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Effects of Radon From Hot Springs on
Lymphocyte Subsets in Peripheral Blood
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Abstract

Objective: To analyze changes in immune functions by detecting lymphocyte subsets in the peripheral blood of residents in the
vicinity of radon from hot springs.

Methods: Two groups were randomly selected; 61 residents in the vicinity of the hot springs were assigned to the radon group,
and 51 residents with a similar lifestyle and habits but no contact with hot springs were assigned to the control group. The
percentages of lymphocyte subsets (CD3þ, CD4þCD8�, CD4�CD8þ, CD4þ/CD8þ, and TCR/CD3) in the 2 groups were
evaluated on a FACS Aria flow cytometer. The absolute values of lymphocytes (LYMPH#) and percentages of lymphocytes
(LYMPH%) were measured by an automatic blood analyzer.

Results: In the radon group, the numbers of CD3þ (Z ¼ �0.140, P > .05) and CD4þCD8� (Z ¼ �0.964, P > .05) T cells were
higher, as compared with the controls, but this difference was not significant. In addition, the number of CD4�CD8þ (t¼�2.141,
P < .05) T cells was significantly lower in the radon group. Furthermore, the average ratios of CD4þ/CD8þ (t ¼ �2.201, P < .05)
and TCR/CD3 (t ¼ 2.047, P < .05) cells were significantly higher in the radon group than in the controls. Compared with the
control group, the LYMPH# (t ¼ �0.485, P > .05) and LYMPH% (Z ¼ �0.835, P > .05) showed no significant change.

Conclusion: Radon-rich hot springs could alter the proportions of lymphocyte subsets and possibly affect immunologic functions.
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Introduction

Radon is a natural radioactive inert gas that exists widely in the

ambient air. The natural radiation dose from radon and its

daughters is the largest among normal background radiation,

accounting for 54% of the total natural radiation dose. Higher

radon levels appear in some mines and indoor environments

decorated with radon-containing building materials. Radon has

been recognized as the first environmental etiology and second

risk factor (after smoking) for lung cancer. Early epidemiolo-

gical studies have confirmed a significant correlation between

radon and lung cancer, even at low levels of exposure. In recent

years, health problems caused by long-term radon exposure in

daily living have been attracting increased attention. Residents

living in the vicinity of radon-rich hot springs for a long dura-

tion may be affected by the persistence and accumulation of

radon and its daughters.

Animal studies, cell studies, clinical trials, and epidemiolo-

gical investigations have confirmed that long-term exposure to

high levels of radon and its daughters can initiate biological

effects at molecular and cellular levels. Although some studies

have suggested that radon and its daughters can pose potential
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health risks to the population, it is generally accepted that

radon hot springs can relieve pain, alleviate the symptoms

of arthritis and skin diseases, and exert specific regulatory

effects on physiological and cardiovascular functions.1-7 In

Japan, many people often go to hot springs to relieve symp-

toms of osteoarthritis and bronchial asthma. Europeans

believe that radon hot springs can treat inflammation and

pain.8-15 In this study, the lymphocyte subsets in the periph-

eral blood of residents around radon-rich hot springs were

detected and analyzed to explore the effects of the hot springs

on the health of the residents in China.

Materials and Methods

Selection of Participants

The inclusion criteria for residents in Pingshan County, Hebei

Province, included long-term residence, no history of migra-

tion, no recent history of viral or bacterial infections, no history

of malignant diseases or the administration of medications, and

no exposure to X-rays within the previous 6 months. In the

radon hot spring group, 61 local inhabitants were sampled

randomly, aged between 29 and 68 years, with an average age

of 42.85 years. Moreover, 51 inhabitants from other villages

with similar living habits but with no exposure to radon hot

springs were sampled randomly as the control group. They

were aged between 25 and 71 years, with an average age of

45.90 years. There were no significant differences in age and

gender between the radon hot spring group and the control

group (max 2 ¼ 0.78, P > .05). This study was approved by

the Ethics Committee of the National Institute for Radiological

Protection of the Chinese Center for Disease Control and Pre-

vention (Beijing, China), and all participants gave informed

consent.

