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Impact of heatwaves on health-related quality of life in older Chinese

adults: A longitudinal cohort study

Abstract

Objectives: Climate change has intensified heatwaves, posing significant health risks
to older adults, yet their impact on health-related quality of life (HRQoL) in China’s
aging population remains underexplored. This study investigates the impact of

heatwaves on HRQoL among older adults using the EQ-5D-5L.

Methods: A cohort of community-dwelling Chinese adults aged>60 years were
followed up from spring to fall in 2023. Univariate regression and restricted cubic
spline  models analyzed linear and non-linear relationships  between
meteorological/demographic factors and EQ-5D-5L outcomes (utility values and EQ
VAS scores). Machine learning models identified key predictors of heatwave-related

HRQoL changes.

Results: Among the 627 participants, both EQ-5D-5L utility values and EQ VAS
scores followed a rise-and-fall pattern, initially increasing during the early heatwave
period (T1) but subsequently declining significantly during the peak heatwave period
(T2) (P<0.001). Underweight individuals had lower utility values ($=-0.394, P=0.006),
while obese individuals had lower EQ VAS scores ($=-0.385, P=0.040). Age was
negatively associated with both utility values (#=-0.003, P<0.001) and EQ VAS scores
(p=-0.228, P<0.001). Meteorological factors, such as daily average relative humidity

and temperature significantly affected both EQ-5D-5L utility values and EQ VAS



scores (P<0.05). The Support Vector Machine model outperformed the other machine
learning models, identifying body mass index as the most influential variable in
predicting the EQ-5D-5L utility values, followed by age, pre-retirement occupation,

education level, and daily average relative humidity.

Conclusion: Heatwaves dynamically affect HRQoL in older adults in China, with an
initial increase followed by a significant decline. Older, underweight, and less-educated

adults are more vulnerable to the adverse impacts of heatwaves on HRQoL.

Keywords: heatwaves, health-related quality of life, EQ-5D-5L, machine learning,

restricted cubic spline

Highlights:

® This study fills the evidence gap in heatwave impacts on older adults’ HRQoL,
demonstrating a dynamic pattern: initial improvement in early heatwaves (T1),
followed by significant decline during peak heatwaves (T2) using EQ-5D-5L.

® We identified adults >75 years, those underweight, or with low education as most
vulnerable, with non-linear risks peaking at 27-33°C and humidity >78%.

® The findings inform targeted interventions (e.g., humidity-adjusted cooling

strategies) for vulnerable subgroups, supporting climate adaptation in healthcare

policy.



Introduction

With the increasing frequency and intensity of extremely hot weather, climate change
is posing a growing challenge to public health 2. These risks disproportionately affect
older adults due to diminished thermoregulation, chronic health conditions, and socio-
economic vulnerabilities . Heatwaves may exacerbate chronic illnesses and
negatively affect the well-being of older adults "8, To date, most research has focused
on heat-sensitive morbidity and mortality outcomes, primarily utilizing health
surveillance data such as ambulance call-out, emergency presentation, hospitalization,
and death registry ®°. However, the broader impact of heatwaves on health-related
quality of life (HRQoL) of older adults remains underexplored, which is an essential
component of heat-attributed health burdens, particularly with improvements in heat

adaptation and resilience 1.

HRQoL is an important multidimensional health status indicator, encompassing
physical, psychological, social, and functional aspects of health 2. The EQ-5D-5L
instrument = is not only widely used to measure HRQoL in evaluating the impacts of
health interventions (e.g., vaccines, drug therapies, medical devices, and clinical
procedures), but also plays an important role in population health assessments. For
example, it has been employed in large-scale surveys to assess health status across
demographic groups and to monitor changes in population health over time 4. In
addition, the EQ-5D-5L has been applied to evaluate the health consequences of
disasters and environmental changes '°'7. However, its application in examining

heatwaves and their effects on the HRQoL of older adults remains limited.



This study adopts a longitudinal approach to explore the extent to which heatwaves
affect HRQoL, as measured by the EQ-5D-5L, in older adults across four distinct
periods: pre-heatwave, early heatwave, peak heatwave, and post-heatwave. This
dynamic follow-up approach aims to capture temporal variations in HRQoL and
provide insights to inform potential preventive measures and response strategies to

mitigate the sub-clinical effects of heatwaves on older adults.

