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Introduction
In recent years, global warming has affected everyone’s lives. Long 
periods of high temperature exposure can affect both physical and 
physiological functioning. One noticeable change is the steady 
rise in skin temperature as ambient temperatures increase [1-3]. 
Junmeng Lyu reported that skin temperature is strongly associated 
with air temperature and solar radiation and that it responds quickly 
to environmental variation [4]. Sensitivity also varies across the 
body: the head and trunk tend to maintain higher skin temperatures 
and show less fluctuation than the limbs. Wenjie Song noted that 
the face and hands are the most common sites for skin-temperature 
measurement due to their higher thermal sensitivity [5]. At the 
same time, mean skin temperature remains a key physiological 
indicator in assessing heat exchange between the body and its 
surroundings [6,7]. Mingxuan Luo Proposed that many studies 
consider skin temperature the primary physiological marker of 
health status, with blood pressure and heart rate following behind. 
Among outdoor thermal factors, solar radiation plays one of the 
most significant roles in altering skin temperature [8]. Huihui Zhao 
Found that radiant temperature and its dynamic changes shape 
people’s thermal experiences during clear summer weather [9]. 
Julian Anders calculated Pearson correlation coefficients between 
the Universal Thermal Climate Index (UTCI) and influential 
meteorological variables throughout the diurnal cycle [10]. 
Because radiation has a strong influence on thermal sensation, 
the highest daytime correlations were found with mean radiant 

temperature (MRT, 0.66-0.97) and incoming shortwave radiation 
(SWR, 0.62-0.92). Outdoor solar radiation also produces more 
pronounced changes in skin temperature. Overall, skin temperature 
serves as an indicator of thermal sensation, closely linked to 
radiation levels in the outdoor environment [11-13].

Based on the above findings, the outdoor thermal environment can 
raise human skin temperature. This raises two questions: can skin 
temperature in outdoor conditions reach the threshold required 
for hyperthermia, and if so, what is the effective hyperthermia 
depth beneath the skin surface? To address these questions, it is 
necessary to first outline the principles of hyperthermia.

Tumors pose a significant threat because they reduce quality of 
life and contribute to premature death [14,15]. Hyperthermia 
is a therapeutic technique that elevates the temperature of 
tumor-affected tissue [16,17]. Among treatments that disrupt the 
homeostasis of tumor cells, hyperthermia has shown promising 
anti-tumor effects [18-20]. It is also considered environmentally 
sustainable and generally safe for patients. There are two main 
types of hyperthermia: thermal ablation, which heats the tumor 
above 60℃, and mild hyperthermia, which operates between 
41-45℃ [21]. Thermal ablation targets the tumor core directly, 
while mild hyperthermia affects a broader region, including 
surrounding surface tissues. Hyperthermia begins to alter the tumor 
microenvironment at temperatures as low as 39℃ by increasing 
perfusion and reoxygenation [22-24]. Because mild hyperthermia 
does not sharply distinguish between tumor and nearby normal 
tissues both are typically heated to similar levels [25,26]. However, 
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tumor tissue tends to be 1-3℃ warmer than normal tissue [27-
29]. Thus, if the tumor reaches the therapeutic range of 39-45℃ 
the adjacent subcutaneous tissue only needs to reach about 38℃ 
from a conservative standpoint [30-32]. Clinically, hyperthermia 
is often used as an adjuvant treatment to enhance chemotherapy 
and radiation therapy. These procedures are usually carried out 
indoors with controlled thermal conditions using radiofrequency, 
microwave, or ultrasound equipment. A review of prior studies 
shows that research has focused almost entirely on indoor 
temperature regulation, with little attention given to outdoor 
environments. This paper introduces an alternative approach: 
using outdoor thermal conditions to support hyperthermia for 
patients with superficial skin tumors after hospital discharge. 
Drawing on measured data of skin-surface temperature under 
different outdoor conditions, we show that skin temperature can 
reach approximately 41℃ when air temperature is around 30℃ 
and direct solar radiation is present. These findings suggest that, 
for patients with superficial skin tumors, outdoor exposure may 
provide a feasible means of achieving mild hyperthermia.

