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A B S T R AC T
The biokinetics of radon in the body has previously been studied with the assumption that its absorption through
the skin is negligibly small. This assumption would be acceptable except in speciﬁc situations, such as bathing in a
radon hot spring where the radon concentration in thermal water is far higher than that in air. The present study
focused on such a situation in order to better understand the biokinetics of radon. To mathematically express the
entry of radon through the skin into the body, we ﬁrst modiﬁed the latest sophisticated biokinetic model for noble
gases. Values of an important parameter for the model—the skin permeability coefﬁcient K (m s−1)—were
derived using data from previous human studies. The analysis of such empirical data, which corresponded to radon
concentrations in the air exhaled by subjects during and following bathing in radon-rich thermal water, revealed
that the estimated K values had a log-normal distribution. The validity of the K values and the characteristics of the
present model are then discussed. Furthermore, the impact of the intake of radon or its progeny via inhalation or
skin absorption on radiation dose was also assessed for possible exposure scenarios in a radon hot spring. It was
concluded that, depending on the radon concentration in thermal water, there might be situations in which the
dose contribution resulting from skin absorption of radon is comparable to that resulting from inhalation of radon
and its progeny. This conclusion can also apply to other therapeutic situations (e.g. staying in the pool for a longer
period).
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I N T RO D U C T I O N
Radon gas can be absorbed into the bloodstream following inhalation,
and it will then be distributed to the systemic tissues. This results in
a dose of radiation to the tissues, although the effective dose from
radon gas inhalation is generally about 20 times less than that resulting from radon progeny inhalation [1, 2]. The biokinetics of inhaled
radon has been studied both numerically [3–8] and experimentally
[9, 10]. Different biokinetic models for radon have been developed
with regard to the systemic compartments and relevant parameters
such as a tissue/blood partition coefﬁcient. The latest model, which
was developed as a generic biokinetic model framework for inhaled
(and ingested) noble gases, was reported by Leggett et al. [3]. The predictions generated when this model was applied to radon were shown
to be consistent with measured data from earlier human studies.
The majority of radon biokinetic models assume that inhalation is
the only route of exposure to radon, and that no entry occurs through

the skin. Only the model calculation by Peterman and Perkins
explained that gas exchange of xenon through skin is much lower
(about 0.6%) than that occurring by inhalation, suggesting the
assumption that uptake through the skin could be ignored was valid
[8]. In response to this report, the question arose as to whether this
observation was still true for a person taking a bath in a radon hot
spring, as the radon concentration in thermal water is much higher
than that in air (maybe by at least three orders of magnitude). In such
a situation, it is possible that skin exposure may be a signiﬁcant
contributor to the radiation dose.
The water that gives rise to natural spas rises through major faults
or large ﬁssures in the earth, and may come from deep underground
zones to reach the surface at moderate temperatures. This underground water may contain high concentrations of radon as a result of
passing through cracks or pores that are surrounded by materials containing high levels of radium, such as rocks and radium deposits. It
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has been reported that water with a radon concentration between
hundreds and thousands of becquerels per liter may be used for therapeutic purposes [11]. Depending on the ratio of the radon concentration in thermal water to that present in the surrounding air, the
amount of radon absorbed via the skin would be expected to be less
signiﬁcant than, similar to or more signiﬁcant than the dose obtained
by inhalation. However, the dermal absorption rate of radon from
water and its subsequent systemic modeling have not been elucidated
in detail.
The aim of the present study was to evaluate quantitatively the
skin absorption of radon that takes place during taking a bath using
published data from human subjects. The most recent biokinetic
model for radon was ﬁrst modiﬁed to account for skin absorption as
an intake route [3]. Values of the unknown parameter, i.e. the skin
permeability coefﬁcient, were estimated from human data; the variability and validity of the estimated values are then discussed. Lastly,
radiation doses due to the intake of radon or its progeny via inhalation or skin absorption are simply assessed for a possible exposure
scenario in a radon hot spring to better understand the impact of
each exposure route. Here it should be noted that in this paper, the
terms ‘radon’ and ‘radon progeny’ are clearly differentiated, and the
units ‘Bq l−1’ and ‘Bq m−3’ are used for water and air, respectively,
according to the convention.