Methods

Study area and participant recruitment

This longitudinal study was conducted in Fuzhou, the capital of Fujian Province,
situated on the southeast coast of China. With a population of approximately 8 million,
Fuzhou is experiencing significant demographic shifts, with 19.1% of its residents aged
60 years or older as of 2020 8, The city has a humid subtropical climate, characterized

by long and hot summers 8,

Two representative communities in Fuzhou were selected to capture diverse socio-
demographic and environmental conditions: (1) Champion Community (suburban):
Lower housing density, proximity to preserved green spaces, and adjacency to the Min
River; and (2) Yanggiao Henan Community (urban): Higher housing density, limited
green space, and urban heat island effect. Both sites shared similar diurnal patterns
(cooler mornings/evenings) but slightly differed in microclimates due to urbanization

gradients. The geographical locations of the study communities are depicted in Figure



S1. The selection of these communities, differing in socioeconomic status, aimed to

enhance the study's demographic diversity.

A team of ten trained interviewers administered the face-to-face survey and entered
participants’ responses directly into an online electronic questionnaire (WeChat Survey
Star) using iPads. All interviewers were postgraduate students with academic
backgrounds in preventive medicine, supervised by experienced field coordinators to
ensure consistency and reliability, and were explicitly instructed not to make surrogate
judgments during the survey. The questionnaire included the following sections: (a)
Demographics: Age, gender, education level, and socioeconomic indicators (e.g.,
income and employment status); (b) Health status and well-being: the EQ-5D-5L, EQ-
HWB *° (not used in the current study), and Brief Inventory of Thriving (BIT) 2 (not
used in the current study) questionnaires, as well as questions assessing self-reported
physical and mental health, pre-existing chronic conditions, and current medication
usage; and (c) Lifestyle factors: dietary habits, physical activity, smoking status, and
alcohol consumption. Participants were recruited using a snowball sampling approach,
facilitated by local neighborhood committees. Invitations were disseminated via social
media (WeChat), mobile phone, and word of mouth. Eligibility criteria included being
60 years or older, having resided in the community for at least six months, proficiency
in Mandarin or Foochow dialect, and cognitive and physical capability to participate in
the interview. Individuals with cognitive impairments or those unwilling to participate
were excluded. Participants were compensated with a small gift valued at $5. To

account for potential loss to follow-up, no new participants were recruited during the



follow-up waves. Participation was entirely voluntary, with the option to withdraw at
any time without any explanation. Ethical approval was obtained from the Biomedical

Research Ethics Committee of Fujian Medical University (No. 2023-303).

Survey data were collected during four distinct periods in 2023, corresponding to
various phases of heatwaves: (1) TO (Pre-heatwave/Baseline): Spring (weeks 18-21),
characterized by maximum daily temperatures <28°C; (2) T1 (Early heatwave): Early
summer (weeks 27-30), onset of maximum daily temperatures first reached =35°C
for three consecutive days; (3) T2 (Peak heatwave): Conducted during the mid-summer,
with sustained maximum daily temperatures =35°C for at least three consecutive days;
and (4) T3 (Post-heatwave/Recovery): Fall (weeks 39-42), marked by maximum daily
temperatures <30°C. According to the China Meteorological Administration, a
heatwave is defined as three or more consecutive days with maximum temperatures of

35°C or higher 22,

Meteorological data were obtained on a daily basis and linked to participants according
to their interview dates. Specifically, daily maximum, minimum, and average
temperatures, as well as relative humidity, were sourced from the Fuzhou
Meteorological Station 2, a city-wide monitoring facility. Each participant’s exposure
was defined by the meteorological conditions on the interview date (i.e., concurrent
daily conditions). Additionally, to assess potential lagged effects of heat exposure on
HRQoL, we incorporated daily meteorological data from the 7 days preceding each

interview (lag 1 to 7 days) in supplementary analyses. All meteorological data were



synchronized with the four survey periods (TO-T3) to examine the temporal

relationship between weather conditions and health outcomes.

Sample size

This study employed a rigorous approach to calculating sample size, based on an
expected minimal mean change of 0.03 in the utility value and a standard deviation of
0.20. Pre-survey data indicated the prevalence of health HRQoL impairment (defined
as utility value <0.8) was 50% at baseline and increased to 53.5% during heatwaves,
indicating a slight deterioration in HRQoL, which was consistent with the expected
under heat stress conditions. Using a longitudinal design with repeated measurements,

the required sample size was calculated with the following formula:

Z1—2/avZﬁa+ZBVPOQO+P1Q1)2 23

n=
( P1—Po

Where: 'n' represents the sample size, 'Z;_, /' denotes the critical value for a two-tailed
test, and 'Zg' signifies the critical value associated with the power of the test. The
significance level («) is set at 0.05, the power () at 0.80 (since p=1-0.2). The effect
size (d) is 0.03. The proportion under null hypothesis (p,) is 0.50 and the proportion
under alternative hypothesis (p,) is 0.535. Considering a minimum follow-up rate of
70%, the required minimum sample size was adjusted to 337 participants to ensure

sufficient statistical power.
Instrument

EQ-5D-5L is a generic preference-based measure that includes a descriptive system and