Based on the principles of hyperthermia and the measured skin-
temperature data, it is clear that superficial skin tumors can reach the 
critical threshold of 39℃ under certain outdoor conditions. However, 
the depth to which this heating effect extends into underlying tissue 
remains uncertain, making an analysis of subsurface temperature 
distribution necessary. Much of the existing research on tissue 
heat transfer relies on the Pennes bio-heat transfer equation. Most 
studies extend the original model and incorporate additional factors 
to address specific research needs. Because the classical Pennes 
equation does not allow for a direct analytical solution, researchers 
have relied heavily on numerical methods, which often lead to 
complex solution procedures. Ping Yuan applied a finite-difference 
method to compute tissue temperature distribution using the Pennes 
bio-heat transfer equation together with a two-equation porous 
model, and then used a conjugate-gradient method to estimate 
the equivalent heat-transfer coefficient for that model [33]. Saqib 
Mubarak developed a multi-compartment mathematical model 
of neonatal thermoregulation based on the Pennes equation with 
appropriate boundary and initial conditions [34]. In related work, 
three-layer skin models with different thermal properties have 
been simulated and thermal-wave bio-heat equations have been 
solved using finite-difference methods [35]. Dual-phase models 
have also been proposed to address limitations of earlier dual-phase 
lag formulations that simply modified the classical Pennes equation 
[36]. Many approaches to solving the Pennes equation rely on 
numerical methods implemented through specialized computational 
software [37-39]. Jeantide Said Camilleri used computational 
simulations in which the Pennes bio-heat equation was applied to 
model heat exchange within biological tissue [40]. In this work, 
the tissue thermal-response equation (TRTE) was coupled with the 
Pennes bio-heat transfer equation (BHTE) to examine the thermal 
behavior of the tissue, and the BHTE was solved using the finite-
volume method (FVM) [41]. Yundong Tang compared four bio-heat 
equations by analyzing therapeutic temperature distribution and 
heat-induced tissue damage in a geometric model constructed from 

computed-tomography images of a tumor [42]. Teerapot Wessapan 
investigated SAR, fluid flow, and heat transfer in biological tissue 
under electromagnetic near-field exposure [43]. This coupled model 
of EM-field propagation, heat transfer, and blood-flow analysis was 
solved using the finite-element method, and all computational steps 
were implemented in COMSOL Multiphysics.

The aim of this study is to develop a simpler approach for establishing 
and solving a bio-heat transfer equation that incorporates blood 
perfusion, without relying on complex numerical methods. We 
introduce an analytical solution for a new bio-heat transfer model, 
which makes the calculation process more straightforward. Using 
this model, we derive tissue-temperature distributions under 
several boundary conditions, allowing us to estimate internal 
tumor temperatures in outdoor thermal environments.

Figure 1: Diagram of the Mathematical Model

Descriptions of the Mathematical Model and its Solution
The Construction Process of the Mathematical Model

Figure 2: Cylindrical Coordinates Model of the Bio-Heat Transfer [44]
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Heat conduction in the r direction, Qr (W):

km-Tissue thermal conductivity, W/(m∙K)

Heat conduction in the z direction, Qz (W):

Heat produced by tissue, Qt (W):

Qm-Metabolic heat-production rate, (W/m3)

Energy variation for the elemental volume, Qe (W):

Here, dτ=1
c-Specific heat of tissue, (J/Kg∙K);

Convective heat transfer between arterial blood and tissue, Qc (W):

(r⋅n+b)-Venous blood temperature; the parameters n and b are determined by the skin temperature and core temperature.
Wb-Blood perfusion rate, (kg/m3∙s);
Cb-Specific heat of blood, (J/Kg∙K);
Ta-Artery blood temperature, (℃);
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The Energy Balance Equation for the Elemental Volume:

In this paper, heat conduction in the φ and z direction is neglected, and equation (2) is therefore reduced to:

Assuming steady-state heat transfer, equation (3) is further simplified to equation (4):

Solution of the Mathematical Model
The steps for solving equation (4) are outlined below:

Equation (5) represents the final analytical solution for the tissue-temperature distribution.
Wb in the equation (5) is determined by (Martin Seebass, 1999):
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In equation (6), Tm  is the arithmetic mean temperature of the skin 
surface Ts and the core temperature Tb:

Constants C1 and C2 in equation (5) are determined using Dirichlet 
boundary conditions, which depend on Ts and Ta.

Validation of the Mathematical Model
To validate the mathematical model proposed in this paper, the 
calculated tissue-temperature distribution at various depths for 
breast was compared with results obtained from the Pennes model 
and its numerical solution [45]. The parameters and boundary 
conditions needed for the mathematical model are as follows:

km=0.22(J/Kg∙K); Qm=400 (W/m3); Wb Cb=800(W/m3∙K); 
Tb=36.3℃; Ts=34.5℃; n=-90; b=40.98;

Using these parameters and the analytical expression from equation 
(5), the tissue-temperature distribution was derived as follows:

As the tissue depth affected by outdoor thermal environment is 
around 0.02m, the constants C1 and C2 were determined by the 
following conditions [46]:

The resulting values of the two constants are:
C1=-1.865
C2=1.335
The tissue-temperature distribution obtained from the mathematical 
model is:
T=3800r2-36363.636r3-8.477 lnr+6.068

Figure 3 presents the comparison of tissue temperature between 
the mathematical model and the reference case.

