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Abstract

Older adults are particularly vulnerable to extreme heat, but evidence of the role of social factors in
regional heat vulnerability remains limited. To assess the impacts of heat waves on cardiorespiratory
hospitalizations and mortality, we developed a Climate Vulnerability Index by Regional Health
Department (RHD), including adults aged >60 years across 17 RHDs in Sao Paulo State, Brazil. Health
data were obtained from national information systems, and heat wave exposure was derived from
ERAS reanalysis data for 2010-2019 and 2023-2024, excluding 2020-2022. Associations between heat
waves and health outcomes were estimated using distributed lag non-linear models with lags of 0
15 days. Cumulative relative risks, along with sociodemographic, sanitation, and health system
indicators, were integrated to construct the Index based on IPCC sensitivity and adaptive capacity
domains. Heat waves were associated with increased risks of cardiorespiratory hospitalizations and
mortality across all RHDs, with stronger effects observed for mortality and inland regions. Higher
vulnerability was concentrated in RHDs characterized by larger older adult populations, greater
heat-related risks, and weaker health system and sanitation indicators, whereas more developed
regions showed lower vulnerability. Overall, the Index provides a practical tool to support territorial
prioritization and targeted heat-health adaptation strategies in ageing populations.

Keywords: extreme heat; aged; public health

1. Introduction

The global population is ageing, while exposure to high ambient temperatures is increasing
because of climate change. Older age has consistently been identified as one of the strongest non-
modifiable determinants of vulnerability to heat, outweighing the influence of most other individual
risk factors. Physiological changes associated with ageing, a higher prevalence of chronic diseases,
the use of multiple medications, and reduced thermoregulatory capacity contribute to an increased
susceptibility to heat-related adverse health outcomes among older adults [1].

Epidemiological evidence has consistently shown a robust association between temperature
extremes and adverse health outcomes in this population. A meta-analysis by Yu et al. (2012) reported
that heat-related mortality among older adults (=65 years) increases by approximately 2-5% for each
1°C rise in temperature, an effect magnitude greater than that observed for cold-related mortality in
individuals aged >50 years [2]. Complementing these findings, Astrém and colleagues showed that
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people aged 65 years and older experience significantly higher risks of both mortality and morbidity
during heat waves compared with younger age groups [3].

Recent systematic reviews consistently show that exposure to high ambient temperatures
increases cardiovascular and respiratory risks, particularly among older adults. Across climate zones,
heat exposure has been strongly associated with higher cardiovascular mortality, with population
ageing and widespread heat exposure expected to further amplify the burden of heat-related
cardiovascular disease under climate warming [4].

Large multi-country reviews also report significant associations between heat waves and
cardiovascular and respiratory mortality — especially for ischemic heart disease, stroke, heart failure,
and chronic obstructive pulmonary disease— while associations with morbidity outcomes are
weaker and more heterogeneous., suggesting that mortality may be a more sensitive indicator of heat-
related health impacts in older populations [5].

Despite this growing body of evidence, the magnitude of heat-related impacts varies
substantially across settings, suggesting that contextual factors — such as social conditions,
healthcare system capacity, and territorial inequalities — play a fundamental role in shaping heat
vulnerability among older adults. These factors are central components of climate vulnerability, as
defined by the dimensions of exposure, sensitivity, and adaptive capacity [6].

In particular, a substantial knowledge gap persists regarding how heat-related health impacts
among older adults are spatially distributed and which social and structural determinants intensify
vulnerability. Although several Brazilian studies have investigated the effects of extreme
temperatures on health outcomes, most have focused on large metropolitan areas or broad
geographic regions, with limited consideration of territorial inequalities, age-specific risks, or the
integration of social vulnerability and health system characteristics [7,8].

Moreover, few studies have employed spatial analytic approaches or composite indices capable
of capturing the complex interplay between environmental exposure, social conditions, and health
system capacity.

Brazil’s Unified Health System (Sistema Unico de Satide, SUS) is a universal public health system
predominantly financed through public revenues, including general taxation, and designed to ensure
comprehensive, free health care at the point of use for the entire population [9].

The system is founded on the principles of universality, equity, and integrality and is
characterized by a high degree of decentralization, with substantial responsibilities devolved to states
and municipalities. Primary health care is organized mainly through the Family Health Strategy, a
community-based model in which multidisciplinary teams provide territorially oriented, first-contact
and longitudinal care. Health service organization has been progressively regionalized through the
establishment of health regions and integrated care networks, with the aim of reducing territorial
inequalities and improving access to care [10,11].