a visual analogue scale (EQ VAS) 3. The descriptive system measures HRQoL across



five dimensions: mobility, self-care, usual activities, pain/discomfort, and
anxiety/depression. Each dimension has five response levels: no problems, slight
problems, moderate problems, severe problems, and extreme problems/unable to.
Responses on these dimensions can be converted into a single utility value using a value
set derived from public preference data. Utility values are expressed on a scale with
anchors at 1 (full health) to O (a state equivalent to being dead), with scores below 0
representing health states deemed worse than dead. The EQ VAS enables individuals
to provide a self-assessment of their health on a vertical scale, ranging from O (the worst
health you can imagine) to 100 (the best health you can imagine). Both the descriptive
system and EQ VAS use a ‘today’ recall period and we used the interviewer-

administered Simplified Chinese version 2.

Statistical analysis

Descriptive statistical analyses were conducted on utility values, EQ VAS scores and
the five dimensions of EQ-5D-5L. To assess changes in EQ-5D-5L dimensions across
heatwave phases, the following approaches were used: (1) Weighted mean score
calculation: Each response level was assigned an ordinal score (0=no problems,
1=slight problems, 2=moderate problems, 3=severe problems, 4=extreme
problems/unable to) to quantify the overall severity of problems in each dimension. The
weighted mean score for each dimension at each time point was calculated as:

: Ordinal scorexFrequency

2% (2) Inferential tests for repeated

Weighted mean score = — —
Total participants at time point

measurements: Friedman tests assessed overall differences in weighted mean scores

across the four time points (TO to T3) for each dimension, given the ordinal nature of



the data and repeated measurements. Post-hoc pairwise comparisons between each
heatwave phase (T1, T2, T3) and baseline (T0) used Wilcoxon signed-rank tests, with
Bonferroni correction (0=0.017) to control Type I error; and (3) Effect size: Cohen’s d
quantified weighted mean scores difference between T2 and TO, with thresholds for

small (0.2), medium (0.5), and large (0.8) effects. 2627

To assess group differences in the calculated EQ-5D-5L utility values and the self-rated
EQ VAS scores, one-way analysis of variance (ANOVA) was first conducted, followed
by Tukey's Honestly Significant Difference (HSD) test for post-hoc pairwise
comparisons, with significance levels adjusted accordingly. Linear relationships were
explored via univariate regression analysis, while a restricted cubic spline (RCS) model
was developed to investigate potential non-linear associations between meteorological
factors and HRQoL in older adults. RCS is particularly suitable for identifying and
quantifying non-linear relationships, allowing for a more flexible and accurate
representation of the complex interactions between meteorological factors (such as

temperature and humidity) and HRQoL.

To identify influencing factors of the calculated EQ-5D-5L utility values and the self-
rated EQ VAS scores, Lasso regression was utilized for variable selection to construct
machine learning models. To predict and analyze the changes in HRQoL (defined as
the reduction in EQ-5D-5L utility values/VVAS scores from TO to T2) among the older
adults and their influencing factors, this study incorporated four distinct machine
learning models: eXtreme Gradient Boosting (XGBoost), Random Forest (RF), Support

Vector Machine (SVM), and K-nearest Neighbors (KNN).



Model performance was evaluated using metrics including R-squared, Mean Absolute
Error (MAE) and Root Mean Squared Error (RMSE). The best-performing model was
then utilized to assess the significance of the influencing factors in heatwave periods.

All statistical analyses were performed using SPSS 25.0, R 4.1.3, and Python 3.11.

Results

Demographic characteristics of the baseline survey

A total of 638 older adults were invited to participate in the baseline survey. Of these,
627 completed valid questionnaires, yielding a response rate of 98.28%. There were no
missing responses, as interviews were conducted face-to-face by trained personnel who
ensured full completion. Three follow-up surveys were conducted during the initial
heatwave, peak heatwave, and post-heatwave autumn period, with 499, 465, and 504
participants retained, respectively. Attrition was mainly due to travel (62%), difficulty
contacting participants (e.g., returning to hometowns or invalid contact information),
and other miscellaneous factors. No new participants were recruited after baseline.
Attrition did not significantly alter the age, sex, education, BMI or chronic-disease

profile of the retained sample (all P > 0.05, Table S1).

At baseline (Table 1), about two-thirds (65.87%) of participants were female. The
participants’” BMI ranged from underweight to obese, with the following distribution:
4.31% underweight (BMI<18.5), 50.40% normal weight (18.5<BMI<24.0), 35.73%
overweight (24.0<BMI<28.0), and 9.57% obese (BMI>28.0). Participants had a mean

age of 70.34+6.90 years. Nearly all participants were of Han ethnicity (99.04%).



