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Abstract

Outdoor thermal comfort models are generally developed for healthy populations and
may not be directly applicable to patients with altered thermoregulatory capacity. This
study examined summer outdoor thermal responses of lung cancer patients in Shenyang,
China, focusing on differences by treatment modality and disease stage. Field microcli-
matic measurements and questionnaire surveys were conducted in four typical outdoor
microenvironments: waterfront place, tree-shaded space, open square, and enclosed porch.
A total of 706 lung cancer patients were surveyed and stratified by treatment modality
and disease stage. Physiologically equivalent temperature (PET) was calculated using
RayMan Pro based on measured air temperature, mean radiant temperature, air veloc-
ity, relative humidity, clothing insulation, and activity-based metabolic rate. Subgroup
differences were observed in neutral PET and thermal comfort ranges. Chemotherapy
patients had the highest neutral PET at 26.0 ◦C, while immunotherapy patients had the
lowest at 22.6 ◦C. Radiotherapy, surgery, and targeted therapy groups showed neutral PET
values of 23.3 ◦C, 23.7 ◦C, and 24.5 ◦C, respectively. Early-stage patients had a neutral PET
of 23.8 ◦C, whereas late-stage patients showed a higher value of 25.8 ◦C and a narrower
neutral range of 23.1–28.5 ◦C. The surgery group had a broad acceptable PET range of
20.5–28.6 ◦C, while the late-stage group had a narrower range of 24.7–26.8 ◦C. Preferred
temperature was also higher in the chemotherapy and late-stage groups. These findings
indicate heterogeneous summer outdoor thermal responses among lung cancer patients
and provide empirical evidence for subgroup-sensitive thermal assessment and outdoor
space design near healthcare facilities.

Keywords: lung cancer; outdoor thermal comfort; physiologically equivalent temperature;
thermal preference

1. Introduction
1.1. Research Background and Clinical Urgency

Driven by population aging and industrialization, lung cancer has become one of the
leading causes of cancer-related mortality worldwide [1,2]. Epidemiological evidence indi-
cates that Northeast China, particularly Shenyang, has remained a high-incidence hotspot
for lung cancer because of its long-term industrial emission background and high smok-
ing prevalence [3,4]. For this large population of patients with respiratory malignancies,
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treatment is no longer confined to clinical intervention in operating rooms and wards. The
outdoor microclimate of healthcare buildings is increasingly regarded as a relevant compo-
nent of the healing environment [5]. Clinical evidence has shown that appropriate outdoor
exposure may alleviate postoperative ventilatory dysfunction and cancer-related fatigue in
lung cancer patients through improved oxygenation, circadian regulation, and biophilic
effects [6,7]. Chemotherapy, radiotherapy, surgery, immunotherapy, and targeted therapy
are common treatment modalities in lung cancer care. These treatments may affect thermal
perception and adaptive capacity through different clinical pathways, such as peripheral
neuropathy, radiation-induced skin sensitivity, immune-related inflammatory reactions,
dermatologic toxicity, and postoperative changes in pulmonary function or physical ac-
tivity. Disease stage may also modify thermal response. According to the TNM staging
framework, early- and late-stage lung cancer reflect different degrees of tumor progression
and systemic involvement [8]. Late-stage patients often experience greater symptom bur-
den, fatigue, dyspnoea, and reduced exercise capacity, which may lower their tolerance
to outdoor heat, humidity, and airflow variation [9]. Therefore, treatment modality and
disease stage were used as clinically relevant stratification variables in this study.

Shenyang is located in a severe cold-climate zone, but its summer outdoor environment
can still impose considerable heat stress because of elevated air temperature, humidity, and
solar exposure. Such conditions may be particularly relevant for patients with impaired
pulmonary function [10]. Inappropriately designed outdoor thermal environments may
induce respiratory distress or heat stress and may hinder recovery [11]. Establishing a
thermal comfort benchmark for a specific pathological population under local climatic
conditions is therefore relevant to the improvement of regional cancer care services [12].

1.2. Literature Review

Lung cancer patients represent an important subgroup of patients with respiratory
malignancies, and their thermal comfort requirements may differ from those of the general
population. Previous studies have established a general framework for thermal comfort
assessment based on field measurements and subjective surveys, with the PMV–PPD
model remaining a common reference [13,14]. At the same time, indices developed for
complex environments, such as PET and UTCI, have been increasingly examined and
applied in recent years, particularly in outdoor microclimate studies [15,16]. However,
existing studies on thermal comfort in healthcare buildings have mainly focused on indoor
environmental control, PMV/PPD-based assessment, and general occupant satisfaction in
wards or treatment spaces, while patient-specific differences related to health status, disease
condition, or treatment modality have received comparatively limited attention [16].

In hospital indoor environments, empirical studies have shown that the standard
PMV model has limited applicability to patient groups. Yau and Chew reported that
PMV predictions were broadly consistent with trends in thermal sensation vote (TSV),
but systematic deviations remained, with actual dissatisfaction exceeding PPD estimates,
particularly during periods of high summer heat load [17]. Pourshaghaghy and Omidvari
further showed that, under naturally ventilated conditions, hospital wards with PMV
values above +1 at midday in summer were associated with clearly elevated dissatisfaction
and deviated from the comfort zone recommended by ASHRAE [18]. These studies indicate
that patient thermal comfort remains temporally and spatially heterogeneous even under
controlled indoor conditions [15–17].

Recent studies have also examined differences in thermal response between patients
and healthy populations. Although dedicated thermal comfort datasets for cancer patients
are still scarce, existing evidence suggests that vulnerable groups show greater thermal
sensitivity than healthy adults, partly because of differences in behavior, rest patterns,
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and adaptive capacity. Guan et al., 2024., reported that subjective thermal evaluations in
hospital populations were more widely distributed and that the neutral range showed
greater variation, suggesting that thermal perception in patient groups differs from that
of the general adult population [15]. Other field studies have shown that subjects with
different health conditions, such as older adults and patient groups, may have different
thermal thresholds. For example, older adults in outdoor environments showed greater
heat sensitivity than younger subjects, and their neutral thermal indices were systematically
shifted [18,19].

From the perspective of model applicability, several studies have reported larger PMV
prediction errors in hospital environments than in other building types. In these studies,
the mean error between PMV and actual TSV was generally above 0.5, and PPD tended to
underestimate actual dissatisfaction. This indicates that physiological assumptions derived
from healthy adults, including a standard metabolic rate of 1.0–1.2 met, may not be suitable
for patient groups [15,17,20].

Thermal comfort is fundamentally governed by the human heat balance equation,
shown in Equation (1):

M − W = E + C + R + S (1)

where M is metabolic heat production, W is mechanical work, E is evaporative heat loss,
C is convective heat exchange, R is radiative heat exchange, and S is body heat storage.
PMV, PET, and UTCI can all be understood as simplified or empirical representations of
this balance [13].

In outdoor environments, mean radiant temperature (Tmrt) has been identified as
one of the dominant determinants of thermal sensation. For example, a recent field study
reported that a 10 ◦C increase in Tmrt was associated with an increase of about 0.9 in
TSV [21,22]. Another recent field study reported clear variation in neutral PET (NPET)
across different microenvironments, reflecting the strong effect of urban spatial conditions
on thermal comfort [22].

