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H I G H L I G H T S

• Investigation of radon’s impact on stem cell population density using MCNPX and the 4th order Runge-Kutta method.
• Simulation of radon dosimetry in a MIRD phantom to study its effects on organs.
• Reduction of 2.65% in air and 12.33% in water in stem cell density observed after 4 days of radon exposure.
• Application of radon therapy as a potential treatment for skin and lung diseases despite its carcinogenic effects.

A B S T R A C T

Despite the negative effects of radon on lung and skin cancers, it is possible to use
radon in the treatment of skin and lung diseases as radon therapy. In this study, using
MCNPX simulated dosimetry results for radon in the organs of a MIRD phantom, an
attempt was made to investigate changes in the rate of stem cell population density.
The dose rate in the air and water was calculated and incorporated into the differential
equation of the stem cells, and then this equation was solved using the 4th order
Runge-Kutta method. The results show that radon dose reduces the population density
of stem cells over a period of 4 days. At the end of day 4, the stem cell density for
a person in the air and water had decreased by 2.65 percent and 12.33 percent, respectively.
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1 Introduction

Radon generally causes lung and skin cancers, and is the
second leading cause of death worldwide (Nunes et al.,
2022). This is true even though a person is constantly
exposed to alpha radiation from radon and its daughters
(Degu Belete and Alemu Anteneh, 2021). In a situation
where the space is assumed to be free of radon, the bene-
fits of radon treatment can be enjoyed for a limited time
by exposing the body to water or air (Dobrzyńska et al.,
2023). In recent years, significant advances have been
made in computational modeling of radiation biology. For
example, Rory-Ray Liu and colleagues have presented a
robust agent-based model that is able to simulate the re-
sponse of cells after radiation and enable digital experi-
ments in the context of a “digital twin” for personalized

radiotherapy treatments (Liu et al., 2025). Now, return-
ing to our discussion, a common method in radon ther-
apy is to place people in special chambers for treatment
(Maccarone et al., 2023). In this case, radon radiation is
emitted from granite or radioactive rocks, and the radon
concentration increases for radon therapy compared to the
closed space used (Domingos et al., 2021). This research
attempted to examine the rate of stem cell population den-
sity. For this purpose, first a MIRD phantom is considered
in the MCNPX code, which is a nuclear atomic code ca-
pable of tracking 32 atomic and nuclear particles, in water
and air environments (Elshami et al., 2021; Tekin et al.,
2022; Lehner et al., 2025). Stem cells, due to their unique
ability for self-renewal and differentiation into specialized
cell types, play a crucial role in regenerative medicine and
the treatment of otherwise incurable diseases (Poliwoda
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Figure 1: MIRD Phantom.

et al., 2022). They are classified according to their dif-
ferentiation potential into totipotent, pluripotent, mul-
tipotent, oligopotent, and unipotent types, and by their
origin into embryonic and adult stem cells (Zakrzewski
et al., 2019; Poliwoda et al., 2022). Common sources in-
clude bone marrow, umbilical cord blood, adipose tissue,
placenta, and neural tissue, each offering broad clinical
applications in transplantation, tissue regeneration, and
chronic disease treatment (Zakrzewski et al., 2019; Troun-
son and McDonald, 2015). By calculating the dose in the
body’s organs, its effects on blood equations, especially
the stem cell equation, are interpreted and examined using
the 4th-order Runge-Kutta method (DArienzo and Rarità,
2024; Takács et al., 2024). There are many methods for
solving differential equations, of which the Runge-Kutta
method is considered one of the most efficient (Tan and
Chen, 2012).

To solve differential equations using the Runge-Kutta
method, validation tests are needed to confirm the
method. Therefore, an attempt is made to extract the
temporal behavior of WT and Lnk stem cells based on the
research of other researchers and calculate the coefficients
specific to the stem cell differential equations using the
Runge-Kutta method (Suzuki et al., 2012). In scientific re-
search, the distinction between WT (Wild Type) and Lnk-
deficient stem cells is pivotal for understanding the mecha-
nisms that control cell behavior. WT stem cells represent
the natural state and are regulated by the Lnk protein,
which acts as a crucial negative regulator to prevent exces-
sive proliferation of hematopoietic stem cells and maintain
bodily homeostasis (Bersenev et al., 2008). Conversely,
Lnk-deficient cells, lacking this protein, exhibit hyperac-
tive growth signaling, resulting in significantly increased
proliferation and self-renewal (Bersenev et al., 2012). The
data obtained in this study were analyzed and reviewed
using Origin software. The method of this research will
be explained in the following sections.