Educational attainment varied among the participants, with 10.37% being illiterate,
22.65% completing primary school, 26.79% junior high school, 27.91% high school,
6.86% college education, and 5.42% bachelor's degree or higher. Lifestyle behaviors
indicated that most participants were non-smokers (88.84%) and non-drinkers
(77.03%). More than two thirds (70.97%) of participants reported having chronic

diseases.

Descriptions of trends in utility values and EQ VAS scores

Fig. 1 and Fig. S2 showed the temporal trends in utility values and EQ VAS scores over
time, respectively. The utility values exhibited a distinct trajectory: an initial increase
at the first follow-up (T1), followed by a decline at the second (T2), and partial recovery
at the third (T3). Specifically, compared with baseline (TO), utility values were
significantly higher at T1 but not at T2 or T3. However, both T2 and T3 showed
significant decreases relative to T1. In terms of EQ VAS scores, a similar trend was
observed. Scores at T1 were significantly higher than those at baseline, however, values
at T3 were significantly lower than T1. No significant difference was observed between

T2 and T3.

Univariate linear regression analysis

Univariate linear regression models were conducted using the pooled sample (data from
all-time points) to examine associations between demographic, lifestyle, and
meteorological factors and HRQoL outcomes. As shown in Table S2, the univariate

linear regression models identified several significant associations. Utility values were



significantly lower among underweight participants, widowed or single individuals,
and alcohol drinkers. Higher values were observed among participants with at least
junior secondary education, those living with both spouse and children, and former

private business owners compared with agricultural workers.

As shown in the meteorological factors section of Table S2, current-day temperature
had a positive impact on HRQoL, with higher temperatures correlating with better
utility values and EQ VAS scores. Specifically, both maximum and minimum
temperatures, as well as average daily temperature, were all positively related to
HRQoL outcomes. In contrast, current-day humidity was negatively associated with
HRQoL, with higher humidity levels linked to lower utility values and EQ VAS scores.
Similar lagged effects were observed, with warmer temperatures in the preceding 1-3

days associated with improved HRQoL outcomes.

Table S3 summarizes the frequency and percentage distributions of each EQ-5D-5L
dimension across all phases, while Table S4 presents the weighted mean scores for each
EQ-5D-5L dimension across the four time points. The pain/discomfort dimension
showed the most prominent changes (Table S4): its weighted mean score increased
from 0.51 at baseline to 0.62 during the peak heatwave (a relative increase of 21.6%),
with a significant difference compared to baseline (P<0.001, Cohen’s d=0.32). This
was accompanied by a notable shift in response distribution, with the proportion of
participants reporting "no problems” in pain/discomfort decreased from 59.0% at
baseline to 52.5% at peak heatwave, while those reporting "moderate problems”

increased from 6.2% to 9.5%.



In contrast, other dimensions showed smaller fluctuations (Table S4). For example,
mobility and usual activities exhibited modest increases in mean scores during the peak
heatwave (0.36 and 0.22, respectively, vs. baseline scores of 0.29 and 0.15), with
smaller effect sizes (Cohen’s d=0.18 and 0.21). Self-care and anxiety/depression
remained relatively stable across all time points, with mean score changes <0.02
(P>0.05 for all comparisons with baseline). These results indicate that pain/discomfort
was the dimension most strongly affected by heatwaves, particularly during the peak

phase.

Non-linear analysis using RCS splines

Fig. 2 and Fig. S3 illustrate the non-linear associations between temperature, humidity,
and health-related utility values after adjusting for demographic and concomitant
variables. Significant associations were observed between utility values and the same-
day maximum, minimum, and average temperatures (P=0.015, 0.002, and 0.004,
respectively), with each displaying non-linear effects (P for non-linear=0.043, 0.020,
and 0.021, respectively). Specifically, utility values decreased with maximum
temperatures between 27°C and 33°C, however, followed an opposite trend outside this
range. Similarly, minimum temperatures between 19°C and 22°C, and average

temperatures between 22°C and 29°C, were associated with reductions in utility values.

Long-term metrics also affected utility values, such as daily minimum temperature on
the 4th day preceding the survey (P<0.05, with a non-linear effect P=0.013). Elevated

minimum temperatures above 22°C over this period were associated with improved



utility values. However, the impact appears time-limited, as shown by the non-
significant non-linear effect for minimum temperature over seven days (P=0.972),

suggesting a diminishing influence over extended periods (Fig. 2 and Fig. S3).

Fig. 3 and Fig. S4 present the non-linear relationships between meteorological factors
and EQ VAS scores, adjusted for demographic and other relevant variables. Significant
correlations were identified with temperature and humidity across various time spans
(P<0.05 overall). Non-linear effects were observed for current-day minimum and
average temperatures (P for non-linear=0.002 and 0.012, respectively). Specifically,
EQ VAS scores among older adults improved when minimum temperatures were
between 20°C and 22°C. Conversely, average temperatures between 24°C and 29°C

were associated with reduced scores.