Summer field studies in China have further shown that when air temperature reaches
28–32 ◦C under strong solar exposure, average thermal sensation commonly shifts to-
ward “slightly warm” or “warm,” with high dissatisfaction rates. Increased wind speed
can reduce equivalent temperature, including PET or UTCI, and improve thermal sensa-
tion [23,24]. These findings identify radiation and airflow as key determinants of outdoor
thermal comfort. Case studies in urban environments have also shown that surface heat
accumulation at midday can raise Tmrt well above air temperature, making the outdoor
thermal environment strongly radiation-driven [25]. Also, the effect of thermal exposure
on respiratory function provides indirect evidence relevant to patient populations. Experi-
mental studies with healthy subjects have shown that each one-step increase in thermal
sensation, for example, a shift from moderate-temperature to high-temperature exposure,
can be accompanied by measurable decreases in pulmonary function indices, particularly
forced expiratory volume in one second (FEV1) and the FEV1/FVC ratio [26].

Direct evidence on thermal comfort in cancer patients remains limited, but avail-
able studies indicate that vulnerable groups show substantial variation in neutral range
and behavioral adjustment. In a 2025 study of gynecological tumor patients and their
accompanying family members, the temperature corresponding to the most comfortable
condition was reported as 32.2 ◦C for patients (TCV = −0.16) and 25.6 ◦C for family mem-
bers (TCV = 0.15) [27]. Sun et al., 2025. reported in 2025 that orthopedic patients were
more sensitive to thermal changes, with a neutral SET* of 17.7 ◦C compared with 21.7 ◦C in
healthy individuals [28]. A study conducted in a comparable climate zone found that older
adults had an outdoor neutral UTCI of 16.1 ◦C and a preferred UTCI of 24.3 ◦C [29]. Guan
et al., 2024, [15] further argued that broader investigation across different climate zones in
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China is needed to support the development of individualized thermal comfort strategies.
Studies in high-density urban environments have also shown that street canyon geometry
can substantially increase Tmrt at midday, with values in high H/W streets often exceeding
50 ◦C, thereby increasing thermal discomfort [21].

1.3. Research Objectives

In response to the gaps identified above, this study aims to establish an outdoor
thermal comfort benchmark for lung cancer patients under summer conditions through
high-resolution field measurements and on-site subjective assessment. The study has
two primary objectives and one secondary objective. The first primary objective is to
evaluate outdoor thermal comfort responses among lung cancer patients by measuring
and comparing thermal sensation vote (TSV), thermal acceptability vote (TAV), and neutral
PET across four outdoor microenvironments in summer. The second primary objective is to
examine whether these thermal responses differ by treatment modality and disease stage,
and to analyze the effects of key microclimatic variables, including air temperature, relative
humidity, wind speed, and mean radiant temperature (Tmrt). As a secondary objective, this
study further proposes evidence-based urban microclimate modification and spatial design
strategies to support the improvement of outdoor thermal comfort for lung cancer patients.

2. Methodology
2.1. Study Site

Shenyang is located in northeastern China, extending from 41◦11′51′′ N to 43◦02′13′′ N
and from 122◦25′09′′ E to 124◦48′24′′ E. The city has a temperate semi-humid continental
monsoon climate. Although it is classified as a cold-region city, summer is character-
ized by substantial fluctuations in thermal conditions and by combined heat–humidity
exposure [30]. Meteorological records indicate that the mean maximum temperature in
July reaches approximately 30.5 ◦C, with an average relative humidity of about 75%. The
monthly average temperature in Shenyang is shown in Figure 1. In addition, short-duration
heavy rainfall and thunderstorms frequently occur in the afternoon during summer. To-
gether with the intensification of the urban heat island effect, these conditions can produce
a hot and humid outdoor environment. Such exposure may be particularly relevant for
lung cancer patients, whose respiratory sensitivity and impaired pulmonary function may
increase their vulnerability to outdoor thermal stress [10,31].

The positions of the test sites are shown in Figure 2. This study was conducted across
four representative outdoor microenvironments: waterfront place (WP), tree-shaded area
(TS), open square area (OS), and enclosed porch zone (EP), with details in Figure 3. They
are located within or adjacent to the hospital outdoor activity area and are connected with
major treatment, waiting, and circulation routes. During the field survey, lung cancer
patients were observed using these spaces for short-term waiting, walking, resting, and
communication with accompanying family members. Participants were recruited only
when they were actually present in these spaces and had stayed there long enough to
perceive the local thermal environment. Also, these sites can reflect the diversity of ther-
mal conditions encountered by lung cancer patients during routine outdoor activities in
summer, thereby ensuring ecological validity [32]. During the hottest period of summer
(10:00–16:00 local time), on-site microclimate measurements were taken, including air tem-
perature, relative humidity, wind speed, globe temperature, and shortwave solar radiation.
They were synchronously recorded at each site [33]. To reduce the potential influence of
short-term thermal adaptive behaviors on subjective thermal responses, the field survey
followed a standardized procedure. Participants were interviewed only after they had
stayed in the selected outdoor space for a period of time sufficient for perceiving the local
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thermal environment. Concurrently, standardized thermal sensation and comfort question-
naires were administered to lung cancer patients to quantitatively assess how variations in
shading configuration and how surface characteristics influence their subjective thermal
perception and comfort responses [34].

Figure 1. Monthly average temperature in Shenyang.

 

Figure 2. Cont.
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Figure 2. The relative position of the test site.

(A) 

 

Figure 3. Cont.
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(B) 

(a) Waterfront place. (b) Tree shade space. 

  
Large water body moderates temperature (cooler 
summers, milder winters); high humidity from 

evaporation; localized land–lake breezes. 

Dense foliage blocks direct solar radiation; evapotran-
spiration from leaves lowers air temperature and raises 

humidity; calm, stable conditions. 

(c) Open square. (d) Enclosed porch. 

  

Unshaded, maximum solar exposure; surfaces ab-
sorb heat, causing high daytime temperatures; 

good wind flow but very low humidity 

Structure provides shade, blocking direct sun; open 
sides allow wind through; no evapotranspiration, so 

humidity remains low; cooler than open plaza but 
warmer and drier than under trees 

Figure 3. (A) Four outdoor measurement zones. (B) Four outdoor measurement zones (fish-eye lens).

2.2. Microclimatic Measurements

Microclimatic parameters were measured simultaneously with the questionnaire sur-
vey using portable environmental monitoring instruments. Air temperature and relative
humidity were measured using the temperature–humidity sensor of a JT2020 thermal
comfort meter, with measurement ranges of −20–125 ◦C and 0–100% RH and accuracies
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of ±0.5 ◦C and ±3% RH, respectively. Wind speed was recorded using a JT2020 omnidi-
rectional wind speed sensor, with a measurement range of 0.05–5 m/s and an accuracy of
±0.05 m/s. Black globe temperature was measured using a JT2020 black globe temperature
sensor, with a measurement range of −20–85 ◦C and an accuracy of ±0.5 ◦C. Global hori-
zontal irradiance was measured using a Kipp & Zonen CMP3 pyranometer, which has a
maximum irradiance range of 2000 W/m2. Details of the instruments are shown in Table 1.

Table 1. The characteristics of the instruments.