Background Information

The concentration of radon in the hot springs was 102 +
11.4 Bq/L, the concentration of indoor radon was 41.9 þ
18.6 Bq/m3 over 6 months, and the typical equilibrium factor

was 0.61. In some places, the radon concentration in spring

water had reached the recommended levels for medical hot

springs and radon springs, and the concentration in bathrooms

was increased during water use. The measured radon concen-

tration exceeded 200 Bq/m3 (indoor radon limit in China) and

100 Bq/m3 (World Health Organization radon limit value),

resulting in an additional annual effective dose of about

0.09 mSv.16 The distance between the sampling location for

the control group and the radon hot springs was about

11.2 km, and there were no other outdoor radon hot springs

in the area (the annual indoor radon concentration in

Shijiazhuang was 42.4 + 20.2 Bq/m3).

Bathing or Showering Habits

In the radon hot spring group, 52.38% of households had hot

spring baths. The mean number of baths taken was 10.48 a

month per person in the winter and 27.31 in the summer.

Furthermore, among the persons in the radon hot spring

group, 45.24% took traditional baths and 9.52% took

showers. In the control group, no households had hot spring

baths. The mean number of baths taken was 3.30 a month

per person in the winter and 28.25 in the summer. In the

control group, 86.36% of persons took showers, whereas no

one took baths.

Instruments and Reagents

Four-color labeled CD3 FITC/CD8 PE/CD45 PerCP/CD4 APC

antibody, 2-color labeled CD3 PerCP, and anti-TCR-a/-1 FITC

antibody were purchased from BD Company (San Jose,

California). In addition, BD FAC lysing solution and the FACS

Aria system were obtained from BD Company.

Detection of Lymphocyte Subsets, Absolute Values,
and Percentages of Lymphocytes

Each specimen was divided into 3 tubes, to which 100 mL of

whole blood was added. In addition, 5 mL of CD3/CD4/CD8/

CD45 antibody and TCR/CD3 antibody were added to each

tube. The tubes were then shaken and mixed, and left to react

at room temperature for 30 minutes. A volume of 2 mL of

prepared erythrocyte lysate was then added, and the tubes

were again shaken and mixed, and left to stand at room tem-

perature in the dark for 10 minutes. The tubes were subse-

quently centrifuged at 1000 rpm for 5 minutes. The

supernatant was discarded, and the cells were washed once

with 1� phosphate buffer saline, after which 500 mL phos-

phoric acid buffer was added. The cells were then analyzed

using a flow cytometer. The various lymphocyte groups were

detected and selected, and the percentage of each subset was

determined. The absolute values of lymphocytes and percen-

tages of lymphocytes were measured by an automatic blood

analyzer.

Epidemiological Investigation on the Prevalence
of Rheumatism and Cancer in Radon Hot Spring
Area and Control Area

By 2019, the total population of the radon hot spring area was

21 071and the total population of the control area was 35 762.

The prevalence of cancer and rheumatism in the 2 areas was

investigated.

Statistical Analyses

SPSS version 21.0 statistical analysis software and the w2 test

were used to analyze the distribution of basic characteristics

between the 2 groups. The w2 test was used to analyze the

prevalence of rheumatism and cancer between radon hot spring

area and control area. The normal distribution of lymphocyte

subsets between the 2 groups was evaluated. CD45, CD4þ/

CD8þ, TCR/CD3 cells, and the number of lymphocytes were
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normally distributed so the Student t test was applied. The

CD4�CD8þ, CD4þCD8�, CD3þ cells, and percentage of lym-

phocytes were not normally distributed; thus, the Mann-

Whitney U test was used for analysis. Value of P < .05 was

considered statistically significant.

Results

Basic Data Analysis

The constituent ratios of basic data (gender, age, alcohol con-

sumption, smoking, and body mass index [BMI]) are presented

in Table 1. The distribution of basic data showed no significant

difference between the 2 groups (P > .05).

Multiple Linear Regression Analysis of Lymphocyte
Subsets

Multiple linear regression analysis of lymphocyte subsets

showed a significant correlation between radon exposure fac-

tors and CD4�CD8þ and TCR/CD3 cells (Table 2).

