman [9] mentioned, the biological ef-
fects of low-dose ionizing radiation still have many areas
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worthy of further study. This study proves the correl-
ation between low-dose ionizing radiation and platelets,
which can provide a basis of hematological parameters
as indicators on biological effects, so as to avoid serious,
irreversible, and irreparable radiation damage.
With the exception of the study of all Korean radiation

workers [39], most studies did not adjust confounding
factors of potential lifestyle or other, and some of them
did not have or lacked some personal dose monitoring
data. Consequently, the statistical power of most low-
dose studies was limited, existed some potential biases,
with increasing possibility results of false positive and
false negative. Although the health effects of low-dose
ionizing radiation (< 100 mSv) are still controversial, hu-
man epidemiological and clinical studies have shown
that the influencing factors of low-dose ionizing radi-
ation and health effects are socio-demographic, genetics,
radiation composition, and source, lifestyle, and other
environments exposure [40]. Therefore, this study found
that platelet levels of medical workers increased to the
cumulative dose after adjusting to gender, age at base-
line, service at the baseline, occupation, and medical
level.

Strengths and limitations
This study has several strengths. It not only has a profes-
sional population, but also has a large sample size. There
is a minimal bias, medical surveillance bias, because all
are eligible for services of free special medical. And there
is a blind method which many people know nothing
about the dose they received. Strict quality controls en-
sured the association with cumulative radiation dose
with the hematological parameters. The experimental
operations from blood collection of testing are per-
formed strictly by laboratory-rich physicians in order to
avoid experimental errors including random errors and
gross errors. In addition, the personal dose monitoring
data is more complete and accurate, and special con-
founding factors are recorded which is including lifestyle
and socio-demographic.
This study also has several limitations. First, individual

dose monitoring data is missing for a few cases. Al-
though the nominal dose has been used to fill in this
study, the radiation dose estimated by the job exposure
matrix may have measurement bias, and medical
workers should be urged to wear the thermoluminescent
dosimeter to complete personal dose monitoring data.
Second, the analysis of confounding factors is incom-
plete, which is lacking information about drugs, socio-
economic status, exercise, and other environmental
exposure, resulting in underestimated or overestimated
relevance. Third, the lag effects because of early occupa-
tional exposure changing hematological parameters may
occur, while these effects are very small. Finally, there

are healthy worker effects on occupational studies, and
some statistically significant findings occur accidentally
due to short follow-up period. Although the theory of
blood parameters as indicators of radiation damage bio-
logical effects is not systematic and mature, our findings
lay the foundation for this theory.

Conclusions
The unique feature of this study is that there is a posi-
tive first and then negative dose-response relationship
between the cumulative radiation dose and
hematological parameter changing. Even though all dose
data are below the detection limit, this result still pro-
vides the strongest evidence that low-dose ionizing radi-
ation exposure is associated with platelet counts among
medical workers. Therefore, platelets may be a sensitive
biomarker of low-dose ionizing radiation, and relevant
measures may be taken before the symptoms of the
hematopoietic system appearing by detecting
hematological parameters to assess the early effects of
ionizing radiation exposure.
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