Figure 3: Data Comparison between Mathematical Model and 
Reference Case

As shown in Fig. 3, the analytical solution produced by the 
proposed model aligns closely with the temperature distribution 
obtained from the reference case. This high level of agreement 
indicates that the analytical solution is meaningful for bio-heat 
transfer analysis and offers a simpler calculation process compared 
with traditional numerical methods.

Sensitive Analysis of Skin Surface Temperatures
In this section, the arm is used as the study subject. Several 
assumed skin-surface temperatures were selected to examine 
their effects on tissue-temperature distribution. The arm diameter 
is taken as 0.08 m, and the core temperature is set to 37℃.

The analytical solutions for the different skin temperatures are:

Figure 4 shows the tissue-temperature distribution when the skin-
surface temperature is higher than the core temperature.

Figure 4: Tissue Temperature Distribution when Ts>Ta

When the skin-surface temperature is lower than the core 
temperature, the analytical solutions for the tissue-temperature 
distributions are:
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Figure 5: Tissue Temperature Distribution when Ts<Ta

Fig.4 and Fig.5 show that when the skin-surface temperature is 
higher or lower than the core temperature, the corresponding tissue 
temperatures also rise or fall relative to the core temperature. 
Based on these temperature distributions, the effective tissue depth 
that can be reached by hyperthermia can be identified. In Fig. 5, 
all tissue temperatures remain below the critical hyperthermia 
threshold, indicating that hyperthermia cannot occur when the 
skin temperature is lower than the core temperature. This result 
suggests that outdoor thermal conditions that do not elevate skin 
temperature above core temperature will be unable to produce a 
hyperthermia effect.

Results and Discussions
Measurements of Skin Temperature under Outdoor Thermal 
Environment
The measured parameters include air temperature, skin surface 
temperature, solar radiation, relative humidity, wind speed, etc. 
Skin-surface temperature was recorded on the arm once the 
temperature had stabilized in the outdoor setting. Measurements 
were taken at 10-second intervals. At the same time, the outdoor 
environmental parameters were documented to examine how these 
conditions influence skin-surface temperature.

Three typical scenarios were used in the paper to illustrate how skin-
surface temperature responds to different thermal environments. 
Fig.6 presents the skin-temperature measurements for Case 1 under 
relatively steady conditions. The outdoor parameters were: air 
temperature 31.6 °C, solar radiation 684.4 W/m², relative humidity 
44%, and wind speed 0.32 m/s. The average measured skin-
surface temperature was 40.3 °C. The figure also shows that skin 
temperature remained fairly stable, reflecting the body’s adaptation 
to the outdoor conditions through sweat evaporation, convection, 
conduction, and the influence of solar radiation. Fig.7 shows the 
measurements for Case 2, where the outdoor conditions were air 
temperature 29.3°C, solar radiation 810.5W/m², relative humidity 
41.8%, and wind speed 0.28 m/s. The average skin-surface 
temperature in this case reached 41.1 °C. Fig.8 presents Case 
3, measured under an air temperature of 28.2°C, solar radiation 
653.0W/m², relative humidity 69.4%, and wind speed 0.34 m/s. 
The average skin-surface temperature was 39.5 °C. Across all three 
cases, skin-temperature trends remained relatively stable once 
adapted to the outdoor conditions, although the absolute values 
differed according to each thermal environment. The average 
skin-surface temperatures from each case were used as boundary 
conditions in the mathematical model. All outdoor environmental 
parameters for the three cases are summarized in Table 1.

Table 1: Parameters for the Three Cases
Average Skin 
Temperature 

(℃)

Air 
Temperature 

(℃)

Solar 
Radiation 

(W/m2)

Wind 
Speed 
(m/s)

Relative 
Humidity 

(%)

Case 1 40.3 31.6 684.4 0.32 44.2

Case 2 41.1 29.3 810.5 0.28 41.8

Case 3 39.5 28.2 653.0 0.34 69.4

Figure 6: Measured Skin Temperature for Case 1

Figure 7: Measured Skin Temperature for Case 2

Figure 8: Measured Skin Temperature for Case 3

Determination of the Effective Depth for Hyperthermia
Based on the bio-heat transfer model developed earlier, skin-
surface temperature and core temperature were applied as Dirichlet 
boundary conditions. Using these conditions, the analytical solution 
of the model was used to determine the temperature distribution 
within the tissue beneath the skin. The following section outlines 
the analysis procedure used for the three representative cases.
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Case 1
In this case, the skin-surface temperature was 40.3 °C and the core 
temperature was 37 °C. Using the same procedure described in 
Section 2.3, the corresponding tissue-temperature profile beneath 
the skin was obtained:

Fig.9 presents the resulting temperature distribution. The 
commonly referenced threshold for mild hyperthermia is 39°C for 
tumor tissue. Since tumor temperature is typically 1–3 °C higher 
than the surrounding normal tissue, a conservative threshold of 
38°C was applied to normal tissue. In other words, when normal 
tissue reaches 38°C, the tumor temperature is expected to be at 
least 39°C. Based on the above analysis, the effective hyperthermia 
depth for superficial tumor is 10.6mm in case 1 (see Fig.9).

Figure 9: Effective Hyperthermia Depth for Case 1

Case 2
For Case 2, the skin-surface temperature reached 41.1 °C, while 
the core temperature remained at 37 °C. Using the same approach 
outlined in Section 2.3, the corresponding tissue-temperature 
profile beneath the skin was derived:

Fig.10 illustrates the resulting temperature distribution. Applying 
the same criterion for determining the effective hyperthermia 
depth, the depth at which normal tissue reaches the threshold 
temperature is 11.3 mm in this case (see Fig. 10).

Figure 10: Effective Hyperthermia Depth for Case 2

Case 3
For Case 3, the skin-surface temperature was 39.5 °C and the 
core temperature remained at 37 °C. Using the same procedure 
as in the previous cases, the tissue-temperature profile beneath 
the skin was obtained:

Fig.11 shows the resulting temperature distribution. Applying 
the established criterion for case 3 determining the effective 
hyperthermia depth, the depth at which normal tissue reaches 
the threshold temperature is 9.0 mm in this case (see Fig. 11).

Figure 11: Effective Hyperthermia Depth for Case 3

Through the analysis of the three typical cases, the effective depth 
of hyperthermia was determined. These cases serve as examples of 
the analysis procedure; in practice, any skin-surface temperature 
meeting the hyperthermia threshold can be evaluated using the 
model to determine the corresponding effective depth.

Skin Temperature Distribution under Different Outdoor 
Thermal Environment
Because this study considers outdoor thermal conditions as the 
external source of heating for superficial tumor hyperthermia, the 
feasibility of the approach depends strongly on the weather. To 
understand how skin temperature varies across different outdoor 
environments, multiple measurement sessions were conducted. 
Fig.12 presents the distribution of skin-surface temperatures 
recorded across these sessions. As shown in Fig. 12, average 
skin temperature varied widely in response to changing outdoor 
conditions. Over a longer observation period, some days 
provided temperatures that exceeded the threshold needed for 
mild hyperthermia, while others did not. The horizontal yellow 
line in Fig. 12 marks the critical temperature threshold: values 
above this line indicate that skin temperature meets the minimum 
requirement for hyperthermia, whereas values below it do not. In 
one-word, outdoor thermal conditions can provide the necessary 
temperature for superficial hyperthermia, but such conditions are 
not available every day. The measurements in Fig. 12 illustrate 
that, under suitable weather, outdoor environments may offer a 
convenient and low-cost source of heat for this purpose.
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Figure 12: Different Skin Temperatures in Different Outdoor 
Thermal Environment

To examine how skin temperature responds to outdoor conditions, 
two key environmental variables, air temperature and solar 
radiation, were selected for further analysis. Fig.13 illustrates 
the relationship between skin temperature and air temperature. 
A positive correlation is observed (R² = 0.458), indicating that 
air temperature has a meaningful influence on skin-surface 
temperature. Fig.14 shows the relationship between skin 
temperature and solar radiation. Here, the positive correlation 
is stronger (R² = 0.668), suggesting that solar radiation plays an 
even more significant role in determining skin temperature. In 
both figures, skin temperature follows the general trend of the 
corresponding environmental variable, but solar radiation appears 
to be the dominant factor.