Comparison of Lymphocyte in Peripheral Blood Subsets
Between the 2 Groups

The percentage of CD45, CD4þ/CD8þ, and TCR/CD3 lym-

phocyte subsets was significantly higher in the group exposed

to radon than that in the control group (P < .05; Table 3).

Compared with the control group, the percentage of

CD4�CD8þ lymphocytes was significantly lower in the group

exposed to radon. In contrast, the percentage of CD4þCD8�

Table 1. Comparison of Basic Data in the 2 Groups.

Group Number

Gender Age Smoking Alcohol Consumption BMI (kg/m2)

F M �45 >45 No Yes No Yes �18.5 18.5-24 �24

Control 51 30 21 25 26 40 11 35 16 0 17 34
Radon 61 38 23 35 26 49 12 41 20 0 27 34
w2 0.140 0.780 0.061 0.025 1.391
P 0.708 0.377 0.805 0.873 0.238

Abbreviations: BMI, body mass index; F, female; M, male.

Table 2. Regression Analysis of Lymphocyte Subsets in Peripheral Blood.

Lymphocyte Subset Variable b Sb b t P

CD45 Constant 96.964 1.041 – 93.186 .000a

Radon exposure �0.033 0.014 �0.214 �2.303 �.083
CD3þ Constant 13.641 0.788 – 17.312 .000a

Radon exposure 0.001 0.008 0.001 0.001 .999
CD4�CD8þ Constant 47.366 1.436 – 32.987 .000a

Radon exposure �0.038 0.015 �0.232 �2.497 .014a

CD4þCD8� Constant 41.255 1.509 – 27.347 .000a

Radon exposure 0.019 0.016 0.112 1.177 .242
CD4þ/CD8þ Constant 0.966 0.108 – 8.920 .000a

Radon exposure 0.002 0.001 0.178 1.900 .060
TCR/CD3 Constant 83.782 2.038 – 43.884 .000a

Radon exposure �0.055 0.027 �0.192 �2.047 .043a

LYMPH# Constant 2.275 0.082 – 27.867 .000a

Radon exposure 0.000 0.001 0.026 0.266 .790
LYMPH% Constant 32.178 1.143 – 28.147 .000a

Radon exposure 0.003 0.012 0.026 0.268 .789

Abbreviations: “-” indicates no data; b, regression coefficients; b, standardized partial regression coefficient; Sb, standard error of regression coefficients.
aA significant difference.

Table 3. Percentage Change in Lymphocyte Subsets in the Radon Hot
Spring Group.

Lymphocyte Subset Group N % (x + SD) t P

CD45 Control 51 97.53 + 1.272 2.303 �.023a

Radon 61 94.14 + 10.446
CD4þ/CD8þ Control 51 0.93 + 0.387 �2.201 .03a

Radon 61 1.26 + 1.041
TCR/CD3 Control 51 83.78 + 19.112 2.047 .043a

Radon 61 89.43 + 5.259
LYMPH# Control 49 2.260 + 0.578 �0.485 .629

Radon 56 2.317 + 0.622

Abbreviation: SD, standard deviation.
aA significant difference.

Piao et al 3



and CD3þ lymphocytes was higher in the radon group, as

compared with that in the control group; however, this differ-

ence was not significant (Table 4).

Comparison of the Prevalence of Rheumatism
and Cancer Between Radon Hot Spring Area
and Control Area

Compared with the control group, there was no significant

difference in the total prevalence between the 2 area (P ¼
.814). The prevalence of rheumatism in radon hot spring area

was higher (0.2% vs 0.1%, P < .001), the prevalence of cancer

was lower (0.1% vs 0.2%, P ¼ .009) (Table 5).

Discussion

Studies have shown that low-dose radiation can induce hor-

metic effects in organisms.17 Liu18 observed the results of

immune enhancement by low-dose radiation through a high-

background radiation study in Yangjiang, China, and a series of

animal experiments. They found the change in T lymphocytes

was the key factor of immune enhancement by low-dose ioniz-

ing radiation, which was conducive to T-cell differentiation

toward T-helper (Th) 1 cells and could have induced an adap-

tive response. At present, the low-dose radiation hormetic

effect is evaluated mainly by low-linear energy transfer (LET)

radiation. However, whether low-dose high-LET radiation

causes hormetic effects have been less reported.