2 Materials and Methods

This research was conducted in five stages. In the first
step, by placing a MIRD phantom in the input file of the
MCNPX code in the air, taking into account the equilib-
rium coefficients of radon and its daughters, the daily dose
rate is calculated. Then the temporal behavior of stem

cells is extracted from reliable sources. By solving the
differential equation of stem cells using the Runge-Kutta
method, an attempt is made to modify the existing co-
efficients so that the results are consistent with the valid
extracted data. The effect of the dose of radon and its
daughters in the air on the stem cell equation is examined
using the 4th-order Runge-Kutta method. Figure 1 shows
the Phantom Mird in air.

The dimensions of the space around the MIRD phan-
tom are assumed to be within the range of a 7.69 MeV
alpha particle in air. For the Mird phantom in water, the
space around the phantom is considered to be about 50 m,
which is equal to the alpha range of 7.69 MeV in water.
In this case, the body surface area of an adult is 14553
cm2, which is obtained from Eq. (1) (Burton, 2008):

= Body surface area (1)

When the human body, whose surface area is 14,553 cm3,
is placed in water, the alpha decaying radon reaches the
body from a maximum depth of 50 µm, which is the al-
pha range of 7.69 MeV in water. As a result, the ac-
tive volume of radon decay around the body is equal
to this surface area multiplied by 50 µm, i.e. Vwater =
14553 × 50 × 10−4 ≈ 72 cm3. Also, when a human is in
the air, the reason is that the alpha range of 7.69 MeV in
the air is due to the decay of radon daughters equal to 6
cm. The active volume around the body will be equal to
this surface multiplied by 7.5 cm (Rezaie et al., 2013) i.e.
Vair = 14553 × 7.5 = 109148 cm3. In this case, the vol-
ume around the phantom will be 109148 cm3 for air and
72 cm3 for water according to the MCNPX code data. For
air, the concentration of radon is assumed to be 1 Bq.m−3

and for water, it is assumed to be 1 kBq.m−3.
The reason for this difference is that the concentration

of radon in air is about 1 Bq.m−3, and in water it is about
1 kBq.m−3. For example, the concentration of radon in
the fresh air of Khorramabad is about 148 Bq.m−3 (Nam-
varan and Negarestani, 2013) and in the hot spring of
Kerman is 42 kBq.m−3 (Hassanvand et al., 2018). Also,
in the formulation that will be presented later, the radon
concentration can be set to any desired value according to
the measured article, and this assumption will not affect
the results. It is presented solely for the purpose of for-
mulating this assumption. The radon activity in the space
around the MIRD phantom is obtained from the equation
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Figure 2: Temporal behavior of WT and Lnk stem cells over time (Suzuki et al., 2012).

A = CV . In this study, the total activity of radon in the
vicinity of the phantom was calculated using the relation
A = C × V , where A is the total activity in becquerels, C
(Bq.m−3) is the radon concentration, and V (m3) is the
considered volume. This basic equation is commonly ap-
plied in radiation dosimetry to convert measured activity
concentrations into total activity values for dose assess-
ment purposes (Knoll, 2010). The dose rate in different
organs of MIRD is obtained according to the formula ∗f6
in MeV.g−1, which is multiplied by 1.6× 10−10 to convert
it to Gy. The factor 1.6 × 10−10 was applied to convert
energy deposition values from MeV.g−1 to Gy. This con-
stant originates from the relation 1 MeV= 1.6 × 10−13 J
and 1 g =10−3 kg, and is independent of the medium (air
or water) or the activity concentration.

Any differences in the calculated dose are due to varia-
tions in radon activity concentration and geometry, rather
than the conversion factor (Knoll, 2010). By summing the
doses in different organs, the dose of alpha particles in the
MIRD phantom will be calculated. The source in question
is an alpha source with energies of 5.49, 6, and 7.69 MeV,
and the coefficient of each source is considered to be 0.723
and 0.217, respectively, based on the equilibrium coeffi-
cients between radon and its daughters. The equilibrium
factor (F ) is defined as the ratio of the alpha potential en-
ergy concentration of radon to the alpha potential energy
concentration of radon gas in equilibrium with its product.
In simple terms, this factor indicates how “close” radon
and its short-lived decay products are to equilibrium in a
given environment. These values are 1, 0.723, and 0.217
for radon, Po-218, and Po-214, respectively, meaning that
the activities of Po-218 and Po-214 are 72.3% and 21.7%,
respectively, of the activities that would exist in complete
equilibrium with radon. It should be noted that these per-
centages are relative to radon, which is itself considered to
be a factor of 100%, so the equilibrium factors for radon
and its daughters are considered to be 1, 0.723, and 0.217.
Most of the time, the number 1 is not mentioned and only
the numbers 0.723 and 0.217 are considered.