M AT ER IA L S A N D M E T H O D S
Figure 1 shows the biokinetic model used in the present work. This
model was developed by incorporating skin compartments into
the model previously published by Leggett et al. [3]. In their original
model, the only routes of radon intake that were considered were
inhalation and ingestion, because the purpose of their study was to
develop a generic model from the viewpoint of radiation protection
from inert gas exposure by inhalation and ingestion. Our fundamental
mathematical descriptions for the kinetics of radon in tissues, and
the values of the introduced parameters (e.g. the transfer coefﬁcient
between compartments and tissue mass) are derived from those
reported in the paper of Leggett et al. and ICRP Publ. 89 [3, 12].
Based on the rationale behind this biokinetic modeling, the rate of
change in the radon activity in a tissue (compartment), Qi (Bq), is
expressed as:
dQi
¼ Fi ðCA  CV Þ  λQi
dt

ð1Þ

Where Fi (m3 s−1) is the blood ﬂow rate, CA (Bq m−3) is the radon
concentration in non-pulmonary arterial blood, CV (Bq m−3) is the
radon concentration in non-pulmonary venous blood and λ (s−1) is
the decay constant of radon. This equation can be rewritten as:
dQi
Fi
Fi
QA 
Qi  λQi
¼
dt
VA
Pi Vi

ð2Þ

Where VA (m3) is the volume of the non-pulmonary arterial blood,
QA (Bq) is the activity of radon in the non-pulmonary arterial blood,
Pi (−) is the tissue/blood partition coefﬁcient of radon and Vi (m3)
is the volume of the tissue. The terms Fi/VA and Fi/(PiVi) are called

Fig. 1. Schematic diagram of the biokinetic model for
inhaled, ingested or skin absorbed radon. RT-air, respiratory
air; Breast-g, glandular tissue of breast; Breast-a, adipose
tissue of breast; HATM, Human alimentary tract model.

the transfer coefﬁcients from arterial blood to tissue, and from tissue
to venous blood, respectively.
Equations (1) and (2) are also applicable to the compartment
‘Unexposed skin (Head),’ since the head does not touch the thermal
water. On the other hand, for the compartment ‘Exposed skin
(Other),’ a new term describing the exchange of radon via skin must
be added to Eq. (1):


dQES
CES
 λQES
¼ FES ðCA  CV Þ þ KAES CW 
dt
PS=W

ð3Þ

Where the subscript ES stands for the exposed skin, K (m s−1) is
the permeability coefﬁcient of radon in skin, A (m2) is the surface
area, Cw (Bq m−3) is the radon concentration in water and PS/W
(−) is the skin/water partition coefﬁcient of radon. This kind of
treatment has been widely employed as a ﬁrst approach in previous
studies of the dermal uptake of substances (e.g. [13]). In a manner
similar to the rearrangement of Eq. (1) to yield Eq. (2), Eq. (3)

Since it was impossible to identify which data corresponded to male or female subjects, the analyses were performed individually assuming that the subjects were all male or female. The sex-averaged K·AES is represented here; in
fact, the values were almost the same between the assumed male and female groups.
Radon-free air was used for breathing.
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Nagy [14]

a

6.9 × 10−7
Best estimate
Five times during bathing.
60
274
58 × 103
Furuno [16]

36

Best estimate
Eleven times during and after
bathing.
20
3000 37

Once immediately after bathing.
60
<1.9b 31
17 (Male 8; Female 9) Average: 73 × 10
Range: (65–86) × 103

Air

3

Water

a

Number of subjects

Radon concentration (Bq m−3)

Water temperature (°C)

Bath time Breath sampling for radon
(min)
measurement

K·AES (m s−1)
Experimental condition
Reference

Table 1. Summary of human volunteer experiments and values of K·AES estimated by the present model