Long-term temperature indices also displayed significant non-linear effects. Minimum
temperatures 2-3 days prior significantly influenced EQ VAS scores (P for non-
linear=0.021 and 0.002, respectively). When minimum temperatures exceeded 21°C
two days prior, higher temperatures were associated with improved HRQoL. For
temperatures three days prior, values within the range of 21°C-26°C were linked to
improved scores, whereas temperatures above this range were linked to a decline in EQ

VAS scores.

Humidity levels also influenced EQ VAS scores (Fig. S4). The average daily relative
humidity over the preceding seven days showed a non-linear relationship with EQ VAS

scores (P for non-linear=0.037). Specifically, EQ VAS scores increased when the



relative humidity exceeded 78%, whereas they decreased as humidity levels rose below
this threshold (Fig. 3 and Fig. S4). To verify the robustness of our findings on
meteorological factors-HRQoL associations and address potential confounding by
seasonality (e.g., duration of daylight, photoperiod), we conducted supplementary
analyses using progressively adjusted regression models, with details summarized in

Table S5.

Construction of machine learning models

During the heatwave periods, a Lasso regression model was constructed using utility
values as the outcome variable. Fig. S5A illustrates the coefficient profile of the Lasso
regression, and Fig. S5B displays the corresponding cross-validation curve. The
analysis identified 14 significant predictors, such as BMI, age, education level, and
marital status. Using these variables, multiple machine learning models were developed,

among which the SVM model demonstrated the best predictive performance (Table 2).

When the EQ VAS was used as the outcome variable, the Lasso regression model
analysis identified six significant predictors, including age, education level, alcohol
consumption, chronic diseases, minimum temperature of the previous three days, and
average daily temperature of the previous two days (Fig. S5C and Fig. S5D). Machine
learning models were then developed based on these selected variables, with the SVM

model again showing superior performance.

Assessment of the importance of features



During heatwave periods, the feature importance assessment identified BMI as the most
influential variable in the utility values model, followed by age, pre-retirement
occupation, education level, and average daily relative humidity (Fig. 4). In the EQ
VAS model, age was the most significant variable, followed by the minimum
temperature of the preceding three days, average daily temperature of the preceding
two days, education level, and alcohol consumption (Fig. S6). Further analysis of
heatwave types revealed that humid heatwaves had a more pronounced negative impact
on HRQoL compared to dry heatwaves (Table S6).

Discussion

This longitudinal study examined the impact of heatwaves on HRQoL among older
adults in Fuzhou, China. The novelty of this study lies in the longitudinal application
of the EQ-5D-5L instrument to capture dynamic changes in HRQoL across heatwave
phases, offering a nuanced assessment of subclinical heat-related health burdens that
complement traditional mortality and morbidity metrics in climate-health research. As
global warming intensifies, heatwaves pose significant health risks, particularly to
vulnerable populations 28. Our findings indicated a complex and nonlinear relationship
between heatwaves and HRQoL, influenced by both demographic and meteorological
factors. Notably, humidity emerged as a critical yet often underrecognized determinant
of HRQoL, presenting unique challenges for adaptation given its strong dependence on

regional climatic characteristics 2%,

HRQoL trajectories during heatwaves



Our results revealed a dynamic pattern in HRQoL during heatwaves, with an initial
improvement followed by a decline, similar to findings by Ji et al. 3. The initial
improvement might be due to the body's adaptive mechanisms, which temporarily mask
health declines 2. However, prolonged heatwave exposure may overwhelm these
adaptive capacities, leading to HRQoL decline, exacerbated by older adults’

physiological frailty and cumulative heat-related strain .

Weather forecasts and proactive prevention measures such as hydration and air
conditioning play crucial roles in mitigating the immediate impact of heatwaves 34, At
the individual/family level, targeted interventions, such as education on heat-humidity
synergies, improving home ventilation, use of air conditioning/dehumidifiers, and
consistent fluid intake, are critical for enhancing heat resilience among vulnerable
subgroups (e.g., older adults with low education) 3¢, However, vigilance may wane
over time, leading to inadequate protective measures and a subsequent decline in
HRQoL. Social-psychological factors also matter. Older adults may initially downplay
heatwaves harms to preserve social image, however, accumulated strain eventually

erodes HRQoL *’.