Meteorological
Parameter Units Type Accuracy Range Resolution

Air Temperature ◦C JT2020 Thermal comfort meter
(temperature and humidity sensor)

−20~125 ◦C ±0.5 ◦C 0.1 ◦C

Relative Humidity % 0~100% ±3% 0.1%

Wind Speed m/s JT2020 Omnidirectional wind speed
sensor 0.05~5 m/s ±0.05 m/s 0.01 m/s

Black Globe
Temperature

◦C JT2020 Black ball temperature sensor −20~85 ◦C ±0.5 ◦C 0.1 ◦C

Global Horizontal
Irradiance W/m2 Kipp & Zonen CMP3 pyranometer 1%/year 0–2000 W/m2 1 W/m2

2.3. Questionnaire Survey

We integrated the environmental monitoring and questionnaire surveys. Physical
parameters, participant characteristics, and thermal perception data were collected si-
multaneously [35]. Fieldwork took place from July to August 2025, covering the typi-
cal high-temperature period of the Shenyang summer. Participants were recruited from
four outdoor microenvironments at the First Hospital of China Medical University and
Shengjing Hospital: water place (WP), tree shade (TS), open square (OS), and enclosed
porch (EP). Participants were recruited through field-based convenience sampling with
eligibility screening. Lung cancer patients who were present in the selected outdoor spaces
during the survey were invited to participate. Eligible participants were clinically di-
agnosed with lung cancer, able to complete the questionnaire, had stayed outdoors long
enough to perceive the local thermal environment, and provided informed consent. Patients
who had just left an air-conditioned indoor space, had recently engaged in intense physical
activity, or could not provide valid thermal comfort responses were excluded. Surveys were
reviewed by the Ethics Committee; the exemption approval number is [2025-KY-129-01].
Informed consent was obtained from all participants before the questionnaire survey.

The questionnaire consisted of three sections. The primary section collected demo-
graphic information, including gender, age, occupation, education, length of residency
in the local climate zone, and real-time clothing insulation (Clo) estimations. The sec-
ond section recorded clinical characteristics based on medical histories, encompassing
disease staging, diagnosis time, and dominant treatment modality (surgery, chemotherapy,
radiotherapy, targeted therapy, or immunotherapy).

The third section comprised the subjective evaluation of the immediate outdoor mi-
croenvironment. The assessment system included the thermal sensation vote (TSV), thermal
comfort vote (TCV), thermal acceptability vote (TAV), and environment satisfaction vote
(ESV), as well as preference votes for temperature (TPV), humidity (HPV), and wind speed
(WPV). TAV was evaluated using a binary classification scale, while all other indices em-
ployed continuous or categorical scales. TSV followed the ASHRAE seven-point standard
scale, ranging from “cold” (−3) to “hot” (+3) [13,14], and TCV utilized a corresponding
seven-point scale [36], details are shown in Table 2.
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Table 2. Subjective perception evaluation scales.

Rating −3 −2 −1 0 1 2 3

TSV Very cold Cool Slightly cool Neutral Slightly warm Warm Very hot

TCV Very
uncomfortable Uncomfortable Slightly

uncomfortable Neutral Slightly
comfortable Comfortable Very

comfortable

Rating −1 0 1

TPV Cooler Unchanged Hotter
WPV Smaller Unchanged Larger
HPV Smaller Unchanged Larger

Rating −1 1

TAV Unacceptable Acceptable

2.4. Selection of Thermal Index

Physiologically equivalent temperature (PET) was used as the main index for evalu-
ating physiological adaptation of lung cancer patients to thermal comfort under complex
outdoor settings [37]; PET is based on the Munich Energy-balance Model for Individuals
(MEMI), which can convert the thermal environment into a single temperature value and
can also convert the temperature, humidity, and wind speed of multiple points into a
single temperature value (◦C) [37]. PET can also reflect the influence of individual factors,
including metabolism, clothing insulation, and so on, and can describe the physical index
of the heat exchange period (convection, radiation, and volatilization) [38].

PET was selected as the primary thermal index because it is consistent with the aim
of this study, which was to examine the thermal perception of lung cancer patients under
different outdoor microclimatic conditions. The selected spaces showed clear differences in
wind speed, humidity, and radiation exposure due to variations in surface materials, spatial
enclosure, and shading conditions. Therefore, a single-parameter index cannot adequately
represent the combined thermal effect of these environments [39]. PET is based on the
human energy balance model and integrates air temperature, mean radiant temperature, air
velocity, and relative humidity. It also allows clothing insulation and metabolic rate, which
were recorded during the questionnaire survey, to be included in the calculation. Compared
with HI and WBGT, PET provides a more comprehensive assessment of outdoor thermal
exposure. Although UTCI is also widely used, PET was considered more suitable for this
study because it can directly incorporate the individual clothing and activity information
of lung cancer patients [32].

PET was calculated using RayMan Pro based on measured air temperature, relative
humidity, air velocity, and mean radiant temperature. Individual clothing insulation was
estimated from the clothing items reported by each participant according to ASHRAE
Standard 55 [14]. Metabolic rate was assigned according to the activity state reported
during the survey, following ISO 7730 [20].

2.5. Investigative Process

Microclimatic measurements were conducted at the four selected outdoor locations
simultaneously with the questionnaire survey. Air temperature (Ta), relative humidity
(RH), air velocity (Va), globe temperature (Tg), and global horizontal irradiance (GHI)
were recorded at a height of 1.5 m above the ground, corresponding approximately to the
center of gravity of a standing person. The measurement procedure followed ISO 7726 for
thermal environment measurements, while GHI was measured using an ISO 9060:2018
Class C pyranometer. The field measurement protocol was also designed with reference to
ASHRAE Standard 55 [14,40].

Mean radiant temperature (Tmrt) was not measured directly but derived from the
measured variables. In this study, Tmrt was calculated following the ISO 7726 standard [40]

https://doi.org/10.3390/buildings16112230

https://doi.org/10.3390/buildings16112230


Buildings 2026, 16, 2230 10 of 29

using Tg, Ta, and Va. Tmrt represents the radiative environment to which the human body
is exposed. The ground surface contributes substantially to long-wave radiation exchange
in outdoor settings, and its influence, conditional on surface material and solar exposure, is
captured through the globe temperature measurement, as shown in Equation (2) [40]:

Tmrt =
(
Tg + 273

)4
+

1.10 × 108V0.6
a

εD0.4

(
Tg − Ta

)− 1
4 − 273 (2)

where D is the diameter of the globe (in this study, D = 0.05 m), and ε is the emissivity (for
a black globe, ε = 0.95).

2.6. Statistical Analysis

Data processing and statistical analysis were conducted using Microsoft Excel 2021,
IBM SPSS Statistics 26.0, and Originpro 2021. Descriptive statistics were first used to sum-
marize participant characteristics, questionnaire responses, and microclimatic parameters.
Linear regression was applied to determine neutral PET (NPET) from the relationship
between mean thermal sensation vote (MTSV) and PET. Quadratic regression was used to
identify the PET corresponding to the maximum mean thermal comfort vote (MTCV) and
the associated comfort range. Preferred temperature (Tpref) was derived using a binary
logistic regression model based on thermal preference votes (TPV). In this procedure, “no
change” responses were redistributed into the “prefer warmer” and “prefer cooler” cate-
gories following the equiprobable principle. Correlation analysis was used to examine the
associations between physical environmental variables and subjective responses. Statistical
significance was evaluated at p < 0.05. Pearson or Spearman correlation coefficients were
selected according to data distribution.