Within this framework, the state of Sao Paulo is subdivided into Regional Health Departments
(RHDs), which function as meso-level administrative units responsible for coordinating primary care,
hospital services, and health surveillance across groups of municipalities [12]. These regional entities
constitute a particularly relevant geographic and governance scale for analysing inequalities in health
service provision, health outcomes, and vulnerability among older adults. Moreover, this regional
scale is highly pertinent to public health planning and climate adaptation strategies within Brazil’s
Unified Health System. Importantly, it enables the examination of how variations in social conditions
and health system capacity shape both exposure and adaptive responses to environmental and
climatic risks, such as heat waves.

Against this background, the present study aims to assess the impact of heat waves on
cardiovascular and respiratory hospitalizations and mortality among older adults in Brazil, using a
regional analytical framework based on the RHDs of the state of Sao Paulo. By integrating social and
health system determinants into composite vulnerability measures, this study seeks to provide a
more comprehensive understanding of territorial inequalities in heat-related health risks. We
hypothesize that heat waves are associated with increased cardiorespiratory morbidity and mortality

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.2244.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 January 2026 d0i:10.20944/preprints202601.2244.v1

3 of 20

among older adults, with disproportionately higher impacts in more socially and structurally
vulnerable health regions. Our findings indicate that regional disparities in social vulnerability and
health system capacity play a critical role in shaping heat-related health outcomes, underscoring the
importance of regionally tailored adaptation and health system strengthening strategies in the
context of climate change.

2. Materials and Methods
2.1. Study Design and Ethical Approval

This ecological time-series study examined the short-term association between heat waves and
cardiorespiratory morbidity and mortality among older adults (260 years) in the state of Sao Paulo,
Brazil, using data from 2010-2019 and 2023-2024. In Brazil, individuals aged 260 years are officially
classified as older adults within public health policies. The years 2020-2022 were excluded from all
analyses (morbidity and mortality) to minimize potential distortions related to the COVID-19
pandemic. For mortality outcomes, complete historical data were available up to 2023, but the years
2020-2022 were likewise excluded.

This study used publicly available, anonymized secondary data obtained from the Brazilian
Unified Health System (DATASUS). The project was submitted to the Research Ethics Committee of
Botucatu Medical School, Sao Paulo State University (UNESP), which determined that formal ethical
approval was not required.

The reporting of this observational study followed the STROBE (Strengthening the Reporting of
Observational Studies in Epidemiology) recommendations.

2.2. Study Area and RHDs

The state of Sao Paulo is the most populous in Brazil and comprises 645 municipalities organized
into 17 RHDs, which coordinate healthcare planning and service provision under the State Health
Secretariat. Each RHD includes a headquarters municipality and a group of reference municipalities
concentrating specialized health services. Analyses at the RHD level allow the assessment of regional
inequalities in health outcomes and system capacity. Detailed information on RHD composition is
provided in the Supplementary Material.

2.3. Sociodemographic, Sanitation, and Health System Variables

To characterize contextual vulnerability and support the construction of the Climate Vulnerability
Index, sociodemographic, sanitation, and health system indicators were compiled at the RHDs level.
Sociodemographic variables included the number and proportion of older adults (260 years) and the
mean Human Development Index (HDI), obtained from the Brazilian Institute of Geography and
Statistics (IBGE). Sanitation indicators comprised population coverage of piped water supply and
sewerage, also retrieved from IBGE. Health system structure and performance indicators included
measures of health service infrastructure, human resources (composite human resources index),
primary healthcare coverage, and public health financing (per capita expenditure index). These data
were obtained from Fundagao SEADE, the Information System on Public Health Budgets (SIOPS), and
DATASUS, the national health information system of the Brazilian Unified Health System and
complemented by regional performance indicators described by Paschoalotto et al (2018) [12]. These
indicators were used to compose the adaptive capacity dimension of the vulnerability index and are
summarized in Table 1 (with additional details in Supplementary Table S2).
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Table 1. Sociodemographic and health system characteristics of the 17 RHDs in the state of Sdo Paulo, Brazil.