HRQoL decline during severe heatwaves primarily stems from pronounced
physiological strain, particularly on the cardiovascular system -4 as short-term
exposure to extreme heat has been linked to altered cardiovascular indicators (e.g.,
increased heart rate, systemic inflammation) that may indirectly impair overall well-
being “°. Behavioral restrictions such as reduced physical activity, constrained outdoor

ventures, and curtailed social interactions during heatwaves further exacerbate



psychological distress and negatively influence perceived HRQoL health “.
Additionally, high temperatures disrupt appetite and sleep quality, thereby reducing
functionality and overall wellness *2. Although HRQoL improved after heatwaves,
recovery was often incomplete, indicating persistent or recurring vulnerabilities .
Variations in individual resilience and coping strategies also play a role 4. Our study
underscores the need for tailored protective policies for older adults amid climate
challenges. Enhancements in urban design, such as increased greenery and improved
building insulation, are essential. Further research is needed to evaluate and develop

interventions to meet individual needs and promote adaptive capacity.
Dimension-specific vulnerability

In this study, we examined which EQ-5D-5L dimensions were most susceptible to
heatwave exposure. Pain/discomfort was identified as the dimension most consistently
and markedly affected, particularly during the peak heatwave phase (T2). This finding
suggests that subjective somatic distress may serve as an early and sensitive indicator
of heat-related physiological strain, preceding detectable impairments in mobility, self-
care, or usual activities *°. The predominance of pain/discomfort aligns with established
pathways through which heat stress exacerbates systemic inflammation, muscle
ischaemia, and sleep disruption—mechanisms known to heighten nociceptive signaling
46, Consequently, the observed decline in overall HRQoL during T2 appears to be
driven primarily by worsening pain/discomfort scores, underscoring the value of
dimension-level analyses for identifying mechanistic pathways and refining

intervention targets in climate-health research #’.



Demographic and health-related modifiers

Linear regression analysis revealed significant associations between demographic
factors and HRQoL. BMI showed a U-shaped relationship with HRQoL.: underweight
individuals (linked to frailty) and obese individuals (linked to comorbidities) reported
poorer outcomes, consistent with broader evidence that extreme BMI phenotypes

increase susceptibility to heat-related health impacts 364849,

Age was negatively correlated with HRQoL, aligning with findings that older adults
have reduced thermoregulatory capacity and higher vulnerability to heat stress 364,
This vulnerability is exacerbated by age-related physiological declines and social

factors such as limited social support %°-°2,

Higher educational attainment emerged as a protective factor and was associated with
better HRQoL, probably because educated individuals are more likely to adopt heat-
protective behaviors °3, consistent with evidence that health literacy reduces heat-
related risk 3. Living arrangements also influenced HRQoL, with individuals residing
with family benefited from enhanced social support and greater resilience during
extreme heat events . Former private entrepreneurs reported better HRQoL during
heatwaves, likely due to higher socioeconomic status and broader social networks %6-°.
The presence of chronic illnesses compounded vulnerability, as high temperatures

exacerbate disease progression and compromise medication efficacy 062,

Meteorological influences



Our study revealed a nonlinear relationship between several meteorological factors and
HRQoL. For instance, across the observed daily maximum temperature range of 27°C
to 33°C, a temperature increase was positively associated with a higher risk of
compromised HRQoL. Beyond this range, the risk diminished, possibly due to
physiological regulatory mechanisms and heightened precautionary behaviors 3. This
aligns with broader observations that temperature effects on health are nonlinear and

context-dependent .

Humidity exerted dual effects: high daily humidity appeared to reduce HRQoL,
potentially due to impaired heat dissipation ®, whereas elevated 7-day average
humidity (>78%) led to moderately improved HRQoL, possibly reflecting relief from
dry-air discomfort 2°3°, Humidity emerged as an important but underexplored factor
influencing HRQoL.. Unlike ambient temperature, humidity is less easily mitigated with
conventional cooling measures (e.g., air conditioning), as dehumidifiers are generally
costlier, less accessible, and energy intensive *, making it a harder-to-modify public
health factor. Further research is needed to clarify its role and to inform feasible

adaptation strategies.

Given these complexities, our findings suggest that both temperature and humidity
should be considered when evaluating the health impacts of heatwaves. While this study
was not designed to propose specific interventions, the results underscore the potential
value of incorporating humidity-related indicators (e.g., wet-bulb temperature) into

future research and early-warning frameworks “°.



Finally, we note that statistically significant HRQoL changes (e.qg., utility decline at T2)
were clinically meaningful. In this study, the observed reduction exceeded established
minimally important difference (MID) thresholds for EQ-5D-5L utility values ©,
indicating that heatwaves were associated with perceptible impairments in aspects of
daily functioning (e.g., mobility limitations and increased pain or discomfort). These
findings support the value of HRQoL as a sensitive endpoint for evaluating climate-
related health burdens, while underscoring the need for further research to confirm these

patterns and explore their broader implications.