Figure 13: Relationship between Skin Temperature and Air 
Temperature

Figure 14: Relationship between Skin Temperature and Solar 
Radiation

Discussions
Hyperthermia has gained increasing clinical attention in recent 
years. Many hospitals in China have incorporated hyperthermia 
as an adjunctive treatment for tumors, and several studies report 
therapeutic benefits. Research and clinical observations indicate 
that heat-based interventions can suppress tumor growth by 
damaging tumor cells, disrupting tumor-associated vasculature, 
and activating immune responses. Experimental work has 
investigated the effects of controlled thermal environments on 
tumor development. For example, studies using BALB/c 4T1 
breast-tumor mouse models found that continuous exposure to an 
elevated thermal environment significantly slowed tumor growth. 
After 21 days of heating, histopathological analysis showed 
extensive tumor-cell necrosis, suggesting a clear cytotoxic effect. 
At the same time, tumors in the heated group also showed reduced 
lactic acid and ATP concentrations compared with controls. In 
addition, other studies examining cervical Caski tumor cells 
reported that hyperthermia inhibited cell proliferation, increased 
apoptosis and necrosis, induced S-phase arrest, and reduced PCNA 
expression. In addition, changes in Smac/DIABLO and caspase-3 
expression at both mRNA and protein levels also depended on 
the hyperthermia temperature and duration. Collectively, these 
findings suggest that temperature has a marked influence on tumor-
cell proliferation, apoptosis, and related molecular pathways. In 
clinical practice, hyperthermia protocols vary according to tumor 
location. Superficial tumors, including various skin tumors such 
as squamous cell carcinoma, adenocarcinoma, and melanoma, 
typically require intratumoral temperatures of 39-45 °C, with 
skin-surface temperatures maintained between 39-43 °C and not 
exceeding 45 °C. Treatment sessions generally last 30-60 minutes 
and may extend to 90 minutes when necessary. These temperatures 
are commonly achieved using dedicated hyperthermia devices such 
as the BSD2000 hyperthermia machine, We2102-A and We2102-I 
microwave systems, which are designed to elevate and maintain 
tissue temperature within the therapeutic range. Given that the 
essential goal of hyperthermia is to raise tumor temperature to a 
defined threshold, this study considered whether natural thermal 
exposure might also contribute to this process. Thus, in addition 
to temperature elevation through clinical devices, it is reasonable 
to ask whether natural conditions could also produce a comparable 
rise in tissue temperature. Therefore, this study examines whether 
natural thermal exposure in outdoor environments could contribute 
to the recovery process for superficial skin tumors. Outdoor thermal 
conditions are shaped by multiple factors, including global climate 
change, surface-material characteristics, population activity, and 
the seasonal movement of the sun, all of which create continuous 
variation throughout the year. Although outdoor conditions do not 
consistently meet the temperature requirements for hyperthermia, 
suitable thermal environments do occur during certain periods, 
particularly in late spring, summer, and early autumn, when skin-
surface temperatures may approach the mild hyperthermia range. 
This study suggests that, under certain conditions, natural outdoor 
thermal environments may reach temperatures comparable to 
mild superficial hyperthermia. In summary, hyperthermia is an 
established approach in tumor treatment, and tumor-cell behavior 
is influenced by the surrounding thermal environment. The 
findings indicate that superficial skin tumors may at times reach 
temperatures within the mild hyperthermia range under specific 
outdoor conditions. For patients who have already completed anti-
tumor therapy, such conditions may offer an additional source of 
thermal exposure that could help support recovery. This possibility 
may contribute to improving the five-year survival rate of patients 
with superficial skin tumors [47-50].
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Conclusions
The paper established a new mathematical model to estimate tissue 
temperatures at different depths using skin-surface temperature 
as a boundary condition. An analytical solution to the bio-heat 
transfer equation was derived, allowing tissue temperatures 
beneath the skin to be calculated. By combining these temperature 
distributions with the critical thresholds for hyperthermia, the 
effective treatment depth for superficial tumors can be determined. 
The analysis shows that this effective depth is directly influenced 
by the skin-surface temperature. The results show that skin-surface 
temperature varies across different outdoor thermal conditions. 
Under certain conditions, skin temperatures may reach levels 
comparable to mild hyperthermia, suggesting that specific outdoor 
environments have the potential to achieve temperatures relevant 
to superficial tumor hyperthermia. The findings also suggest that, 
when used appropriately and with awareness of the effective 
heating depth, selected outdoor thermal environments could 
offer a potential avenue of thermal exposure for individuals with 
superficial tumors. This represents a new conceptual direction, 
presented here for the first time, and warrants further investigation 
by other researchers. The main conclusions are as follows:

•	 A new bio-heat transfer model was developed, and its 
analytical solution produced reasonable tissue-temperature 
distributions, offering a simpler alternative to complex 
numerical methods;

•	 The effective tissue depth for tumor hyperthermia was 
identified by combining the critical hyperthermia temperature 
with the temperature distributions generated from the model;

•	 The analysis of skin temperature and key outdoor thermal 
parameters indicates that the effective hyperthermia depth is 
influenced by outdoor environmental conditions.
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