R ES ULTS
For the evaluation of K, we relied heavily on empirical data reported
in the study of Nagy, which included a large ensemble of volunteers
(Table 1) [14]. The radon concentration in the exhaled air samples
from the original data were normalized to a radon concentration of
100 Bq l−1 in thermal water (Fig. 2). It is apparent that the data are
comparable to a log-normal distribution with a geometric mean
(GM) of 303 Bq m−3 and a geometric standard deviation (GSD) of
3.2. Based on the experimental data in Fig. 2, the distributions of K
and K·AES were evaluated, and the results are shown in Table 2 and
Fig. 3, respectively. It is worth noting that the cohort of volunteers
participating in Nagy’s study was composed of different sexes and
ages, and individuals could not be uniquely identiﬁed in the corresponding plots in Fig. 2(a). In our analysis, we therefore assumed
that all experimental data were obtained either from male or female
adults. As shown in Table 2, the values of K between the 5th and
95th percentiles ranged over two orders of magnitude, while different
skin surface areas resulted in small differences in K between males

5th percentile Mode
GM (median)
AM 95th
percentile

ð4Þ
Where PS (−) is the skin/blood partition coefﬁcient of radon.
Parameters related to the two skin compartments (i.e. blood ﬂow
rate, tissue volume and the skin/blood partition coefﬁcient) were
determined as follows. The blood ﬂow rate was assumed to be simply
proportional to the surface area. According to ICRP Publ. 89, the
total surface areas of the human body are 1.90 m2 for adult males and
1.66 m2 for adult females, and the skin on the head accounts for 7.5%
of the total area of the body for both sexes [12]. In addition, regional
blood ﬂow rates in adults are given as 5.0% of the cardiac output for
both sexes. Consequently, the blood ﬂow rates were estimated to be
0.4% (= 5.0% × 0.075) of the cardiac output for the skin on the head,
and 4.6% (= 5.0% × (1 − 0.075)) for the remaining skin. For the estimation of the volumes of the two skin compartments, epidermal and
dermal masses of 0.005 and 0.22 g cm−2, respectively, were used
[12]. The volumes (or masses) of skin on the head and the remaining
parts of the body were subsequently calculated to be 0.292 l (321 g)
and 2.71 l (2979 g), respectively, for adult males; and 0.255 l (280 g)
and 1.84 l (2020g), respectively, for adult females. A tissue/blood
partition coefﬁcient of 0.4 was assigned to both skin compartments,
as this value was applied to the compartment ‘Other,’ which included
skin, in the paper of Leggett et al. [3].
To evaluate values of K and their range, our model calculation
was ﬁtted to human data from three previous studies [14–16]. The experimental conditions and results are brieﬂy summarized in Table 1.
During each experiment, the subject’s body (except the head) was
supposed to be kept in thermal water. Exhaled air samples were taken
from the subjects during and/or after bathing, and their radon concentrations were measured. The study of Nagy used radon-free air,
meaning that subjects were only exposed to radon through their skin
[14]. The experimental conditions in the studies of Tempfer et al.
and Furuno were similar, although the radon concentrations in both
water and air were different by an order of magnitude [15, 16].

950 × 103

5.4
9.5
3.7
7.3
2.7

dQES FES
FES
KAES
QA 
QES þ KAES CW 
QES  λQES ;
¼
dt
VA
PS VES
PS=W VES

Tempfer et al. [15] 1 (Female)

×
×
×
×
×

10−8
10−8
10−7
10−7
10−6

can be rewritten as:

7.4 × 10−8

Intake of radon through skin from thermal water

3

4

•

A. Sakoda et al.

Fig. 2. Distributions of radon concentrations in exhaled
air (Bq m−3) immediately after a 60-min bathing session
in thermal water. (a) Cumulative probability distribution.
(b) Probability density distribution. The closed circles are
experimental data reported by Nagy, which were
normalized to a radon concentration of 100 Bq l−1 in
thermal water [14]. The solid lines are curves ﬁtted with a
log-normal distribution function. GM stands for
geometric mean, GSD for geometric standard deviation
and AM for arithmetic mean.

Fig. 3. Skin permeability coefﬁcient K estimated from the
experimental data in Fig. 2. The curves for both sexes
overlap over the entire range of K·AES. GM stands for
geometric mean, GSD for geometric standard deviation
and AM for arithmetic mean.