RHDs Proportion of Mean Water supply Sewerage Primary care ~ Health human Per capita public
older adults (60 HDI coverage (%) coverage (%) coverage (%) resources health
years, %) 1 index? expenditure
index®
I - Greater 0.760 98.5 94.0 2.27 1.26 2.73
Sao Paulo 16
I- 0.740 95.0 92.6 2.98 3.09 2.71
Aragatuba 19
I - 0.743 95.1 95.0 2.36 3.00 2.79
Araraquara 17.8
IV - Baixada 0.759 91.7 77.2 1.87 3.09 324
Santista 18.7
V —Barretos 18.2 0.742 97.9 97.8 2.60 3.23 2.78
VI - Bauru 17.8 0.732 95.5 93.5 2.41 3.03 2.41
VII- 0.757 95.4 91.1 2.32 2.81 3.18
Campinas 17.1
VIII - Franca 17 0.737 97.7 97.4 3.06 3.38 2.35
IX - Marilia 19.2 0.736 95.2 94.2 2.76 2.86 2.67
X- 0.756 96.7 96.2 2.45 3.24 2.75
Piracicaba 174
XI - 0.736 93.1 90.4 3.23 3.39 2.44
Presidente
Prudente 19.6

CC BY license.
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XII - 0.703 75.1 62.9 2.79 2.63 2.74
Registro 20.6
XIII - 0.743 97.3 96.7 2.34 3.03 2.74
Ribeirao
Preto 16.6
XIV - Sio 0.747 95.2 92.8 2.27 2.53 2.75
Jodo da Boa
Vista 19.1
XV - Sao 0.743 96.0 94.0 2.90 2.27 2.63
José do Rio
Preto 20.1
XVI - 0.717 91.2 81.8 2.23 3.02 2,51
Sorocaba 16.7
XVII - 0.735 94.1 88.7 2.33 2.42 2.85
Taubaté 17.2

1 Primary care coverage: estimated population coverage by primary health care and the Family Health Strategy.
2 Health human resources index: composite indicator based on total personnel expenditure and the proportion
of workers linked to the public SUS system (Paschoalotto et al, 2018). 3 Per capita public health expenditure
index: composite index based on total public health expenditure per inhabitant (SIOPS/DATASUS). Data
sources: DATASUS; IBGE; SNIS; Fundacao SEADE; SIOPS.

2.4. Climate Data and Definition of Heat Waves

Daily air temperature data were obtained from the ERA5 reanalysis dataset produced by the
European Centre for Medium-Range Weather Forecasts (ECMWF) and made available through the
Copernicus Climate Data Store. ERA5 provides hourly meteorological data at a spatial resolution of
0.25° with global coverage and has demonstrated reliability for regional climate analyses in Brazil
[13].

Original GRIB files were processed using Python (version 3.11) scripts to extract daily
temperature series, convert units to degrees Celsius (°C), and export cleaned datasets in comma-
separated values (CSV) format for statistical analysis.

Heat waves were identified based on the historical temperature climatology of the state of Sao
Paulo. A heat wave was defined as a period in which daily air temperatures exceeded the seasonal
climatological mean (calculated for the 1991-2020 reference period) by 3-5 °C for at least three
consecutive days, in accordance with definitions adopted in Brazilian national studies and public
health surveillance frameworks [14,15]. Heat wave exposure was modelled as a binary variable (1 =
heat wave day; 0 = non-heat wave day). Exploratory analyses indicated that heat wave events
occurred synchronously across the state, precluding differentiation of exposure patterns between
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RHDs. Consequently, exposure did not vary spatially across regions, reflecting the synoptic-scale
nature of heat wave events affecting Sao Paulo.

2.5. Mortality and Hospitalization Data

Daily counts of morbidity and mortality among older adults (260 years) were obtained from
national health information systems maintained by the DATASUS. Hospital admissions were
extracted from the Hospital Information System (SIH/SUS), while mortality data were obtained from
the Mortality Information System (SIM/SUS). Microdata were downloaded and pre-processed in R
(version 4.5.2) using the microdatasus package [16], which enables automated extraction, decoding,
and standardization of DATASUS records.

The primary outcomes were daily counts of hospital admissions and deaths with a principal
diagnosis of cardiovascular or respiratory diseases. Diagnoses were coded according to the
International Classification of Diseases, 10th Revision (ICD-10: I00-199 for cardiovascular diseases
and J00-J99 for respiratory diseases), which are recognized as highly sensitive to extreme
temperature exposure among older populations. Individual records included the municipality of
residence, allowing aggregation at the municipal level and subsequently at the RHDs level.

2.6. Statistical Analysis

Analyses were initially conducted separately for cardiovascular and respiratory causes,
considering both hospital admissions and deaths. Descriptive statistics were used to characterize
temporal and spatial patterns across the 17 RHDs. For inferential modelling, cardiovascular and
respiratory outcomes were subsequently combined into a single cardiorespiratory category.