2.1 Source Definition in MCNPX Simulation

The radiation source was modeled as a uniform volumet-
ric source distributed around the MIRD phantom in both
air and water environments. The geometry of the source
volume was defined based on the alpha particle range of

the radon decay chain. For the air environment, a vol-
ume of 109148 cm3 with a depth of 7.5 cm was used. For
the water environment, the source was defined within a
volume of 72 cm3 with a depth of 50 m around the phan-
tom, corresponding to the alpha range in water. Within
this source volume, three primary alpha particle energies
from the radon decay chain were considered: 5.49 MeV
(from Rn-222), 6 MeV (from Po-218), and 7.69 MeV (from
Po-214). The probability of each energy was determined
based on the equilibrium coefficients (or calibration fac-
tors) for radon and its progeny. A total of 1.94 alpha
decays were considered for every single radon decay. The
probabilities for each energy were calculated to be 0.5154
for the 5.49 MeV alpha, 0.3798 for the 6 MeV alpha, and
0.1140 for the 7.69 MeV alpha. For the dose calculation,
the MCNPX input was configured with a source corre-
sponding to one alpha particle emission. The results of
this simulation were then scaled to the desired radon con-
centrations: 1 Bq.cm−3 for air and 1 kBq.cm−3 for water.
The concentration for a single radon decay was defined
as 0.5 Bq divided by the phantom’s respective volume in
air or water, and then converted to the Bq.cm−3 unit by
converting cm3 to m3. This methodology allowed for a
precise calculation of the dose rates in the MIRD phan-
tom corresponding to the specified radon concentrations.

The temporal behavior of stem cells according to re-
liable sources is shown in Fig. 2. This figure shows the
behavior of two types of stem cells, WT and Lnk, over
time (Suzuki et al., 2012).

2.2 Stem cell equation

Equation (2) represents the differential equation for stem
cells in bone marrow (Khandaker et al., 2023). the coeffi-
cients are explained in Table 1 and their units and values
are also mentioned.

dxud1
dt

=
αxud1

1 + β(x1 + θ2x2 + θ3x3)
− γxud1 − N

D1
xud1 (2)

The parameter β is obtained by the relation β =
G

HK
where H is the specific rate of natural macrodegradation,
G is the macroproduction rate, and K is the inhibition
constant. This equation shows that stem cells are pro-
duced at a rate of γ and transformed into other types of
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Table 1: Coefficients of blood stem cell production parameters (Fedorov, 1976).

Parameter Value Unit Explanation

α 2.4 day−1 Stem cell production rate in bone marrow
γ 1.4 day−1 Stem cell differentiation rate into progenitors
β 0.00018 day−1 Death rate of progenitor cells

D1
AIR: 2.6E − 09

Gy
Reference dose for studying of the radiation effect on stem cells due

WATER: 1E-11 radon in air and water
θ2 0 Without unit Coefficient dependent on the effect of radiation on the second stage
θ3 0 Without unit Coefficient dependent on the effect of radiation on the third stage

cells at a rate of
αxud1

1 + β(x1 + θ2x2 + θ3x3)
and also some

of them are destroyed at a rate of
N

D1
(Fedorov, 1976).

In this equation, the coefficient γ is equal to 1.4 day−1,
N is the dose rate in terms of Gy.day−1 and D1 is a specific
value of the dose in terms of Gy (Fedorov, 1976; Pedersen
et al., 2023). According to Fig. 2, the α coefficient was
calculated to be 7 for the WT type stem cell and 8 for the
Lnk type. Also, the coefficient is considered to be 0.00018
according to the data in Fig. 2. Due to the investiga-
tion of the stem cell density and the failure to calculate
the density of other cells (x2 and x3), the values of the
inhibition coefficients θ2 and θ3 were taken as zero. The
coefficient D1 was taken as 2.6 nGy for air and 10 pGy for
water. The dose rate N is obtained according to Monte
Carlo calculations.

2.3 4th-order Rang-Kutta equations

The 4th-order Runge-Kutta method is a method for solv-
ing differential equations, the series of which is shown in
Eq (3)) (DArienzo and Rarità, 2024).

K1 = hf(xn, yn)

K2 = hf(xn +
h

2
, yn +

K1

2
)

K3 = hf(xn +
h

2
, yn +

K2

2
)

K4 = hf(xn + h, yn +K3)

yn + 1 = yn +
K1

6
+
K2

3
+
K3

3
+
K4

6
+O(h5))

(3)

In these equations, h is the step of change. By the effect
of dose rate in the equations of stem cells, changes in their
population density rate can be studied.