The impact of radon and its daughters on human health arise

mainly from the a particles produced by its decay, which is

high-LET irradiation. Studies on a-particles have been con-

ducted mainly in vivo through animal experiments, cell levels

in vitro, and clinical treatment of certain human diseases using

radon hot spring. Chauhan et al19 irradiated human pulmonary

epithelial cells with different doses of a-particles. Pathway

analyses showed that radiation from a-particles could affect

cell-cycle arrest, DNA replication, and repair of DNA damage.

Those data suggested that high-LET radiation could activate

different biological pathways compared with low-LET

radiation.

In the present study, the concentration of radon in the hot

springs was 102 + 11.4 Bq/L, the concentration of indoor

radon was 41.9 +18.6 Bq/m3 over 6 months, and the typical

equilibrium factor was 0.61. The radon concentration in the

bathroom increases rapidly during water use. The indoor radon

concentration increases rapidly from the normal background

value (<50 Bq/m3) to more than 200 Bq/m3. After about

3 hours, the indoor radon concentration recovers gradually to

a lower level. The variation in the concentration of radon

daughters is consistent with that of radon concentration. The

additional annual effective dose is about 0.09 mSv.16 Some

residents have been exposed to low-dose ionizing radiation for

a long time (more than 5 years). Therefore, radon in hot springs

is considered long-term low-dose and high-LET radiation.

Our research team has studied genetic/molecular levels and

antioxidant damage in residents of the radon hot spring in

Pingshan area.20-24 Ruan et al20 compared the micronucleus

frequency and micronucleus cell numbers in different age

groups of 2 groups of residents. They found that the micronu-

cleus rate and micronucleus cell rate of the radon hot spring

group were significantly higher than those of the control group,

but that micronucleus rate was within the normal range.

Furthermore, they found no significant differences in the chro-

mosome aberration rate compared with that in the control

group. In studies by Liu et al21-22 and Gao et al23 of the lym-

phocyte cell cycle and regulatory proteins, upon radon expo-

sure, the S-phase proportion of lymphocytes in peripheral

blood was increased; expression of related cyclic regulatory

proteins CDKl, CDK6, and cyclin El was decreased; expression

of microRNA-449a was increased significantly in the radon hot

spring group; and expression of cyclin El and CDKl was

decreased due to upregulation of microRNA-16 expression.

Gao et al24 showed that radon can activate antioxidant function,

scavenge oxygen free radicals, and reduce oxidative damage.

These phenomena may be related to the hormesis of low-dose

radon exposure, which is manifested in various facets. In pres-

ent study, we observed the effect of long-term low-dose radia-

tion on immune function.

Lymphocytes are radiation sensitive and comprise the main

immune cell type. Therefore, they are often used as an impor-

tant indicator for the early diagnosis of, and dose estimation in

Table 4. Comparison of the Percentage Change in Lymphocyte Sub-
sets by Mann-Whitney U Test.

Lymphocyte Subset Group N P50 Z P

CD3þ Control 51 12.90 �0.140 .888
Radon 61 13.50

CD4�CD8þ Control 51 48.00 �2.141 .032a

Radon 61 43.80
CD4þCD8- Control 51 38.80 �0.964 .335

Radon 61 42.30
LYMPH% Control 49 50.35 �0.835 .404

Radon 56 55.32

aA significant difference.

Table 5. Comparison of the Prevalence of Rheumatism and Cancer
Between Radon Hot Spring Area and Control Area.