3. Results
3.1. Descriptive Analysis
3.1.1. Meteorological Parameters of Survey Areas

The measurements were conducted from 20 July to 20 August 2025 in four outdoor
microenvironments and were conducted from 10:00 to 1600 on sunny or partly cloudy
days to ensure sufficient solar exposure. Compared with the other spaces, the tree-shaded
space (TS) and enclosed porch (EP) showed lower air temperature (Ta), global horizontal
irradiance (GHI), and globe temperature (Tg). In TS, the tree canopy reduced direct solar
radiation, while plant transpiration and the natural ground surface further limited heat
accumulation. The natural surface also had lower heat storage capacity than artificial
paving. However, dense vegetation could partly obstruct airflow. As a result, TS recorded
relatively low air velocity (Va), depending on vegetation density.

The open square (OS) lacked shading and was surfaced with high-thermal-admittance
artificial pavement; we recorded the highest Ta, Tg, and Va, GHI alongside the lowest RH.
The water proximity (WP) zone registered the highest RH, driven by evaporation from the
adjacent water body under summer insolation. Enclosed porch (EP) recorded intermediate
values across all parameters. Table 3 below summarizes average meteorological parameters
and instrumentation details for each sampling site.
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Table 3. Climate parameters.

Climate Parameters in Different Measurement Area

Place Ta RH Va Tg

Average Min Max Average Min Max Average Max Min Average

Tree shade(TS) 29.4 ◦C 25.7 ◦C 33.7 ◦C 68% 65% 63% 1.1 m/s 2.6 m/s 0.2 m/s 33.3 ◦C
Open square(OS) 32.7 ◦C 27.3 ◦C 36.6 ◦C 57% 38% 69% 3 m/s 6.5 m/s 1.1 m/s 45.0 ◦C

Waterfront place (WP) 29.6 ◦C 24.4 ◦C 33.0 ◦C 78% 74% 82% 2 m/s 3.4 m/s 0.9 m/s 32.9 ◦C
Enclosed porch(EP) 30.2 ◦C 27.5 ◦C 34.2 ◦C 65% 61& 69% 1.8 m/s 2.4 m/s 1.0 m/s 34.8 ◦C

3.1.2. Participant Demographics

We recruited 706 lung cancer patients for outdoor surveys. Eligible participants were
identified with the assistance of hospital staff based on clinical diagnosis records. A two-tier
stratification scheme was applied to account for differences in treatment exposure and
disease stage.

Patients were grouped according to the dominant treatment received within the pre-
vious three months: chemotherapy (CHE), radiotherapy (RAD), targeted therapy (TAR),
immunotherapy (IMU), and surgery (OPR). This grouping was used to distinguish differ-
ences in activity level, outdoor exposure, and adaptive behavior, which may affect thermal
perception under outdoor conditions.

Disease stage was classified based on the AJCC TNM framework (8th edition). Pa-
tients with stage I–II non-small-cell lung cancer or limited-stage small-cell lung cancer
were defined as early-stage (ES). Patients with stage III–IV non-small-cell lung cancer or
extensive-stage small cell lung cancer were defined as late-stage (LS). This classification re-
flects differences in mobility and environmental exposure, which are relevant to field-based
thermal comfort assessment.

The above groupings were used to compare thermal sensation, neutral temperature,
and acceptable ranges across subgroups. Analysis focused on relationships between indi-
vidual condition and environmental variables, including air temperature, wind speed, and
mean radiant temperature.

A total of 706 questionnaires were collected to assess the high productivity assessment
rate, classified by treatment research methods: there were 132 cases of radiotherapy, 137
cases of chemotherapy, 231 cases of surgery, 120 cases of targeted therapy, and 86 cases of
immunotherapy; the age of patients varied between 26 and 87 years old. There are 439
males in the sample, compared to 267 females. Table 4 provides a complete breakdown for
each subgroup.

Table 4. Disease classification.

Classification Introduction Number of
Questionnaires Age Ranges Number in

Different Sites

Radiotherapy group
(RAD)

Utilizes high-energy radiation (e.g.,
X-rays or proton beams) focused on

the tumor site to induce DNA
damage and apoptosis in malignant
cells, serving as a critical modality

for local control.

Male: 82

Female: 50

Under 35 (2 cases)
35–50 (14 cases)
50–70 (71 cases)

Over 70 (45 cases)

WP: 31
TS: 40
OS: 25
EP: 36

Chemotherapy group
(CHE)

Employs cytotoxic agents to
systemically eradicate rapidly

proliferating cancer cells (including
metastases) by interfering with DNA

synthesis or inhibiting mitosis,
functioning as a primary systemic

therapy.

Male: 98

Female:39

Under 35 (3 cases)
35–50 (19 cases)
50–70 (85 cases)

Over 70 (30 cases)

WP: 35
TS: 34
OS: 29
EP: 39
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Table 4. Cont.

Classification Introduction Number of
Questionnaires Age Ranges Number in

Different Sites

Surgery group
(OPR)

Involves the surgical resection of the
primary tumor and regional lymph

nodes en bloc. This remains the
cornerstone approach for achieving
accurate pathological staging and

local curative intent.

Male: 126

Female: 105

Under 35 (27 cases)
35–50 (42 cases)
50–70 (126 cases)

Over 70 (36 cases)

WP: 54
TS: 63
OS: 46
EP: 68

Immunotherapy group
(IMU)

Restores the host immune system’s
capacity to recognize and eliminate

malignant cells by overcoming
immunosuppression within the

tumor microenvironment (e.g., via
PD-1/PD-L1 inhibitors) or

enhancing effector cell activity (e.g.,
CAR-T therapy).

Male: 58

Female: 28

Under 35 (0 cases)
35–50 (9 cases)

50–70 (48 cases)
Over 70 (29 cases)

WP: 19
TS: 25
OS: 18
EP: 24

Targeted therapy
group(TAR)

Delivers precise inhibition against
specific oncogenic driver mutations
or aberrant signaling pathways (e.g.,
EGFR, ALK) utilizing small-molecule
inhibitors or monoclonal antibodies,

characterized by high biological
specificity.

Male: 75

Female: 45

Under 35 (12 cases)
35–50 (22 cases)
50–70 (56 cases)

Over 70 (30 cases)

WP: 33
TS: 27
OS: 27
EP: 33

Early-stage group
(ES)

Refers to localized primary tumors
with no or limited regional lymph
node involvement and absence of

distant metastasis. Biologically
characterized by local growth, this

stage is highly amenable to curative
modalities such as surgery or

radiotherapy.

Male: 153

Female: 165

Under 35 (29 cases)
35–50 (51 cases)
50–70 (163 cases)

Over 70 (75 cases)

WP: 81
TS: 77
OS: 72
EP: 80

Late-stage group
(LS)

Indicates the presence of distant
organ metastasis or non-regional

lymph node involvement.
Characterized by systemic

dissemination, the therapeutic
objective shifts toward long-term
disease control and quality of life
improvement, primarily managed

through systemic pharmacotherapies
(chemotherapy, targeted therapy, or

immunotherapy).

Male: 286

Female: 102

Under 35 (14 cases)
35–50 (58 cases)
50–70 (223 cases)

Over 70 (93 cases)

WP: 91
TS: 112
OS: 73
EP: 120

3.1.3. Distribution Characteristics of Thermal Sensation and Thermal Comfort

In the comparison of different treatment groups, distinct differences in thermal sen-
sation voting (TSV) were observed. Among radiotherapy patients (RAD), the highest
proportion of votes occurred at “slightly warm” (TSV = +1), accounting for 33%. For
chemotherapy patients (CHE), the votes tended toward “neutral” (TSV = 0), accounting
for 26%. However, 35% of CHE patients reported ”slightly uncomfortable” (TCV = −1).
Surgery (OPR) and immunotherapy (IMU) groups exhibited a similar pattern, with the
highest proportion of votes at “slightly warm” (TSV = +1), accounting for 29% and 32%,
respectively. In addition, 26% of IMU patients reported “warm” (TSV = +2). Targeted
therapy patients (TAR) showed a similar distribution, with 30% voting for “slightly warm”
(TSV = +1), although their comfort responses varied.