Table 2. Skin permeability estimated by ﬁtting the present
model calculation to the experimental data provided by Nagy
[14]
Skin permeability K (m s−1)

Male

Female

K5th – 5th percentile

3.1 × 10−8

3.5 × 10−8

KMode – Mode

5.4 × 10−8

6.2 × 10−8

KGM – Geometric mean (median)

2.1 × 10−7

2.4 × 10−7

KAM – Arithmetic mean

4.1 × 10−7

4.8 × 10−7

K95th – 95th percentile

1.5 × 10−6

1.8 × 10−6

Note: Since it was impossible to identify which data corresponded to male or
female subjects, the analyses were individually done assuming that the subjects
were all male or female.

and females. In fact, the values of K·AES were almost the same for
both sexes, leading to overlapping of the two curves shown in Fig. 3.
In the studies of Tempfer et al. and Furuno, the time dependence
of radon concentration in exhaled air during (and after) bathing was
investigated [15, 16]. In Fig. 4, measured data are compared to leastsquares-ﬁtted data, and the best estimated K values (KBest) were
obtained. They are listed as KBest·AES in Table 1. Both values of KBest·AES (7.4 × 10−8 and 6.9 × 10−7 m s−1) were found to fall between
K5th (5.4 × 10−8 m s−1) and K95th (2.7 × 10−6 m s−1), which were
determined from the empirical data of Nagy [14]. The curve ‘Total’

Fig. 4. Comparisons between the model calculations and
human studies of radon concentrations in exhaled air
during and after bathing in thermal water. Experimental
data: (a) Tempfer et al. and (b) Furuno [15, 16]. The
exposure conditions are summarized in Table 1. The solid
curves were obtained by the use of the best estimated K
values (KBest), which were determined by ﬁtting the
experimental data. Taking into account the contribution
of each exposure route, the curves (‘Total’) were then
separated into inhalation and skin uptake.
represents the best ﬁt between the calculated values and the experimental data. The curve ‘Total’ was then separated according to
the contribution of each exposure route into the parts ‘via inhalation’
and ‘via skin.’

Intake of radon through skin from thermal water

Fig. 5. Model predictions of radon concentrations in
exhaled air during and after bathing in thermal water, for
several values of K. First, only skin exposure was assumed,
with the following conditions: bathing time 20 min and
radon concentration 100 Bq l−1 in water. For
comparison, only inhalation exposure was assumed with a
bathing time of 20 min and a radon concentration of
1000 Bq m−3.
Two scenarios were tested to illustrate the inﬂuences of both the
permeability coefﬁcient K and the different exposure routes on the
radon concentration in exhaled air during and after bathing. In the ﬁrst,
it was assumed that the bathing time was 20 min and the radon concentrations were 100 Bq l−1 in the thermal water and 0 Bq m−3 in the surrounding air (i.e. only skin exposure was considered). Secondly, a
scenario of only inhalation exposure with a concentration of 1000 Bq
m−3 in air was considered. As shown in Fig. 5, the rates of increase and
decrease in radon concentration during and after exposure are different
between the two exposure routes. The impact of K can therefore be
understood.