Disease Name Radon Control w2 P

Rheumatism 14.447 <.001a

Prevalence 34 21
Nonprevalence 21 037 35 741

Cancer 6.751 .009a

Prevalence 23 72
Nonprevalence 21 048 35 690

Rheumatism þ cancer 0.055 .814
Prevalence 57 93
Nonprevalence 21 014 35 669

aA significant difference. Prevalence, number of sick people; nonprevalence,
number of people not ill; rheumatismþ cancer, sum of the number of patients
with rheumatism and cancer.
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radiation sickness. T lymphocytes are important immunocom-

petent cells. In addition to mediating cellular immune functions

directly, T lymphocytes have key roles in regulating the

immune response. The molecules on the surface of T lympho-

cytes enable these lymphocytes to recognize antigens, interact

with other immune cells, and receive signal stimulation, among

other functions. These membrane-surface molecules also play a

key part in identifying and separating T lymphocytes and T-

lymphocyte subsets. The T-lymphocyte subsets play an impor-

tant role in regulating the stability of immune function.

The distribution of lymphocyte subsets can reflect the

immune status of the body. Studies25-30 have shown that the

distribution of lymphocyte subsets is influenced by age, gen-

der, ethnicity, and region. Therefore, we first compared general

data (gender, age, alcohol consumption, smoking, BMI) of the

2 groups in Pingshan County. No significant differences were

noted in the constituent ratios between the 2 groups (Ps > .05),

and both were comparable.

We found that the percentage of CD3þ cells and CD4þ cells

in the peripheral blood of residents living near the high-radon

hot springs in Pingshan was higher than that of residents living

in the control areas, but this difference was not significant. In

addition, the percentage of CD8þ cells was significantly lower,

and the percentage of TCR/CD3 complexes, and ratio of CD4þ/

CD8þ were significantly higher in the residents living near the

high-radon hot springs in Pingshan group than in the control

aera, and these differences were significant (P < .05). Routine

blood testing showed that the percentage of lymphocytes and

absolute values of lymphocytes in peripheral blood showed no

significant change in the residents of the high-radon hot spring

area compared with the control group.

Lymphocyte subsets regulate each other in terms of the

immune response to maintain normal immune function. Both

Th (CD4þ) cells and Ts (T inhibition cells, CD8þ) cells play an

important regulatory role in the immune response. CD8þ cells

play an effective cell-mediated immune killing role after being

stimulated by foreign antigens, which destroy target cells

directly. In addition, CD4þ cells, sensitized by foreign anti-

gens, produce lymphokines, which induce the proliferation of

T lymphocytes, B lymphocytes, and macrophages. The balance

between the proportions of CD4þ and CD8þ T cells plays an

important role in inhibiting tumors, infections, and autoim-

mune diseases. Immune dysfunction can be caused by an

imbalance between these cells, resulting in a series of immu-

nopathological changes that can affect the immune protective

mechanisms.31,32

In the present study, the percentage of TCR/CD3 cells in the

peripheral blood of residents near the radon hot springs was

increased significantly, which may have been related to the

hormesis effect caused by low-dose radiation. Low-dose low-

LET radiation accelerates the renewal and growth of thymo-

cytes and, thus, increases the number of thymocytes, and

accelerates upregulation of TCR/CD3 expression. Therefore,

the ability of the thymus to transport T cells to the periphery

is enhanced. Simultaneously, cytokine secretion is stimulated,

and the intercellular interactions form an enhanced network

which, ultimately, improves the anticancer and anti-infection

capabilities of the body. Our study implied that long-term

exposure to low-dose high-LET radiation also has the same

hormesis effect on the immune system.

Anderson et al33 suggested that “low-dose” radiation might

inhibit Ts with higher sensitivity, thus altering the ratio of Th to

Ts, leading to the dominant position of Th, increasing the

immunopotentiatory regulation of Th, and enhancing immune

function. In their study of the long-term immune effects of

high-level natural radiation on residents in Yangjiang, China,

Kun et al34 also observed that long-term exposure to low-dose

radiation stimulated different CD4þ and CD8þ T lymphocytes

and enhanced immune function. However, few reports have

focused on the effects of low-dose and high-LET radiation on

immune function. Yamaoka et al35 found that radon treatment

and heat treatment could enhance antioxidant capacity,

increase the percentage of CD4þ cells, and reduce the percent-

age of CD8þ cells among killer T cells and suppressor T cells.

Those findings are consistent with our results.