Regarding disease stage, early-stage patients (ES) mainly reported “slightly warm”
(TSV = +1), accounting for 31%. Late-stage patients (LS) showed a similar preference for
“slightly warm,” but the proportion of “neutral” votes was lower, and ”slightly uncomfort-
able” (TCV = −1) became the dominant comfort vote at 29%.

In terms of thermal comfort votes (TCV), the OPR, RAD, and TAR groups reported the
highest shares of “neutral” (TCV = 0) responses, with proportions of 27%, 25%, and 24%,
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respectively. In the OPR group, ”slightly comfortable” (TCV = +1) accounted for 24%, which
was higher than any discomfort votes. For RAD and TAR, the peak occurred at neutral
comfort, while the second highest proportion for RAD was “slightly uncomfortable” (23%).
In contrast, CHE and IMU groups showed different characteristics. Their comfort votes
peaked at “slightly uncomfortable” (TCV = −1), accounting for 31% and 26%, respectively.
The proportions of neutral votes were markedly lower, at 18% and 24%.

Comparisons between disease stages indicate that ES patients most frequently reported
“neutral” (TCV = 0; 28%) and “slightly comfortable” (TCV = +1; 22%). Conversely, for
LS patients, “slightly uncomfortable” (TCV = −1) accounted for the largest share (27%),
followed by neutral votes (21%). The total proportion of “uncomfortable” (TCV = −2) and
“very uncomfortable” (TCV = −3) for LS patients was 34%, markedly higher than the 14%
observed in ES patients.

These results indicate a divergence between thermal sensation and thermal comfort
among different groups. Although OPR and TAR groups reported feeling slightly warm,
they maintained a high level of neutral comfort (TCV = 0). In contrast, CHE and IMU
groups exhibited a sensation–comfort mismatch. CHE patients reported neutral sensation
but high discomfort, while over half of IMU patients reported warm sensations with peak
discomfort at “slightly uncomfortable,” details are shown in Figures 4 and 5.

Figure 4. Thermal sensation vote.

3.1.4. Correlation Between TSV and TCV

In this study, the relationship between TCV and TSV is analyzed, and the fitting
curve is drawn to show the relationship between the two, as shown in Figure 6. It can
be seen that the relationship between the two is nonlinear, and the comfort threshold is
significantly different.

Analyzing the characteristics of OPR and TAR patients, it is known that they have a
strong adaptability to the thermal environment when the TSV is 0.37. In the OPR group,
thermal comfort peaked at a TSV of 0.37, with a maximum TCV of 0.36. This suggests that
the OPR group achieved the highest comfort level under a slightly warm condition. The
TSV range associated with this comfort level extended from −0.79 to 1.46. In this range,
OPR patients can achieve good thermal comfort. TAR has a tolerance interval of −1.00 to
1.29, and the comfort peak is the highest in all treatment groups, with a TCV of 0.37 and a
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TSV of 0.15. This conclusion shows that the thermal regulation capacity of the two groups
is relatively stable.

Figure 5. Thermal comfort vote.

(a) Treatment modality group. 

(b) Cancer staging group. 

Figure 6. The correlation between TSV and TCV. (a) Treatment modality group; (b) Cancer
staging group.
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For patients with RAD disease, the comfort peak is 0.19 (TCV = 0.20), and the interval
is −0.64 to 1.02. In contrast, the comfort peak of the IMU group is only 0.11 (TSV = 0.12),
and the tolerance range is −0.48 to 0.76, which is significantly narrower. The CHE group is
the most restricted, with a TCV of only 0.04 and a narrow adaptive window of 0.39–0.95.
The comfort peak of CHE is 0.06 (TSV = 0.66), which is significantly different from that of
other groups.

Through the comparison of the development of the disease, it is known that the
development of the disease will have a negative impact on the body’s tolerance to heat.
ES patients have the strongest regulatory ability in all groups, with a comfort peak of
0.50 (TSV = 0.25) and a wide range of acceptance (−1.07–1.58). LS patients have obvi-
ous deterioration, with a comfort peak of 0.10 (TSV = 0.46), and the comfort interval is
significantly reduced (−0.13–1.09).

3.1.5. Influence of Physical Environmental Parameters on TSV

Experimental data shows that physical environmental parameters influenced thermal
sensation votes (TSV) differently across treatment groups, as shown in Figure 7.

Figure 7. The correlation between physical parameters and TSV, * indicates p < 0.05.

Air temperature (Ta) led to TSV variation in all groups, but its effect size depended on
other environmental parameters.

Relative humidity (RH) modulates evaporative cooling efficiency. This effect held
particularly for immunotherapy (IMU) and radiotherapy (RAD) patients. IMU patients are
often in a state of systemic inflammation with elevated thermoregulatory set-points in this
setting, showing a strong positive correlation between RH and TSV (ρ > 0.7, p < 0.01). RAD
patients showed rapid TSV increases as the environmental humidity rose.

Air velocity (Va) affects convective heat exchange, and chemotherapy (CHE) pa-
tients were found to be highly sensitive to changes in Va: moderate air movement
(Va ≥ 0.5 m/s) produced sharp declines in mean TSV. In that group, some individuals
reported TSV = −2 (“cool”). Targeted therapy (TAR) and surgery (OPR) patients, by con-
trast, showed minimal TSV response to increased air movement.
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Global horizontal irradiance (GHI) can raise mean radiant temperature, increasing
radiative heat gain. CHE patients showed the strongest positive correlation between GHI
and TSV. RAD patients displayed a more complex pattern: TSV increased modestly with
GHI, but thermal comfort votes (TCV), thermal acceptability votes (TAV), and environmen-
tal satisfaction votes (ESV) deteriorated sharply with increasing GHI. Most groups except
the OPR group showed declining TCV and TAV with increasing GHI.

Metabolic rates (MET), estimated from activity levels, remained low across all groups
due to cancer-related fatigue and impaired pulmonary function. We found no significant
relationship between MET and TSV.

Clothing insulation (clo) showed a weak but consistent positive association with Ta
in all groups except OPR. clo rarely fell below 0.5 clo (that means long-sleeved garments)
even under high temperature.

3.1.6. Meteorological Preferences

Across all treatment groups, the open square (OS) produced the highest thermal stress.
Owing to the absence of shade and the high reflectance of paved surfaces, mean radiant
temperature (Tmrt) was strongly coupled with air temperature (Ta), resulting in substantial
radiant heat exposure. Accordingly, votes for reducing Ta and solar radiation reached their
highest proportions in this setting. The demand in this survey for lower Ta exceeded 50%
in the immunotherapy group (IMU), whereas the chemotherapy group (CHE) showed the
strongest demand for reduced radiation intensity (>70%). In terms of wind preference,
airflow was relatively unobstructed in the OS area, and the CHE group showed a markedly
higher demand for lower wind speed than the other groups.