The association between heat wave exposure and daily cardiorespiratory outcomes was assessed
using a Distributed Lag Non-Linear Model (DLNM) framework [17], which allows simultaneous
estimation of non-linear exposure-response relationships and delayed effects across multiple lag
days. Time-series regression models were fitted using Generalized Additive Models (GAM) with a
Poisson distribution, appropriate for count data. Long-term trends and seasonality were controlled
using smooth functions of time. All analyses were conducted in R (version 4.5.2) using the packages
dlnm, mgcv, splines, and ggplot2. A two-sided significance level of 5% (p < 0.05) was adopted.

2.7. Heat Wave—Health Linkage

Dates of heat wave events were linked to the daily time series of hospital admissions and deaths
among older adults to estimate both immediate and delayed effects. Model results were expressed as
relative risks (RR) with corresponding 95% confidence intervals (95% CI). Cumulative effects were
estimated from the distributed lag non-linear models to capture the total delayed impact of heat wave
exposure over the defined lag period.

2.8. Construction of the Climate Vulnerability Index

The Climate Vulnerability Index for Older Adults in Sao Paulo by the Regional Health
Department was constructed in accordance with the conceptual framework proposed by the
Intergovernmental Panel on Climate Change (IPCC, 2001), incorporating the dimensions of exposure,
sensitivity, and adaptive capacity [18].

Because heat-wave exposure, operationalized as the number of heat-wave days, showed
minimal variability across RHDs, the exposure dimension was not included in the composite index
and was used for descriptive purposes only. This approach is consistent with methodological
recommendations for vulnerability index construction in contexts characterized by spatially
homogeneous exposure [19].

The sensitivity dimension comprised: (i) the proportion of older adults in the population (weight
=0.15); (ii) relative risk of cardiorespiratory hospitalizations among older adults following heat waves

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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(weight =0.25); and (iii) relative risk of cardiorespiratory mortality among older adults following heat
waves (weight = 0.25).

The adaptive capacity dimension included: (i) mean HDI (weight = 0.08); (ii) coverage of piped
water supply and sewerage (weight = 0.10); (iii) primary health care coverage through the Family
Health Strategy (weight = 0.09); (iv) density of health human resources (weight = 0.05); and (v) public
health financing indicators (weight = 0.03).

Indicator selection and weighting were informed by IPCC and WHO/PAHO [20] frameworks.
Although weighting schemes inherently involve normative choices, weights were assigned based on
theoretical relevance and empirical evidence from previous climate-health vulnerability indices, with
greater emphasis placed on health outcome indicators that directly reflect observed impacts of heat
exposure among older adults.

All indicators were normalized using Min-Max scaling, with inverse normalization applied
when higher values corresponded to lower vulnerability. The final index was calculated as a
weighted sum of the sensitivity (total weight = 0.65) and adaptive capacity (total weight = 0.35)
dimensions.

The normalized composite vulnerability index was classified into three categories (low,
moderate, and high vulnerability) using empirically derived terciles based on the distribution of
index values across the 17 RHDs. The cut-off points were <0.459 for low vulnerability, >0.459 to <0.527
for moderate vulnerability, and >0.527 for high vulnerability. A detailed description of indicators,
weights, and theoretical justifications is provided in the Supplementary Material.

A sensitivity analysis was conducted to assess the robustness of the composite vulnerability
index to alternative weighting and classification schemes (Supplementary Table S3). The index was
recalculated using equal weights for all nine indicators and reclassified into low, moderate, and high
vulnerability using empirically derived terciles of the unweighted scores across the 17 RHDs. Only
four regions changed the vulnerability category, always between adjacent classes, and the overall
spatial pattern of vulnerability was preserved. These findings indicate that the index is reasonably
robust to weighting choices; therefore, the theoretically driven weighted index, prioritizing health
impact and adaptive capacity indicators, was retained as the primary measure for subsequent
analyses.

2.9. Data Awvailability, Code, and Use of Artificial Intelligence

All scripts used for climate data processing (Python version 3.11) and statistical analyses (R 4.5.2)
were deposited in GitHub (github.com/rfsaldanha/microdatasus). Health data were obtained from
publicly available DATASUS systems, and climate data were sourced from the Copernicus Climate
Data Store (ERAD5).