Based on our previous research in this area,23,24 2 factors

may be involved in enhancing the immune function among

residents of the radon hot springs region in Pingshan County.

First, the proportion of S-phase lymphocytes in peripheral

blood increased and that of the G0/G1 phase decreased among

inhabitants around radon hot springs. These data indicated that

the S phase was prolonged, radiation sensitivity of the S phase

was poor, and this phase marked a period of DNA repair/synth-

esis. Lymphocytes might be protected by prolonging the S

phase in conditions of long-term low-dose radiation. Second,

several studies in China and overseas36-41 have shown that

long-term bathing in radon hot springs leads to reductions in

oxidative damage and that the ability to scavenge reactive oxy-

gen species increases. The level of 8-hydroxy-20-deoxyguano-

sine in the peripheral-blood plasma of residents in the radon hot

spring group in Pingshan County was decreased, whereas the

level of thioredoxin reductase was increased significantly.

These effects may activate antioxidant functions, reduce oxi-

dative damage, and protect radiation-sensitive lymphocytes.

The cancer prevalence in the radon hot springs area was

significantly lower than that in the control area (0.1% vs

0.2%, P ¼ .009). Combined with laboratory analyses of the

immune function in the 2 areas, we postulated that the decrease

in cancer prevalence in the radon hot springs area may have

been due to long-term low radon exposure, which can stimulate

immune function, activate the antioxidant capacity of the body,

and reduce the oxidative damage caused by radiation. How-

ever, the prevalence of rheumatic diseases in the radon hot

springs area was significantly higher than that in the control

area. The complex etiology of rheumatic diseases (eg, environ-

mental conditions, living conditions) and many other factors

can affect the immune function. The cause of the increased

prevalence of rheumatic diseases in radon hot springs areas

needs to be studied further. Because the sample size of our

study was small, how radon hot springs influence lymphocyte

subsets and immune function must be tested further in much

larger cohorts.
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Conclusions

Radon hot springs in Pingshan County posed no obvious threats

to the health of residents and may enhance immune function.

Authors’ Note

Chunnan Piao undertook on-site sample collection, processing of

laboratory samples data analyses, and wrote the manuscript. Mei Tian

and Hongjun Gao guided the research ideas, research programs,

experimental methods, and manuscript revision. Jianlei Ruan,

Yanxiao Gao, Gang Gao, Lirong Yi, and Lina Wu contributed signif-

icantly to on-site investigation, sample collection, and guidance for

experimental methods. Jianxiang Liu conceived and designed the

work and approved the final version of the manuscript.

Acknowledgments

The authors thank the staff of Hebei CDC, Pingshan CDC, and all

participants for their support and cooperation.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect to

the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support for

the research, authorship, and/or publication of this article: This study

was sponsored by the National Institute for Radiological Protection,

Chinese Center for Disease Control and Prevention.

ORCID iD

Chunnan Piao https://orcid.org/0000-0002-4349-9564

Yanxiao Gao https://orcid.org/0000-0002-3552-052X

References

1. Veiga LH, Amaral EC, Colin D, Koifman S. A retrospective

mortality study of workers exposed to radon in a Brazilian under-

ground coal mine. Radiat Environ Biophys. 2006;45(2):125-134.

2. Shang YQ. Progress on adverse effects of indoor radon. Environ

Health. 2002;19:350-352.

3. Shang B, Cui HX, Wen XM, et al. Survey of radiation levels in an

abnormally high radon hot spring. Chin J Radiol Med Protect.

2011;31:698-702.

4. Alharbi SH, Akber RA. Radon and thoron concentrations in pub-

lic workplaces in Brisbane, Australia. J Environ Radioact. 2015;

144:69-76.

5. Gruber V, Ringer W, Wurm G, Haider W. The Austrian radon

activities on the way to the National Radon Action Plan. Radiat

Prot Dosimetry. 2014;160(1-3):22-26.

6. Valmari T, Arvela H, Reisbacka H, Holmgren O. Radon measure-

ment and mitigation activity in Finland. Radiat Prot Dosimetry.

2014;160(1-3):18-21.