In the tree-shaded area (TS) and water place (WP), solar radiation was substantially
reduced, whereas evaporative cooling maintained relatively high local relative humidity
(RH), particularly during the morning and evening periods. Under these conditions, the
strongest demand for lower humidity was observed in the IMU and radiotherapy (RAD)
groups. Wind speed was generally low in both TS and WP. The IMU and RAD groups
showed a relatively strong demand for increased airflow, while the CHE group showed
only limited demand for higher wind speed. The enclosed porch (EP) provided effective
shading. However, the dense artificial stone paving had high thermal capacity and surface
emissivity, which promoted daytime heat storage and afternoon long-wave re-radiation,
thereby increasing local Tmrt. As a result, votes for reducing Ta and radiation remained
substantial in this setting, although their proportions were lower than those in the OS area,
indicating a partial mitigation effect of shading. In terms of wind preference, the EP often
functioned as a low-air-movement space because of structural obstruction. The targeted
therapy group (TAR) showed a bidirectional preference pattern in this area: some patients
preferred increased ventilation, whereas others preferred to maintain low air movement.

By disease stage, the early-stage group (ES) showed temperature and wind preferences
broadly similar to those reported for healthy populations, with a relatively wide tolerance
to airflow. In contrast, the late-stage group (LS) showed clear discomfort under both higher
and lower temperatures, a thermally neutral-to-warm preference, and a markedly narrower
tolerance range for air movement. All details are shown in Figure 8.
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(a) Thermal preference vote. 

 
(b) Humidity preference vote. 

(c) Wind speed preference vote. 

Figure 8. Meteorological factor preference vote. (a) Thermal preference vote; (b) Humidity preference
vote; (c) Wind speed preference vote.

https://doi.org/10.3390/buildings16112230

https://doi.org/10.3390/buildings16112230


Buildings 2026, 16, 2230 18 of 29

3.2. Thermal Benchmarks
3.2.1. Neutral PET and Neutral PET Range

Neutral physiologically equivalent temperature (NPET) was determined using a
segmented statistical approach. PET values were grouped at 1 ◦C intervals. Mean thermal
sensation vote (MTSV) was calculated for each interval. Linear regression was fitted
between MTSV and PET. NPET corresponded to MTSV = 0. Neutral PET range (NPETR)
corresponded to −0.5 ≤ MTSV ≤ +0.5.

Intergroup differences were substantial. Chemotherapy patients (CHE) showed the
highest NPET at 26.0 ◦C. Immunotherapy patients (IMU) showed the lowest at 22.6 ◦C.
Radiotherapy (RAD), targeted therapy (TAR), and surgery (OPR) groups registered 23.3 ◦C,
24.5 ◦C, and 23.7 ◦C, respectively. For patients in different stages, NPET in ES patients is
23.8 ◦C. NPET of LS is 25.8 ◦C. NPETR for each group: IMU 19.1–26.2 ◦C, RAD 19.4–27.2 ◦C,
TAR 20.4–28.5 ◦C, and OPR appear in Table 5 and Figure 9.

Table 5. Linear equations between mean thermal sensation vote (MTSV) and physiologically equiva-
lent temperature (PET) of participants.

Participants NPET NPETR Linear Function R2 Gradient

RAD 23.3 ◦C 19.4–27.2 ◦C Y = 0.1272 × X − 2.9616 0.9361 0.1272
CHE 26.0 ◦C 22.4–29.7 ◦C Y = 0.1372 × X − 3.5703 0.9089 0.1372
OPR 23.7 ◦C 19.0–28.4 ◦C Y = 0.1076 × X − 2.5508 0.9268 0.1076
IMU 22.6 ◦C 19.1–26.2 ◦C Y = 0.1390 × X − 3.1477 0.9064 0.1390
TAR 24.5 ◦C 20.4–28.5 ◦C Y = 0.1248 × X − 3.0514 0.8862 0.1248
ES 23.8 ◦C 18.6–29.1 ◦C Y = 0.0949 × X − 2.2616 0.9664 0.0949
LS 25.8 ◦C 23.1–28.5 ◦C Y = 0.1873 × X − 4.8316 0.9367 0.1873

Figure 9. The correlation between PET and MTSV.

3.2.2. PET and MTCV

The binning method was applied, using 1 ◦C PET intervals. The mean thermal comfort
vote (MTCV) was calculated for each bin, and a quadratic relationship between MTCV and
PET was fitted. Figure 10 presents the fitted MTCV–PET curves for five treatment groups
and different disease stages.

By treatment type, the PET corresponding to maximum thermal comfort (TCVmax)
varied across groups. The CHE group reached its peak at 26.8 ◦C (TCV = 0.08). The IMU
group reached its peak at 21.6 ◦C (TCV = 0.17). For the RAD, OPR, and TAR groups, the
corresponding PET values were 22.4 ◦C (TCV = 0.27), 24.3 ◦C (TCV = 0.36), and 23.8 ◦C
(TCV = 0.31), respectively.
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Figure 10. The correlation between PET and MTCV.

The PET ranges with positive mean thermal comfort votes (MTCV > 0) were
24.8–28.7 ◦C for CHE, 19.7–26.6 ◦C for RAD, 18.5–25.1 ◦C for IMU, 19.4–29.1 ◦C for OPR,
and 18.8–27.8 ◦C for TAR.

By disease stage, the ES group reached peak comfort at PET = 24.5 ◦C (TCV = 0.40),
with an acceptable range of 19.0–29.9 ◦C. The LS group showed a lower peak (TCV = 0.07)
at PET = 24.7 ◦C, with a narrower acceptable range of 22.5–26.9 ◦C. Detailed results are
shown in Figure 10 and Table 6 below.

Table 6. Curvilinear equations between mean thermal comfort vote (MTCV) and physiologically
equivalent temperature (PET) of participants.

Participants Vertex
Coordinates

TCV > 0,
Range of PET Function R2

RAD PET = 22.4 ◦C
TCV = 0.27 19.7–26.6 ◦C Y = −0.0095X2 + 0.4044 × X − 4.0297 0.8299

CHE PET = 26.8 ◦C
TCV = 0.08 24.8–28. 7 ◦C Y = −0.0235X2 + 1.2619 × X − 16.8554 0.7898

OPR PET = 24.3 ◦C
TCV = 0.36 19.4–29.1 ◦C Y = −0.0155X2 + 0.7541 × X − 8.8022 0.7998

IMU PET = 21.6 ◦C
TCV = 0.17 18.5–25.1 ◦C Y = −0.0109X2 + 0.4711 × X − 5.0135 0.8597

TAR PET = 23.8 ◦C
TCV = 0.31 18.8–27.8 ◦C Y = −0.00902X2 + 0.371 3 × X − 3.2712 0.8635

ES PET = 24.5 ◦C
TCV = 0.40 19.0–29.9 ◦C Y = −0.0144X2 + 0.7104 × X − 8.6945 0.8031

LS PET = 24.7 ◦C
TCV = 0.07 22.5–26.9 ◦C Y = −0.0136X2+ 0.6608 × X − 7.6816 0.8102

3.3. Thermal Acceptability Range

According to the ASHRAE 55 framework, thermal acceptability hinges on occupants’
subjective evaluation. A “thermally acceptable zone” is defined as the range of environmen-
tal conditions—air temperature, humidity, and air movement—under which at least 80% of
occupants express satisfaction, corresponding to a dissatisfaction rate no higher than 20%.
Delineating this threshold accurately is fundamental to thermal comfort assessment. The
correlation between PET and the unacceptable heat preference vote is shown in Figure 11.
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Figure 11. The correlation between PET and the unacceptable heat preference vote.