Generative artificial intelligence tools were used exclusively for language editing and minor text
refinement and did not influence study design, data collection, analysis, interpretation, or
visualization. No generative Al tool was used to generate data, graphics, or analytical code.

3. Results

The analysis revealed regional heterogeneity in vulnerability to heat waves among older adults
in the state of Sao Paulo, reflecting differences in demographic composition, health outcomes, and
structural conditions across the 17 RHDs. Heat wave exposure was unevenly distributed over the
study period and was associated with substantial variation in cardiorespiratory hospitalizations and
mortality among older adults. Distributed lag non-linear models showed both immediate and
delayed effects of heat waves, with cumulative risks varying consistently across regions. The Climate
Vulnerability Index to Heat Waves among Older Adults synthesized these patterns, highlighting
inland and structurally disadvantaged regions as priority areas for mitigation and adaptation actions
based on combined sensitivity and adaptive capacity profiles.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3.1. Climate Patterns and Heat Wave Occurrence

Between 2010 and 2024 (excluding 2020-2022), the state of Sdo Paulo experienced between 5
(2011) and 13 (2018) heat wave episodes per year, with an apparent increase in frequency after 2014
(see Supplementary Table S4 for detailed annual counts and characteristics). The highest maximum
temperature was 42.6 °C, recorded in 2012, and most heat wave events occurred between August and
December, identifying late winter and early spring as the periods of greatest exposure to extreme
heat.

3.2. Sociodemographic and Health System Context

Table 1 summarizes the sociodemographic and structural characteristics of the 17 RHDs in Sao
Paulo, including the size and composition of the older population, human development, basic
sanitation, primary care coverage, and a composite index of health human resources. These indicators
capture both the sensitivity of local populations (e.g., ageing structure) and key aspects of their
adaptive capacity (e.g., primary care and workforce availability), which are later incorporated into
the Climate Vulnerability Index.

Regions such as RHD I — Grande Sao Paulo and RHD VII — Campinas showed higher HDI and
sanitation coverage, but also a high proportion of older adults, indicating a substantial ageing burden
in densely urbanized areas. In contrast, RHD XII — Registro combined lower HDI, more limited water
and sewerage coverage, lower primary care coverage, and a less favorable human resources index,
reflecting marked structural and social vulnerabilities.

3.3. Cardiorespiratory Morbidity and Mortality Among Older Adults

Cardiorespiratory hospitalizations and deaths among older adults (260 years) varied
substantially across RHDs over the periods 2010-2019 and 2023-2024 (hospitalizations) and 2010-
2019 and 2023 (mortality). Table 2 presents the total number of hospitalizations and deaths due to
cardiovascular and respiratory causes in each RHD, highlighting the concentration of the absolute
burden in RHD I — Greater Sdao Paulo and other large and densely populated regions such as
Campinas, Sorocaba and Sao José do Rio Preto, whereas RHD XII — Registro consistently shows the
lowest counts.

Table 2. Hospitalizations and deaths due to cardiovascular (CV) and respiratory (Resp) causes among older
adults (260 years) by RHDs, State of Sao Paulo, 20102019, 2023 and 2023-2024.

RHDs cv Respiratory CV deaths (x Respiratory deaths (x
hospitalizations  hospitalizations (x 1,000) 1,000)
(x 1,000) 1,000)
I - Greater Sao Paulo 397.5 206.2 290.3 141.6
II- Aragatuba 21.7 22.7 9.1 7.7
III - Araraquara 22.4 16.0 10.0 7.0
IV - Baixada Santista 26.9 15.0 33.6 13.7

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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V — Barretos 10.0 11.1 5.5 4.1
VI - Bauru 47.6 40.5 22.5 16.3
VII - Campinas 785 63.9 52.1 33.6
VIII - Franca 15.0 14.0 8.6 6.2
IX — Marilia 38.2 31.2 16.3 10.7
X - Piracicaba 23.0 14.8 16.2 11.2
XI - Presidente Prudente 27.9 21.1 10.8 7.5
XII - Registro 5.7 4.2 42 2.2
XIII - Ribeirao Preto 36.7 28.9 17.2 11.7
XIV - Sao Joao da Boa 25.6 23.8 12.7 8.1
Vista
XV —S&o José do Rio Preto 58.6 51.9 21.4 17.5
XVI - Sorocaba 47.6 47.3 28.5 199
XVII - Taubaté 54.9 33.6 26.4 175

Source: Hospital Information System (SIH/SUS); Mortality Information System (SIM/SUS). Note: Totals
expressed in thousands of hospitalizations (2010-2019 and 2023-2024) and deaths (2010-2019 and 2023) among
older adults (=60 years).