3 Results

3.1 Dosimetry results of radon in air and water

The results of MCNPX code dosimetry calculations were
performed for an alpha emission resulting from the decay
of radon and its progeny in air and water. The results for
the various organs of the MIRD phantom receiving doses
in terms of MeV.g−1 are shown in Tables 2 and 3.

By applying the relevant coefficients, the dose rate
of radon and progeny for 1 Bq.m−3 radon in air and 1
kBq.m−3 radon in water can be calculated. The doses per

particle from the source, as presented in Tables 2 and 3,
are given in units of MeV.g−1. To convert these values
into the dose rate in (Gy.day−1), the following procedure
was used:

First, the total activity (A) of the radon source for
concentrations of 1 Bqm−3 and 1 kBq.m−3 using the for-
mula A = CV was calculated, where C (Bq.m−3) is the
radon concentration and V (m3) is the volume around the
phantom (that is 72 cm3 for air and 109148 cm3 for wa-
ter). The resulting radon activities for air and water were
9430.34 and 6286.93 Bq respectively. The total dose rate
in Gy.day−1 was then calculated by multiplying the total
dose values from Tables 2 and 3 by these activity values,
by the factor of 86400 (to convert second to day), and by
the conversion factor for MeV.g−1 to Gy (1.6 × 10−10).
This resulted in total dose rates of 6.68 Gy.day−1 for air
and 5.33 Gy.day−1 for water. Finally, based on the D1

value from Table 1, the N/D1 coefficient for the 1 Bq.m−3

concentration in air and the 1 kBqm−3 concentration in
water was calculated to be 0.514 day−1 and 0.106 day−1

respectively. These values allow for the investigation of
the impact of radon on both WT and Lnk stem cells.

Table 2: Radon Dose (MeV.g−1) per particle in air.

Radon in air

Cell
Volume Dose (MeV.g−1)

(g) per particle

Trunk 4.48136E+04 2.69246E-08

Head 5.46000E+03 1.44031E-10

Legs 2.16320E+04 8.80611E-08

Lower colon
Descending colon 3.09816E+02 3.95638E-09
Sigmoid colon

Scalp and neck 3.30720E+02 1.65557E-04

Trunk skin 1.49760E+03 1.18240E-04

Feet skin 1.25840E+03 1.58762E-04

Total Dose 4.43E-04

Table 3: Radon Dose (MeV.g−1) per particle in water.

Radon in water

Cell
Volume Dose (MeV.g−1)

(g) per particle

Legs 2.16320E+04 2.16428E-10

Scalp and neck 3.30720E+02 1.66523E-07

Trunk skin 1.49760E+03 1.86386E-07

Feet skin 1.25840E+03 1.76468E-07

Total Dose 5.30E-07
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Figure 3: Changes in WT stem cells in air and water.

Figure 4: Changes in Lnk-type stem cells in air and water.

3.2 The variation of stem cells population in ef-
fect of radon in air and water

According the radon dose rate calculations in the air and
water for WT and Lnk stem cells due 1 Bq.m−3 radon
in air and 1 kBq.m−3 radon in water, the rate of change
in stem cell population density were calculated using the
4th order Runge-Kutta method, the graphs of which are
shown in Figs. 3 and 4.

Examining the graphs in Figs. 3 and 4 shows that the
rate of stem cell change in air is greater than in water due
to the higher dose of radon and its progeny in the air.

Figures 3 and 4 show the proliferation of WT and Lnk
stem cells over four days exposed to different concentra-
tions of radon. The graphs show three distinct scenarios:
a control group without radon (0 Bq.m−3) and two ex-
perimental groups exposed to radon concentrations of 1

kBq.m−3 in water and 1 Bq.m−3 in air. A key observa-
tion from both figures is that Lnk stem cells (Fig. 4) show
a significantly higher proliferation rate and a more pro-
nounced curve curvature compared to WT stem cells (Fig.
3). In contrast, the difference between the radonexposed
and control groups appears minimal in both figures. This
can be attributed to the low dose effect of radiation. Even
at a concentration of 1 kBq.m−3, the dose received by
the cells is in a range that the robust DNA repair mech-
anisms of stem cells can effectively mitigate. The small
changes observed are a direct result of a key parameter of
the model, the N/D1 factor, which quantifies the rate of
cell loss due to radiation. Our calculations showed that
this factor remains a minor factor compared to natural cell
proliferation, leading to similar growth curves as seen in
the figures. Our findings demonstrate that over a one-day
period, the impact of radon on the population density of
stem cells is minimal. This suggests that low-dose, short-
term exposure, such as that used in radon therapy, may
not significantly disrupt normal stem cell proliferation, a
critical factor for tissue health and repair. Historically,
radon therapy has been considered a potential treatment
modality for various skin and respiratory diseases, despite
its well-established association with lung and skin can-
cer risks. The minimal change observed in our in-vitro
model over a short duration provides a preliminary basis
for understanding why low-dose radon exposure might be
tolerated in clinical settings, supporting its potential as a
therapeutic approach while highlighting the importance of
carefully controlled exposure duration and concentration
to avoid long-term risks.