In our analysis, PET served as the primary outdoor thermal index. Acceptable PET
ranges varied substantially across treatment groups, conditional on treatment type. Radio-
therapy (RAD) and surgery (OPR) groups exhibited comparable ranges: 21.1–26.2 ◦C PET
and 20.5–28.6 ◦C PET, respectively. Immunotherapy (IMU) patients, in this setting, tolerated
cooler environments more readily (16.0–24.3 ◦C PET). Chemotherapy (CHE) patients, by
contrast, shifted toward higher thermal demand (24.6–28.9 ◦C PET). Targeted therapy (TAR)
occupied an intermediate position (19.7–28.1 ◦C PET).

Stage-based comparison revealed that disease progression further modulated thermal
adaptability. Early-stage patients (ES) maintained a relatively broad acceptable range
(19.3–26.1 ◦C PET). Late-stage patients (LS) showed a markedly constricted zone, limited to
24.7–26.8 ◦C PET.

3.4. Preferred Temperature

We developed a Logit regression model using thermal preference vote (TPV) data to
quantify preferred temperature (Tpref) in lung cancer patients. PET was first discretized at
1 ◦C intervals. Because “no change” responses accounted for only a very small proportion
of the thermal preference votes, their redistribution according to the equiprobable principle
was unlikely to substantially affect the estimation of preferred temperature. We imple-
mented a binary recording procedure: following the equiprobable principle, “no change”
votes were randomly redistributed into “prefer warmer” and “prefer cooler” categories.
For each PET interval, we calculated probabilities for both preference directions, fitted
Logit curves, and defined Tpref as their intersection point.

Across treatment groups, Tpref showed marked bidirectional divergence. Immunother-
apy (IMU) and radiotherapy (RAD) patients preferred cooler conditions: Tpref values
reached 22.8 ◦C and 23.1 ◦C, respectively. In RAD patients, preferred temperature (23.1 ◦C)
fell marginally below neutral PET (23.3 ◦C). Chemotherapy (CHE) patients, by contrast,
showed strong preference for warmer conditions. Their Tpref reached 26.6 ◦C, approxi-
mately 3.8 ◦C higher than IMU and slightly exceeding their already elevated neutral PET
(26.0 ◦C). Surgery (OPR) and targeted therapy (TAR) groups occupied intermediate po-
sitions, with Tpref of 24.2 ◦C and 24. 5 ◦C, respectively. In both groups, Tpref marginally
exceeded neutral PET, suggesting modest positive thermal demand conditional on treat-
ment type: even after achieving physiological neutrality, these patients favored slightly
warmer environments for psychological satisfaction.
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Disease stage further modulated preference patterns. Early-stage patients (ES) showed
Tpref of 24.1 ◦C, closely aligned with conventional design standards and consistent with
estimated neutral range. Late-stage patients (LS) demonstrated a distinct pathological
thermal shift: Tpref increased to 26.2 ◦C. A clear preference–neutrality gap emerged in
this group. Although neutral PET was already elevated (25.8 ◦C), preferred temperature
remained approximately 0.4 ◦C higher. Details are shown in Figure 12.

 
(a) RAD group patients. 

 
(b) CHE group patients. 

 
(c) OPR group patients. 

Figure 12. Cont.
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(d) IMU group patients. 

 
(e) TAR group patients. 

(f) ES group patients. 

Figure 12. Cont.
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(g) LS group patients. 

Figure 12. Preferred temperatures among different groups. (a) RAD group patients; (b) CHE group
patients; (c) OPR group patients; (d) IMU group patients; (e) TAR group patients; (f) ES group
patients; (g) LS group patients.

4. Discussion
4.1. Treatment-Induced Heterogeneity in Thermal Comfort and Underlying
Pathophysiological Determinants

Differences in preferred temperature were observed across treatment groups. The
chemotherapy group showed a higher preferred temperature (Tpref ≈ 26.6 ◦C). Under out-
door conditions, higher wind speed may enhance convective heat loss and reduce thermal
acceptability in this group. This pattern is consistent with reports that chemotherapy-
induced peripheral neuropathy is associated with altered thermal perception and cold-
related sensory symptoms [41]. The immunotherapy group preferred lower temperatures
(Tpref ≈ 22.8 ◦C) and showed lower tolerance to high humidity. Thermal responses in this
group were more sensitive to combined heat and moisture exposure. Lower air temper-
ature and increased air movement were associated with improved thermal acceptability.
This may be related, in part, to the fever-like and inflammatory adverse events reported
during PD-1/PD-L1 inhibitor treatment [42]. The radiotherapy group showed a negative
thermal shift. Compared with other groups, thermal acceptability in this group was more
strongly influenced by radiant heat than by air temperature alone. Under high solar expo-
sure, discomfort increased even when air temperature remained within a moderate range.
Shaded conditions and reduced mean radiant temperature (Tmrt) were associated with im-
proved thermal response. A limited clinical explanation is that radiotherapy is commonly
associated with radiation-induced skin damage, which may increase local sensitivity to
environmental stimuli [43]. The targeted therapy group showed reduced tolerance to solar
radiation. Direct exposure resulted in lower thermal acceptability than shaded exposure
at similar air temperatures. This indicates a relatively large contribution of shortwave
radiation to perceived thermal load in this group. Such a result is consistent with previous
reports that EGFR-targeted therapy can be accompanied by cutaneous toxicity, including
photosensitivity [44]. For patients in later stages, the preferred temperature shifted toward
higher values (Tpref ≈ 26.2 ◦C), while the acceptable range became narrower. Thermal
responses in this group were less tolerant to environmental variation, and stable thermal
conditions were associated with higher acceptability. Advanced cancer is frequently ac-
companied by cachexia and metabolic imbalance, which may reduce tolerance to outdoor
thermal stress [45,46].
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4.2. Associations with and Differentiation from Previous Research

First, a comparison between the neutral temperature (Tn) identified for lung cancer
patients in this study and published summer benchmarks for healthy populations in
northern cold and severe-cold regions of China indicates a marked shift in thermal response.
In Harbin, a year-long field survey reported a summer neutral PET of 20.0 ◦C for healthy
residents [47]. In another summer field study conducted in high-density commercial streets
in Harbin, the preferred PET was reported as 24.8 ◦C [48]. In Beijing, a summer field
investigation in public spaces reported a neutral PET of 21.9 ◦C, with a neutral PET range
of 15.2–28.6 ◦C [49]. In Xi’an, a summer field survey in an urban riverfront open square
reported a neutral PET of 18.9 ◦C and an 80% acceptable PET range of 17.6–31.8 ◦C [50].

In contrast, the neutral temperature observed in late-stage patients (LS) in this study
reached 25.8 ◦C, while the chemotherapy group (CHE) showed an even higher value
of 26.0 ◦C. Relative to the healthy benchmarks reported above, these values are consis-
tently shifted toward warmer conditions. The difference is approximately 4–8 ◦C when
compared with published neutral PET values for healthy populations in northern cold-
climate cities [47,49,50]. This result indicates that long-term climatic adaptation alone is
not sufficient to explain thermal expectation in this cohort. Disease status and treatment
exposure may modify the thermal response pattern under outdoor conditions. A limited
clinical explanation is that advanced cancer is often accompanied by altered energy balance,
while chemotherapy may affect thermal perception through treatment-related sensory
symptoms [41,45]. Details can be found in Table 7.

Table 7. Summary of other research.