3.4. Effect of Heat Waves on Cardiorespiratory Mortality

For the time-series analyses, daily counts of cardiovascular and respiratory outcomes were
aggregated into a single cardiorespiratory endpoint for both hospitalizations and deaths, reflecting
their shared pathophysiological pathways and enhancing statistical power. Cumulative relative risks
(RRs) of cardiorespiratory mortality and hospitalizations associated with heat wave exposure over
lags 0-15 days were then estimated for older adults in each of the 17 Regional Health Departments
(RHDs) of Sao Paulo State and are presented in Table 3 and Figure 1.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 3. Cumulative relative risks (RRs) of cardiorespiratory mortality and hospitalizations among older adults
associated with heat wave exposure (lag 0-15 days), by RHDs, State of Sao Paulo, Brazil.

RHDs Mortality RR (95% CI) Hospitalization RR (95% CI)

I - Greater Sao Paulo

IT - Aracatuba

III - Araraquara

IV — Baixada Santista

V — Barretos

VI - Bauru

VII - Campinas

VIII - Franca

IX - Marilia

X — Piracicaba

XI - Presidente Prudente

XII - Registro

XIII - Ribeirao Preto

XIV - Sao Joao da Boa Vista

XV —Sao José do Rio Preto

1.18 (1.18-1.19)

1.65 (1.61-1.69)

1.62 (1.58-1.66)

1.34 (1.32-1.35)

1.43 (1.41-1.45)

1.75 (1.68-1.82)

1.40 (1.38-1.41)

1.29 (1.28-1.30)

1.66 (1.62-1.70)

1.52 (1.50-1.55)

1.59 (1.56-1.63)

1.75 (1.69-1.83)

1.45 (1.43-1.47)

1.55 (1.51-1.58)

1.44 (1.42-1.45)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

1.40 (1.39-1.41)

1.26 (1.23-1.30)

1.31 (1.28-1.36)
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XVI - Sorocaba 1.34 (1.32-1.35) 1.34 (1.32-1.37)

XVII - Taubaté 1.39 (1.37-1.40) 1.31 (1.29-1.34)

Source: DLNM modelling — SIM/SUS (DATASUS, 2024).

Note: Relative risks represent cumulative effects over a 0-15-day lag period following heat wave
exposure. Estimates were obtained using distributed lag models and correspond to the total excess
risk accumulated over the lag window.
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XVI - Sorocaba
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Figure 1. Cumulative relative risks (RRs) of cardiorespiratory mortality and hospitalizations among older adults
associated with heat wave exposure (lag 0-15 days), by RHDs, State of Sao Paulo, Brazil. Source: DLNM
modelling — SIM/SUS (DATASUS, 2024). Note: Relative risks represent cumulative effects over a 0-15-day lag
period following heat wave exposure. Estimates were obtained using distributed lag models and correspond to

the total excess risk accumulated over the lag window.

Overall, the results show that heat waves are associated with substantial increases in
cardiorespiratory risk, with relative risks for mortality generally exceeding those for hospitalizations
across most RHDs. This pattern suggests that extreme heat may trigger more severe clinical events
that progress rapidly to death, highlighting the particular vulnerability of older adults and the need
for targeted heat-health action plans at the regional level.

3.5. Climate Vulnerability Index for Older Adults

To characterize how susceptibility to heat waves varies across Sdao Paulo State, a Climate
Vulnerability Index for Older Adults was constructed for each Regional Health Department (RHD).
The index combines indicators of sensitivity (demographic and health impacts) and adaptive capacity
(socioeconomic conditions and health system resources), generating a composite score that was
subsequently categorized into low, moderate, and high vulnerability levels, as presented in Tables 4
and 5.
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Table 4. Climate Vulnerability Index to heat waves among older adults, by Regional Health Department (RHD),
Sao Paulo State, 2024.