DISCUSSION
From Table 1, it can be concluded that the values of K·AES (i.e. K)
estimated from the three human studies were reasonably consistent.
In addition, the time trends indicated in Fig. 4 show an agreement
between the calculated and measured results. These facts suggest that
the present biokinetic model is accurate and represents a useful tool
to predict the rate of radon intake through skin from thermal water,
and its subsequent behavior in the body. According to Kety and
Krogh [17, 18], the increase in the diffusion coefﬁcient of an inert gas
is approximately 1% °C−1 in the temperature range between 0 and
36°C. The range of the results obtained for K·AES allowed us to conclude that the degree of radon absorption through the skin is more
strongly inﬂuenced by individual variability than the water temperature. Thus, the values of K·AES obtained here could also be applicable
to the entry of radon through skin from the air. This argument will
also be used later in regard to radiation dose.
However, it is also clear from Fig. 4 that the calculated data (solid
lines) change more abruptly with time than the empirical data
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(closed plots); for example, a relatively large difference can be found
just after starting the test. The fast increase or decrease in radon
concentration observed immediately after starting or ﬁnishing the
bath, respectively, is mainly due to the assumption made in the
model that the concentration of exhaled radon that originated from
inhalation could rapidly reach equilibrium with that in the environment. Figure 5 is helpful to better understand this issue. In the case
of the compartment ‘RT-air’ (see Fig. 1), our modeling and relevant
parameters were in accordance with those reported by Leggett et al.
[3]. We must emphasize that their original modeling concept (or
assumption) was appropriate in terms of continuous inhalation and
dose assessment in the area of radiation protection. A half-time of
23 s, corresponding to a transfer coefﬁcient of 2600 d−1, was assumed
for ‘Environment → RT-air’ and ‘RT-air → Environment,’ which was
based on measured half-times (e.g. [9]). This short half-time was estimated from data observed during the rapid phase of noble gas exhalation by human subjects, which occurs immediately after a period of
continuous inhalation (8.5 h). The model of Leggett et al. did not
pay particular attention to brief inhalation periods, such as those that
would occur during bathing (at the longest 60 min), and this may
account for the differences observed between the prediction and
measurement in Fig. 4 [3]. In fact, another measurement by Furuno
demonstrated that, in the case of exposure resulting solely from inhalation, it took a few tens of minutes to reach an equilibrium between
the radon concentrations in exhaled air and those in the environment
[16]. In addition, it should be noted that it has not been empirically
validated that our model with a single skin compartment correctly
represents the radon transport and storage properties of the actual
skin layers (stratum corneum, viable epidermis and dermis). This validation is important if the model is to realistically reproduce the
behavior of radon in skin. For the assessment of radiation dose,
however, validation may not necessarily be required because overestimation or underestimation of the predicted radon concentrations in
skin is expected to be counterbalanced when the periods during and
after bathing are considered together.
The present work is not the ﬁrst attempt that has been made to
incorporate the skin absorption of radon into a biokinetic model. The
ﬁrst model was reported by Peterman and Perkins, and described the
uptake of radon from air into skin [8]. Hofmann and Winkler-Heil
have recently reported that this model was capable of making reasonable predictions [19]. The modeling by Peterman and Perkins
assumed that radon diffusing through surface skin layers was dissolved in subcutaneous fat (i.e. there was no absorption above the
subcutaneous fat), and that radon absorption into the bloodstream
occurred from this area [8]. Interestingly, they did not rely on experimental data from radon exposure tests with subjects to derive a parameter associated with that process; this parameter was determined
using four pieces of information—the diffusion coefﬁcient of radon
in tissue, the thickness of the surface skin layers, the skin surface area
and the volume of subcutaneous fat. In contrast, in a manner similar
to that used for many common substances, our skin modeling was
based on dermal absorption [8], and it is difﬁcult to theoretically
acquire a value for the permeability coefﬁcient K.
Our rationale for modeling the intake of radon via skin is different
from that of Peterman and Perkins, although it is evident that both
models can reproduce the observed data to some degree [8]. As it
was not possible to directly compare the estimated skin parameters of
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Table 3. Calculated doses for radon exposure following a 20-min bath in radon-rich thermal water (1000 Bq m−3 in air and
100 Bq l−1 in water) and subsequent resting (0 Bq m−3 in both water and air)
Tissue

Radon exposure (summed dose from inhalation and skin absorption exposures)
Male
Kzero (=0)

Radon progeny
inhalation exposure

Female
a

K5th KMode KGM KAM K95th Kzero (=0)a K5th KMode KGM KAM K95th

Equivalent dose (nSv)
Kidneys

21

22

23

28

34

64

21

22

23

28

34

64 -

Liver

21

22

23

28

34

64

21

22

23

28

34

64 -

Bone surface

3

3

3

4

4

8

2

2

2

3

3

6 -

Red marrow

145

151 156

189

231

152 157

190

232

439 -

432 145

Breast

45

48

49

59

73

136

46

48

49

60

73

138 -

Skin

11

38

58

187

352

1149

11

40

62

202

380

1251 -

Other

12

13

13

16

19

36

12

13

13

16

19

37 -

Effective dose (nSv)

32

34

35

44

55

108

32

34

36

44

56

110 1200b

a

This means only inhalation of radon (i.e. without accounting for its exchange through skin).
The dose from radon progeny inhalation was calculated using a dose conversion factor of 9 nSv (Bq h m−3) −1 and an equilibrium factor of 0.4 [1].