Regions Functional Areas Participants Season Index
Neutral

Temperature
(◦C)

Shenyang, China (this
study)

Monsoon climate of
medium latitudes

Patients with lung cancer
who have received different
treatments and at different

stages of the disease

Summer PET

RAD: 23.3 ◦C
CHE:26.0 ◦C
OPR:23.7 ◦C
IMU:22.6 ◦C
TAR:24.5 ◦C
ES:23.8 ◦C
LS:25.8 ◦C

Xi’an, China [51]
Warm, temperate,

semi-humid continental
monsoon climate

All age groups (including a
large number of

middle-aged and elderly
people)

Summer PET, UTCI 24.8 ◦C

Shanghai, China [52] North subtropical
monsoon climate Tourists and local residents Summer PET 24.2–26.5 ◦C

Guangzhou, China [53] Subtropical monsoon
climate

Students and residents in
the university campus area Summer PET, SET*,

UTCI 26.5 ◦C

Tel Aviv, Israel [54] Mediterranean City residents Summer PET 25.5 ◦C

Several European
countries [55]

Temperate and c
ontinental

Recreational visitors in the
park Summer PET 22.0–23.0 ◦C

This observation is consistent with the need to reconsider the applicability of the clas-
sical heat balance framework proposed by Fanger [13] when applied to special populations,
while the present study provides, for the first time, a quantitative estimate of the magnitude
of such deviation.

From an international perspective, the neutral PET values identified for the lung
cancer cohort also diverge from regional baselines established for healthy populations.
Specifically, the neutral PET of the chemotherapy group (26.0 ◦C) is markedly higher than
the summer benchmark reported by Xu et al. [51] for healthy individuals in a comparable
climate zone (e.g., Xi’an, 24.8 ◦C), and is instead closer to the adaptation level observed in
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subtropical Guangzhou (26.5 ◦C) reported by Fang et al. [53]. This pattern suggests that
chemotherapy-induced neuropathy and metabolic suppression may effectively diminish
the influence of long-term climatic adaptation.

By contrast, the immunotherapy group (IMU) exhibited a preference for cooler con-
ditions, with a neutral PET of 22.6 ◦C. This value falls within the comfort range reported
for temperate European climates (22.0–23.0 ◦C) [54], indicating that systemic inflam-
matory responses may drive an increased physiological demand for cooling under hot
summer conditions.

4.3. Design Strategy

Open paved spaces should not serve as primary stay areas, as they generated the
highest thermal stress across all treatment groups. Shaded environments should be pri-
oritized, but shade alone is not sufficient. In tree-shaded and waterfront spaces, airflow
and humidity should be controlled simultaneously, particularly for the IMU and RAD
groups. Semi-covered spaces such as enclosed porches (EPs) may be used as transitional
or short-stay areas, but surface heat storage and afternoon re-radiation should be reduced
through material selection. At the spatial level, outdoor areas should be organized as
a sequence of microclimatic zones, including low-disturbance sheltered spaces for CHE
and late-stage patients, and shaded but moderately ventilated spaces for IMU and RAD
patients; a case is shown in Figure 13.

Figure 13. Design strategy for lung cancer patients.

4.4. Limitations and Future Directions

Several limitations should be acknowledged. First, the present study was based on
subjective votes and environmental observations, without direct physiological measure-
ments such as metabolic rate or core body temperature. As a result, the physiological
basis of subgroup differences was not directly examined. Future studies could incorporate
physiological monitoring to provide a more complete understanding of thermoregulatory
responses in lung cancer patients.

Second, the study was conducted in one season and one climatic context, and thus
mainly reflects summer conditions in a cold-region city. Although the sample size was
sufficient for the present analysis, broader investigations across other seasons, climate
zones, and larger cohorts would help to strengthen the generalizability of the findings.

In addition, treatment modality and disease stage may be affected by potential con-
founding factors, including age, sex, mobility, comorbidities, medication use, smoking
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history, clinical condition, and time since treatment. Some patients may also have received
combined or sequential therapies, which cannot be fully captured by classification ac-
cording to dominant treatment modality. The clustering of participants within specific
hospitals, outdoor spaces, and survey days may also influence the results. Moreover,
thermal sensation, comfort, acceptability, and preference votes are ordinal outcomes, while
the present analysis mainly used regression-based methods commonly adopted in thermal
comfort studies.

5. Conclusions
The main contribution of this study lies not only in deriving PET benchmarks for

different patient groups, but also in providing empirical evidence that lung cancer patients
may require subgroup-sensitive thermal comfort assessment in healthcare outdoor settings.
The results suggest that patients with different treatment modalities and disease stages
should not be regarded as a thermally homogeneous group.

Thermal sensation and comfort responses varied across treatment groups. Radio-
therapy (RAD) and immunotherapy (IMU) patients showed greater heat sensitivity, with
higher proportions reporting “slightly warm” or warmer sensations. Chemotherapy (CHE)
patients most frequently reported neutral thermal sensation, but many still reported slight
discomfort, indicating a mismatch between sensation and comfort.

Neutral PET also differed among subgroups. The CHE group showed the highest
neutral PET at 26.0 ◦C, while the IMU group showed the lowest value at 22.6 ◦C. The
RAD, surgery (OPR), and targeted therapy (TAR) groups had neutral PET values of 23.3 ◦C,
23.7 ◦C, and 24.5 ◦C, respectively. Disease stage further affected thermal response: early-
stage patients (ES) had a neutral PET of 23.8 ◦C, whereas late-stage patients (LS) showed a
higher neutral PET of 25.8 ◦C and a narrower neutral range of 23.1–28.5 ◦C.

Thermal comfort and preference showed similar subgroup differences. The comfort-
positive PET ranges were wider for OPR and TAR patients, at 19.4–29.1 ◦C and 18.8–27.8 ◦C,
respectively, but narrower for LS patients, at 22.5–26.9 ◦C. CHE and LS patients preferred
warmer conditions, with preferred PET values of 26.6 ◦C and 26.2 ◦C, whereas IMU and
RAD patients preferred cooler conditions, at 22.8 ◦C and 23.1 ◦C, respectively.

Overall, in cold-region summer conditions, outdoor spaces adjacent to healthcare
facilities should be evaluated and designed with attention to subgroup differences in
thermal sensitivity, acceptable range, and thermal preference. This study provides empiri-
cal support for patient-oriented and subgroup-sensitive outdoor microclimate design in
healthcare environments.
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Abbreviations

Nomenclature
Abbreviation Parameters Units
RAD Radiotherapy group
CHE Chemotherapy group
OPR Surgery group
IMU Immunotherapy group
TAR Targeted therapy group
ES Early-stage group
LS Late-stage group
WP Waterfront place
TS Tree shade place
OS Open square
EP Enclosed porch
Ta Air temperature ◦C
Va Air velocity m/s
RH Relative humidity %
Tg Black-globe temperature ◦C
Tmrt Mean radiant temperature ◦C
Clo Unit of clothing insulation m2 ◦C/W
GHI Global horizontal irradiance W/m2

PET Physiologically equivalent temperature ◦C
TSV Thermal sensation vote
TCV Thermal comfort vote
TAV Thermal acceptability vote
ESV Environment satisfaction vote
TPV Temperature preference vote
HPV Humidity preference vote
WPV Wind speed preference vote
MTSV Mean thermal sensation vote
MTCV Mean thermal comfort vote
Tn Neutral temperature ◦C
NPET Neutral physiologically equivalent temperature ◦C
NPETR Neutral physiologically equivalent temperature range ◦C
Tpref Preference temperature ◦C
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