RHD Sensitivity (0.65) ! Adaptive Capacity Index® Classification
(0.35) 2
I Greater Sao Paulo 0.25 0.136 0.386 Low
II Aragatuba 0.44 0.088 0.528 High
III Araraquara 0.43 0.118 0.548 High
IV Baixada Santista 0.34 0.148 0.488 Moderate
V Barretos 0.37 0.086 0.456 Low
VIBauru 0.42 0.142 0.562 High
VII Campinas 0.29 0.097 0.39 Low
VIII Franca 0.28 0.087 0.367 Low
IX Marilia 0.42 0.113 0.533 High
X Piracicaba 0.37 0.087 0.457 Low
XI Presidente Prudente 0.40 0.088 0.488 Moderate
XII Registro 0.40 0.257 0.657 High
XIII Ribeirao Preto 0.29 0.116 0.406 Low
XIV Sao Jodo da Boa Vista 0.41 0.133 0.543 High
XV Sao José do Rio Preto 0.42 0.103 0.522 Moderate

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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XVI Sorocaba 0.29 0.203 0.493 Moderate

XVII Taubaté 0.31 0.154 0.464 Moderate

1 Sensitivity includes proportion of older adults (0.15) + increase in hospitalizations (0.25) + increase in deaths
(0.25). 2 Adaptive capacity: Human Development Index (0.08) + coverage of water supply and sanitation (0.10) +
health workforce density (0.05) + health financing (0.03). ® Final Index = weighted mean of the normalized
sub-indices (Sensitivity and Adaptive Capacity). Source: Authors’ elaboration based on DLNM data —
SIM/SIH/SUS (DATASUS, 2024); ERA5 — ECMWF (2025). Classification: <0.459: low vulnerability; >0.459 to
<0.527: moderate vulnerability; >0.527 : high vulnerability.

Table 5. Distribution of RHDs according to the Climate Vulnerability Index to heat waves in older adults, Sao
Paulo State, Brazil.

Vulnerability category Index range Count of RHDs RHDs
(%)
Low <0.459 6 (35.3%) Greater Sao Paulo,Campinas,

Franca, Piracicaba, Ribeirao Preto,

Barretos

Moderate >0.459-<0.526 5(29.4%) Baixada Santista, Presidente
Prudente, Sao José do Rio Preto,

Sorocaba, Taubaté

High >0.526 6 (35.3%) Aragatuba, Araraquara, Bauru,
Marilia, Sdo Jodo da Boa Vista,

Registro

Notes: Cut-off values were defined using empirically derived terciles based on the distribution of the Climate
Vulnerability Index across the 17 RHDs. RHDs refer to Regional Health Departments of Sio Paulo State, Brazil.

To facilitate the visual interpretation of regional differences in climate vulnerability, the
classification of RHDs into low, moderate, and high vulnerability categories was spatially
represented using a thematic map (Figure 2).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Spatial distribution of the Climate Vulnerability Index to heat waves among older adults by Regional
Health Department (RHD), Sao Paulo State, Brazil.

Taken together, the Climate Vulnerability Index revealed a heterogeneous pattern across the 17
RHDs, with roughly one third of regions classified as highly vulnerable and another third as
presenting low vulnerability. High-vulnerability RHDs were mainly located in inland areas with
greater sensitivity and/or more limited adaptive capacity, whereas low-vulnerability RHDs tended
to concentrate in more metropolitan and socioeconomically advantaged areas. This spatial clustering
underscores the need for regionally tailored adaptation strategies, prioritizing highly vulnerable
inland RHDs while sustaining protective measures in lower-vulnerability settings.

4. Discussion

By integrating cumulative relative risk estimates with spatial representations of the Climate
Vulnerability Index, this study demonstrates marked spatial heterogeneity in the health impacts of
heat waves among older adults in Sao Paulo State. The integration of composite vulnerability indices
to assess spatial heterogeneity has been widely applied in climate change research in Brazil,
particularly in subnational analyses [21].

Our findings are consistent with nationwide evidence showing a significant association between
heat exposure and hospitalizations in Brazil. In a large multicity study covering more than 1,800 cities
between 2000 and 2015, Zhao et al. (2019) reported that approximately 6% of hospitalizations during
hot seasons were attributable to heat exposure, with a disproportionate burden among older adults
and marked geographic heterogeneity [22]. While that study quantified the overall heat-related
morbidity burden, our analysis advances this evidence by identifying regional patterns of
vulnerability within Sao Paulo State, highlighting the role of demographic structure, health
outcomes, and adaptive capacity in shaping unequal health impacts under relatively homogeneous
heat exposure conditions. This finding suggests that regional differences in heat-related health
impacts are driven less by climatic variation and more by contrasts in demographic structure,
socioeconomic conditions, pre-existing health status, and adaptive capacity, which emerge as central
determinants of regional heat-related risk.
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The stronger association observed between heat waves and mortality compared with
hospitalizations is consistent with known physiological vulnerabilities of older adults to thermal
stress. Large multicity evidence from Latin America shows that marginal increases in high
temperatures are associated with steep rises in mortality risk, particularly among older adults and
for cardiovascular and respiratory causes [23].