7. Ayres da Silva ALM, Eston SM, Iramina WS, Diegues Francisca

D. Radon in Brazilian underground mines. J Radiat Prot. 2018;

38(2):607-620.

8. Yamaoka K, Mitsunobu F, Hanamoto K, Mori S, Tanizaki Y,

Sugita K. Study on biologic effects of radon and thermal therapy

on osteoarthritis. J Pain. 2004;5(1):20-25.

9. Mitsunobu F, Yamaoka K, Hanamoto K, et al. Elevation of

antioxidant enzymes in the clinical effects of radon and ther-

mal therapy for bronchial asthma. J Radiat Res. 2003;44(2):

95-99.

10. Shehata M, Schwarzmeier JD, Hilgarth M, et al. Effect of com-

bined spa-exercise therapy on circulating TGF-beta1 levels in

patients with ankylosing spondylitis. Wien Klin Wochenschr.

2006;118(9-10):266-272.

11. Cucu A, Shreder K, Kraft D, et al. Decrease of markers related to

bone erosion in serum of patients with musculoskeletal disorders

after serial low-dose radon spa therapy. Front Immunol. 2017;8:

882.

12. Annegret F, Thomas F. Long-term benefits of radon spa therapy

in rheumatic diseases: results of the randomised, multi-centre

IMuRa trial. Rheumatol Int. 2013;33(11):2839-2850.

13. Franke A, Reiner L, Pratzel HG, Franke T, Resch KL. Long-term

efficacy of radon spa therapy in rheumatoid arthritis—a rando-

mized, sham-controlled study and follow-up. Rheumatology

(Oxford). 2000;39(8):894-902.

14. Rühle PF, Klein G, Rung T, et al. Impact of radon and combina-

tory radon/carbon dioxide spa on pain and hypertension: results

from the explorative RAD-ON01 study. Mod Rheumatol. 2019;

29(1):165-172.

15. Rühle PF, Wunderlich R, Deloch L, et al. Modulation of the

peripheral immune system after low-dose radon spa therapy:

detailed longitudinal immune monitoring of patients within the

RAD-ON01 study. Autoimmunity. 2017;50(2):133-140.

16. Zhao MQ, Cui HX, Shang B, et al. Radon level and dose contri-

bution in Pingshan hot spring, Hebei Province [in Chinese]. Chin

J Radiol Health. 2012;21:30-32.

17. Liu SZ. On radiation hormesis expressed in the immune system.

Crit Rev Toxicol. 2003;33(3-4):431-441.

18. Liu SZ. Review and prospect of radiation immunology [in Chi-

nese]. Chin J Radiol Med Prot. 2005;25:193-200.

19. Chauhan V, Howland M, Mendenhall A, et al. Effects of alpha

particle radiation on gene expression in human pulmonary epithe-

lial cells. Int J Hyg Environ Health. 2012;215(5):522-535.

20. Ruan JL, Liu CX, Wu LN, et al. Change of micronucleus in

peripheral blood lymphocytes of the residents surrounding hot

springs with radon. Int J Radiat Med Nuclear Med. 2015;39:

363-366.

21. Liu CX, Li XL, Pan Y, et al. Expression of miRNAs in peripheral

blood lymphocytes of the residents around hot springs with radon

[in Chinese]. Carcin Teratogen Mut. 2015;27:446-449.

22. Liu CX, Tian M, Pan Y, Gao G, Liu J. Expression of miRNAs in

peripheral blood plasma of the residents surrounding hot springs

with radon [in Chinese]. Chin J Radiol Med Prot. 2015;35(3):

187-190.

23. Gao YX, Tian M, Gao G, et al. Cell cycle and its regulatory

proteins in the peripheral blood lymphocytes of the residents

living in a radon hot spring area [in Chinese]. Chin J Radiol Med

Prot. 2018;38(1):12-16.

24. Gao YX, Tian M, Gao G, Xiaochun W, Jianxiang L. Changes of

8-OHdG and TrxR in the residents who bathe in radon hot springs.

Dose-Response. 2019;17(1):1559325818820974.