4 Discussion

Radon therapy has been historically considered as a po-
tential modality for the treatment of various skin and res-
piratory diseases, despite its well-established association
with lung and skin cancer risks. In this study, computa-
tional dosimetry data obtained from MCNPX simulations
in an MIRD phantom were used to investigate the biolog-
ical effects of radon exposure on stem cell population den-
sity. The absorbed dose by different organs was calculated
under two exposure scenarios -water and air- and then
incorporated into a differential equation modeling stem
cell dynamics, solved via the fourth-order Runge-Kutta
method. The results indicate that exposure to radon and
its progeny leads to a decrease in the population density of
both WT and Lnk types of hematopoietic stem cells over
a four-day period. Specifically, at the end of the exposure
period, the density of stem cells decreased by approxi-
mately 2.65% in the air environment and 12.33% in the
water environment

Radon therapy, when applied in controlled low doses
and within specific timeframes, has been demonstrated
to induce beneficial physiological effects, particularly by
modulating inflammatory responses and enhancing re-
generative processes. The moderate reductions observed
in stem cell populations -2.65% and 12.33%- during the
course of radon therapy should be interpreted as part of
the body’s adaptive hormetic response rather than as indi-
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cators of permanent cellular damage (Calabrese and Matt-
son, 2017; Feinendegen, 2005; Mitsunobu et al., 2003).
These transient decreases likely reflect a temporary re-
distribution or activation of stem cells that contribute
to tissue repair and homeostasis. Supporting this, pre-
vious studies have shown that low-dose radon exposure
can stimulate the production of cytokines and growth fac-
tors, which promote stem cell activation and proliferation
(Kataoka et al., 2021).

Furthermore, therapeutic radon exposure contrasts
with the detrimental effects of chronic, uncontrolled radon
exposure. In clinical settings, radon therapy has been as-
sociated with improved markers of inflammation and en-
hanced tissue regeneration without evidence of long-term
harm (Falkenbach et al., 2005). This evidence supports
the notion that radon therapy, by triggering controlled bi-
ological stress, activates endogenous repair mechanisms,
thereby offering potential therapeutic benefits.

This disparity in effect can be attributed to the higher
concentration and penetration of radon in air compared to
water, resulting in greater radiation doses delivered to the
body. These findings are consistent with previous studies
suggesting that low-dose ionizing radiation may have sup-
pressive effects on hematopoietic stem cells (Khandaker
et al., 2023). However, it is important to note that the
observed changes were relatively small, particularly in the
water exposure scenario, suggesting that radon therapy
may not significantly alter systemic stem cell populations
under the conditions studied. One of the strengths of this
study lies in the use of the MIRD phantom and MCNPX
code, which allowed for precise organ-specific dose cal-
culations and enhanced the reliability of the simulation.
Moreover, the application of the Runge-Kutta method
provided a robust numerical approach for modeling the
temporal behavior of stem cell populations under radia-
tion stress. Future studies should consider incorporating
in vivo models or clinical data to validate these simulated
outcomes. Additionally, exploring the potential protective
role of antioxidants or other radioprotective agents during
radon therapy could provide further insights into minimiz-
ing adverse biological effects while preserving therapeutic
benefits.

5 Conclusions

This study investigated the impact of short-term radon
therapy in water and air environments on the population
density of hematopoietic stem cells using dosimetric data
derived from MCNPX simulations in an MIRD phantom.
The results demonstrated a modest reduction in stem cell
density following exposure, with a more pronounced effect
observed in the air environment compared to the water
environment. While radon therapy remains a topic of in-
terest in alternative medicine, the findings suggest that its
influence on stem cell population density is minimal within
the parameters examined. These results contribute to the
growing understanding of radons biological effects and un-
derscore the importance of careful dosimetry in evaluating
the safety and efficacy of radon-based therapies. Further
research integrating clinical observations and long-term

follow-up is recommended to comprehensively assess the
implications of radon exposure on stem cell dynamics and
overall health outcomes.
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