Strengths and limitations

This study has several strengths, including a longitudinal design capturing temporal
variations in HRQoL; use of a validated, multidimensional instrument; and analysis of
nonlinear meteorological effects. However, limitations should be acknowledged. First,
the findings are based on data collected from older adults of two urban communities in
Fuzhou, China, and may not be generalizable to other populations or regions with
different climates or socio-demographic structures. Second, the use of snowball
sampling resulted in a higher proportion of women in our sample and may have favored
the inclusion of healthier or more socially active participants. This selection bias may
limit the representativeness of the study population and potentially overestimate
HRQoL, compared with the general older adult population. Third, meteorological
exposures in this study were estimated from city-level outdoor monitoring stations,
while individual-level indoor conditions, microenvironments, and personal activity

patterns were not captured. This may have introduced exposure misclassification and



reduced the precision of assessing the true heatwave—HRQoL relationship. Nonetheless,
rigorous interviewer training minimized data collection bias, ensuring participants
independently reported HRQoL. Fourth, HRQoL is a subjective measure and may be
influenced by reporting bias. Moreover, participants’ awareness and use of weather
forecasts were not assessed, which may be an important behavioral factor influencing
adaptation to heatwaves. Finally, although we incorporated multiple socio-
demographic, behavioral, and health-related variables (e.g., cooling measures, family
living arrangements, chronic diseases, and hydration behaviors) into our analyses, it
remains challenging to fully disentangle the independent and cumulative effects of
temperature and humidity on HRQoL. Therefore, this study should be regarded as an
initial step into this complex area, and future multi-site, longitudinal studies are

warranted to validate and extend our findings.

Conclusions

This longitudinal study demonstrates that heatwaves substantially impair HRQoL in
older adults, particularly those who are older, underweight, or have lower education
attainment. HRQoL fluctuated across heatwave phases, reflecting nonlinear
interactions between temperature, humidity, and demographic factors. The temperature
range of 27-33°C is especially critical for HRQoL decline, while humidity is a key but
underrecognized determinant. Future climate adaptation strategies should integrate
both temperature- and humidity-specific interventions, prioritize vulnerable subgroups,
and incorporate HRQoL measures as sensitive indicators of subclinical burden. Urban

planning and public health policy should use meteorological/demographic data to



design targeted, equitable interventions, such as enhanced early warning systems, heat-
humidity risk communication, and community-based support networks, to protect older

adults amid intensifying climate extremes.
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Figure Legends:

Figure 1. Forest plot for statistical assessment of EQ-5D-5L utility value trends. Note:
TO-T1 represents a comparison between baseline and first follow-up. P is from Tukey’s
HSD test.

Figure 2. RCS analysis of the relationship between EQ-5D-5L utility values and
meteorological factors. The analysis was performed at wind speeds of 3 knots across
the 10th, 50th, and 90th percentiles. Statistical significance was set with a threshold of
p-overall<0.05. ORs are indicated by solid lines, while 95% Cls are represented by
shaded areas.

Figure 3. RCS analysis of the relationship between EQ VAS scores and meteorological

factors.



Figure 4. Feature importance analysis for predictors of EQ-5D-5L utility values during

heatwaves.

Supplementary material legends

Figure S1. Geographical locations of the two residential communities surveyed in
Fuzhou, China: (A) Champion Community, Cangshan District; and (B) Yanggiao
Henan Community, Gulou District. The left panel shows the position of Fuzhou

within Fujian Province, and the right panel illustrates the urban districts of Fuzhou

with the two study sites marked.

Figure S2. Forest plot for statistical assessment of EQ VAS score trends. Note: TO-
T1 represents a comparison between baseline and first follow-up. P is from Tukey’s
HSD test.

Figure S3. RCS analysis of the relationship between utility scores and meteorological
factors.

Figure S4. RCS analysis of the relationship between EQ VAS scores and
meteorological factors.

Figure S5. Variable selection and model validation through Lasso regression for
assessing utility values and EQ VAS scores in older adults during heatwave period.
Panels A and C illustrate the coefficient profile plots for utility values and EQ VAS
scores respectively, where each line represents the trajectory of a variable's coefficient
as the regularization parameter is varied. Panels B and D show the cross-validation
curves for utility values and EQ VAS scores accordingly, with each point on the line
indicating the model's performance at a specific value of the regularization parameter
during the cross-validation process. These plots elucidate the feature selection
efficacy of the Lasso regression and affirm the predictive stability of the resultant

models.



Figure S6. Feature importance analysis for predictors of EQ VAS scores during

heatwaves.

Table S1. Baseline demographic characteristics and attrition analysis of the
longitudinal cohort.

Table S2. Univariate regression analysis.

Table S3. Frequency and percentage distribution of EQ-5D-5L dimensions across
heatwave phases.

Table S4. Weighted mean scores of EQ-5D-5L dimensions at baseline and during
heatwave phases.