6 Dose-Response: An International Journal



25. Zhan WL, Yang XH, Guo H, et al. Distribution of peripheral

blood lymphocyte subsets in 826 healthy children aged 0-6 years

[in Chinese]. Zhongguo Dang Dai Er Ke Za Zhi. 2019;21(2):

180-183.

26. Castilho JL, Shepherd BE, Koethe J, et al. CD4/CD8 ratio, age,

and risk of serious noncommunicable diseases in HIV-infected

adults on antiretroviral therapy. AIDS. 2016;30(6):899-908.

27. Zhao H, Jiao SC, Zhang GQ, Wu LL. Analysis of 21 lymphocytes

for the different age and gender healthy population [in Chinese].

Labeled Immunoassays Clin Med. 2011;18(2):99-102.

28. Shearer WT, Rosenblatt HM, Gelman RS, et al. Lymphocyte

subsets in healthy children from birth through 18 years of age:

the pediatric AIDS clinical trials group P1009 study. J Allergy

Clin Immunol. 2003;112(5):973-980.

29. Ding Y, Zhou L, Xia Y, et al. Reference values for peripheral

blood lymphocyte subsets of healthy children in China. J Allergy

Clin Immunol. 2018;142(3):970-973.

30. Guo ZH, Yao YP, Li XT, et al. Investigation on T lymphocyte

subsets in healthy teenagers and adults in Zhejiang areas and

establishment of the reference range for normal values of T lym-

phocyte subsets. [in Chinese] Chin Prev Med. 2008;9:32-35.

31. Chen WF.Medical Immunology. 3rd ed. Beijing, China: People’s

Health Publishing House. 2000:94-96.

32. Keane WF, Lyle PA. Recent advances in management of type 2

diabetes and nephropathy: lessons from the RENAAL study. Am J

Kidney Dis. 2003;41(3 suppl 1):S22-S25.

33. Anderson RE, Williams WL, Tokuda S. Effect of low dose irra-

diation upon T cell subsets involved in the response of primed A/J

mice to SaI cells. Int J Radiat Biol Relat Stud Phys Chem Med.

1988;53(1):103-118.

34. Li K, Li W, Jia Y, et al. Long-term immune effects of high-level

natural radiation on Yangjiang inhabitants in China. Int J Radiat

Biol. 2019;95(6):764-770.

35. Yamaoka K, Mitsunobu F, Hanamoto K, et al. Biochemical com-

parison between radon effects and thermal effects on humans in

radon hot spring therapy. J Radiat Res. 2004;45(1):83-88.

36. Kataoka T, Nishiyama Y, Yamato K, et al. Comparative study on

the inhibitory effects of antioxidant vitamins and radon on carbon

tetrachloride-induced hepatopathy. J Radiat Res. 2012;53(6):

830-839.

37. Kataoka T, Yamato K, Nishiyama Y, et al. Comparative study on

the inhibitory effects of A-tocopherol and radon on carbon

tetrachloride-induced renal damage. Ren Fail. 2012;34(9):

1181-1187.

38. Kojima S, Tsukimoto M, Shimura N, Koga H, Murata A, Takara

T. Treatment of cancer and inflammation with low-dose ionizing

radiation: three case reports. Dose-Response. 2017;15(1). doi:10.

1177/1559325817697531.

39. Kuciel-Lewandowska JM, Pawlik-Sobecka L, Płaczkowska S,

Kokot I, Paprocka-Borowicz M. The assessment of the integrated

antioxidant system of the body and the phenomenon of spa reac-

tion in the course of radon therapy: a pilot study. Adv Clin Exp

Med. 2018;27(10):1341-1346.

40. Yamaoka K, Mifune T, Mitsunobu F, et al. Basic study on radon

effects and thermal effects on humans in radon therapy. Physiol

Chem Phys Med NMR. 2001;33(2):133-138.

41. Chen H, Guo Q, Liu M, et al. The effects of low dose radiation on

the levels of oxidative damage and antioxidant in population of

high background radiation area of Guangdong [in Chinese]. Chin

J Radiol Med Prot. 2015;35;83-87.

Piao et al 7