b

both models, we made an attempt to compare them from the standpoint of the contribution of the skin to the total uptake of radon.
Peterman and Perkins noted that the contribution of skin to xenon
absorption was about 0.6% when compared with the respiratory
route; radon may also have a similar value [8]. Our model calculation
quantiﬁed corresponding values for radon of 0.1% for K5th, 0.2% for
KMode, 0.7% for KGM, 1.1% for KAM and 2.5% for K95th. In our calculation (Eqs (3) and (4)), CW and PS/W were replaced by radon
concentration in air (CAir) and PS/A (the skin/air partition coefﬁcient
of radon), respectively, because in this case, the surrounding medium
was air only. It is obvious that our values are in the same range as
those given by Peterman and Perkins, regardless of the difference
between the models [8]. At the moment, it cannot be concluded
which concept is better used when considering the intake of radon
via skin, and this should be studied further.
Based on the calculation of radon distribution in the body, doses
to tissues were evaluated for a scenario in which radon exposure
occurred during a 20-min bathing session with radon concentrations
of 100 Bq l−1 in thermal water and 1000 Bq m−3 in air, followed by
a resting period in which radon concentrations of 0 Bq m−3 were
assumed in both mediums. The activities of radon in the body were followed until they became negligibly small. In the dosimetry, it was
assumed for simplicity that equilibrium between radon and its progeny
(218Po, 214Pb, 214Bi and 214Po) was established anytime and anywhere.
This means that the biokinetics of each progeny was not individually
considered. Only energy deposition from alpha particles was considered
because the energies of beta particles and gamma rays emitted by radon
progeny are signiﬁcantly lower. Table 3 shows a comparison of equivalent and effective doses, calculated using various values of K. The doses
for red marrow and breast, which have higher tissue/blood partition
coefﬁcients, are reasonably higher. It is also obvious that the skin dose
increases with increasing K, as expected. In the case of the scenario

studied, the effective dose from radon progeny inhalation exposure,
which was calculated with the dose conversion factor suggested by the
United Nations Scientiﬁc Committee on the Effects of Atomic Radiation (UNSCEAR), is still more important than the dose resulting from
radon exposure, even for K95th [1]. The effective dose from radon
exposure accounts for, at most, 8% of the total dose from all exposures.
It is worth noting that, if the radon concentration in water is 10 times
higher (i.e. 1000 Bq l−1), the dose contribution from the radon exposure can reach approximately 40% in the case of K95th. This high concentration level has occasionally been observed in real hot springs [11, 20].
A trial assessment of doses from radon in a natural environment
(not a bathing situation) was also attempted using various K values.
The application of our estimated K to the air-to-skin exchange of
radon may be valid as discussed above. The effective doses from both
inhalation and skin absorption exposures are estimated to be 97–98
pSv (Bq h m−3) −1 for both sexes for Kzero (i.e. exposure only by
inhalation) and any K value given in Table 2. This result leads to the
conclusion that skin uptake is negligible compared with the inhalation
of radon, even when the inhalation of radon progeny is not
considered.

CO NC L US I ON
In this study, a biokinetic model of radon is introduced in which the
exchange of radon between skin and the environment was incorporated into the latest sophisticated model. This permits a better understanding of the behavior of radon in the body. The skin permeability,
K, which is necessarily implemented in the presented model, was
determined, and found to have a log-normal distribution among individuals. The estimated values of K were validated for the skin-towater exchange of radon, and based on their temperature-dependent
behavior, were inferred also to be applicable to skin-to-air exchange.
The changes in radon concentration in exhaled air during and after

Intake of radon through skin from thermal water
bathing, as an index of its dynamics after intake into the body, were
compared. In general, there was an agreement between the model
predictions and real-world observations.
The need to consider the dose contribution of radon absorbed via
the skin was also discussed by comparison with the contribution
made by radon and its progeny following inhalation. It was shown
that this depends on the ratio of the radon concentration in thermal
water to that present in air. For typical indoor and outdoor exposures,
the intake of not only radon progeny, but also radon, through the
skin is negligible in comparison with the intake via inhalation. In
situations involving immersion in radon-rich thermal water, however,
it might be better to consider the impact of skin absorption; our
calculation demonstrated that skin absorption might reach a few tens of
a percent of the total dose when the radon concentration is 1000 Bq
m−3 in air and 1000 Bq l−1 in water. This result provides a new insight
into the existing approach for radon exposure assessment, although the
relevance of these ﬁndings may be limited to this kind of special case.
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