Table S5. Sensitivity analysis of seasonal confounding effects on heatwave-HRQoL
associations: comparison of models adjusting for daylight and photoperiod.

Table S6. Dry vs. humid heatwave effects on HRQoL (complete cases, n=432).



Tables

Table 1. Demographic characteristics of the baseline survey.

Variables N (%)/Mean (SD)
Gender Male 214(34.13)
Female 413(65.87)
BMI (kg/m?) Underweight (BMI< 18.5) 27(4.30)
Normal weight (18.5<BMI<24.0) 316(50.40)
Overweight (24.0<BMI<28.0) 224(35.73)
Obese (BMI>28.0) 60(9.57)
Age (years) 70.34(6.90)
Nationality Han 621(99.04)
Minorities 6(0.96)
Education level Iliteracy 65(10.37)
Primary school 142(22.65)
Junior high school 168(26.79)
Senior high school 175(27.91)
Associate degree 43(6.86)
Bachelor's degree or higher 34(5.42)
Marital status Married 509(81.18)
Separated/divorced 21(3.35)
Widowed/single 97(15.47)
Living arrangement With children only 173(27.59)
With spouse only 199(31.74)
Living alone 54(8.61)
With spouse and children 183(29.19)
Other 18(2.87)
Current employment Employed 27(4.31)
Retired 600(95.69)
Current workplace location Indoor 17(62.96)
Outdoor 10(37.04)
Cooling measures at workplace None 6(22.22)
Electric fans only 19(70.37)
Air conditioning only 2(7.41)
Pre-retirement occupation Agriculture/forestry/fishing workers ~ 116(18.50)
Factory workers 172(27.43)
Administrative/managerial staff 105(16.75)
Professionals/technicians 116(18.50)
Sales/service workers 10(1.60)
Private business owners 27(4.31)
Homemakers 31(4.94)
Other 50(7.98)



Personal annual income (10,000
RMB)

Smoking status

Alcohol consumption

Chronic diseases

Type | diabetes

Type |l diabetes

Coronary heart disease

Stroke/Transient ischemic attack

Hypertension

Chronic obstructive pulmonary
disease

Gastritis/Gastric ulcer

Nephritis

Nephrolithiasis

Renal failure

Adoption of cooling measures in
recent days

Drink water only when feeling
thirsty

Schedule outdoor activities for cooler
times of the day

Take sun-protective measures when
going outdoors.

<3

3-5.99

>6

Prefer not to say
Non-smoker
Smoker
Non-drinker
Drinker

Yes

No

Yes

No

Yes

No

Yes

No

Yes

No

Yes

No

Yes

No
Yes
No
Yes
No
Yes
No
Yes
No

Yes
No
Yes
No
Yes
No
Yes

No

188(29.98)

279(44.50)
142(22.65)
18(2.87)
557(88.84)
70(11.16)
483(77.03)
116(22.97)
445(70.97)
182(29.03)
7(1.12)
620(98.88)
127(20.26)
500(79.74)
42(6.70)
585(93.30)
7(1.12)
620(98.88)
275(43.86)
352(56.14)

6(0.96)

621(99.04)
38(6.06)
589(93.94)
12(1.91)
615(98.09)
7(1.12)
620(98.88)
3(0.48)
624(99.52)

290(46.25)
337(53.75)
211(33.65)
416(66.35)
583(92.98)
44(7.02)

466(74.32)
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Table 2. Construction and evaluation of machine learning models during heatwave periods.

Utility Values EQ VAS
Models Validation set Test set Validation set Test set
R? RMAE MAE R? RMAE MAE R? RMAE MAE R? RMAE MAE
XGBoost 0.102 0.014 0.087 0.16 0.019 0.176 0.017 3.028 0.020 0.024 3.332 0.200
RF 0.278 0.019 0.048 0.148 0.031 0.152 0.345  3.905 0.342 0.080 6.602 0.046
SVM 0.508 0.002 0.003 0.387 0.019 0.029 0.650 2.172 0.240 0.010  3.000 0.017
KNN 0.198 0.015 0.184 0.130  0.025 0.111 0.167 2.515 0.165 0364 3.017 0.339

Note: R?represents the coefficient of determination, RMAE denotes the relative mean absolute error, and MAE stands for the mean absolute

€ITOT.



Time Difference P
TO -T1 -0.038 (-0.052, -0.024) —— <0.001
TO -T2 -0.003 (-0.018, 0.011) — 0.646
TO -T3 -0.011 (-0.025, 0.003) —— 0.124
T1-T2 0.034 (0.019, 0.049) —— <0.001
T1-T3 0.027 (0.012, 0.042) —— <0.001
T2 -T3 -0.008 (-0.023, 0.007) — 0.321
—(I).l 0.0 011
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