Age-related impairments in thermoregulation, reduced sweating capacity, diminished
cardiovascular reserve, and a higher prevalence of chronic cardiorespiratory conditions may limit the
ability of older adults to compensate for extreme heat exposure. Dehydration, electrolyte imbalance,
increased blood viscosity and heightened cardiovascular strain can precipitate acute events such as
arrhythmias, heart failure decompensation and ischemic episodes, potentially leading to death
without prior hospital admission, particularly in frail or medically complex individuals. These
mechanisms, together with the higher prevalence of chronic cardiopulmonary and metabolic diseases
among older adults, are consistent with systematic review evidence showing that heat waves
disproportionately increase mortality and morbidity in older adults and medically vulnerable groups
[24].

While these mechanisms highlight the biological susceptibility of older adults to extreme heat,
vulnerability is not determined by physiology alone. Biological fragility is often amplified by social
and structural conditions, such as poverty, racial inequities, housing quality, and unequal access to
cooling and healthcare. Beyond biological susceptibility, the heterogeneous distribution of climate
vulnerability across regions reflects underlying social, environmental, and health-system
inequalities. Recent Brazilian evidence from the 2023 extreme heat wave in Rio de Janeiro illustrates
how extreme heat events disproportionately affect socially vulnerable populations [25].

In the present study, regions classified as highly vulnerable tended to combine greater
demographic sensitivity and lower adaptive capacity, including higher proportions of older adults,
less favorable socioeconomic conditions, limited access to cooling resources, and a higher burden of
chronic diseases. This pattern further supports the usefulness of the index as a tool to identify
territories where social, environmental, and health system factors converge to amplify heat-related
risks among older adults.

Consistent with these findings, Santos et al. reported that heat-related excess mortality in the 14
most populous Brazilian urban areas was highest among older adults, individuals with low
educational attainment and Black and Brown populations, highlighting the intersection between
social stratification and climatic risk [25].

RHDs such as Greater Sao Paulo, Campinas, and Ribeirao Preto —among the most populous and
economically developed areas of the state—were classified as having low climate vulnerability,
whereas more peripheral and less affluent regions concentrated the highest vulnerability scores. This
pattern, in which metropolitan and economically more developed regions generally exhibit lower
vulnerability, likely reflects better housing conditions, greater availability of healthcare services and
higher adaptive capacity. These findings align with the climate-vulnerability framework adopted in
IPCC assessments, where exposure, sensitivity and adaptive capacity jointly determine
climate-related risk [19,26], and with empirical studies showing that heat-related mortality and
morbidity disproportionately affect socioeconomically deprived or underserved communities
through mechanisms involving housing quality, neighborhood context, access to cooling and
pre-existing health inequalities [27,28].

Taken together, these findings indicate that the observed spatial pattern of climate vulnerability
among older adults is primarily driven by differences in sensitivity and adaptive capacity, rather than
by substantial spatial variation in heat-wave exposure. Accordingly, the index was conceived to
capture regional differences in vulnerability under conditions of relatively homogeneous heat-wave
exposure, thereby highlighting how variations in sensitivity and adaptive capacity among older
populations lead to unequal health impacts across territories.

From a public health perspective, the observed regional disparities have important implications
for the Unified Health System (SUS). The identification of highly vulnerable RHDs in our study aligns
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with previous work emphasizing that heat-related health risks in Brazil are strongly shaped by
regional socioeconomic and environmental inequalities across Brazilian regions [29].

Integrating climate- and heat-vulnerability indicators into regional health planning within the
SUS could support more efficient allocation of resources and improve preparedness for extreme heat
events, especially in territories where older adults are overrepresented. In this context, highly
vulnerable regions become priority areas for targeted adaptation strategies, including heat-health
early warning systems, active surveillance of older adults during heat waves, and strengthening of
primary care and emergency response capacity, which are essential to reduce avoidable morbidity
and mortality among older adults in an ageing and warming society [30,31].

Climate change is increasingly recognized as a major stressor to population health and to the
health systems that aim to safeguard well-being, particularly in low- and middle-income countries.
In this context, climate change and health vulnerability and adaptation assessments are considered
an important strategy to inform decision-makers about current weather-health relationships,
vulnerable groups, future risks, and priority adaptation options [32].

Our vulnerability index responds directly to these needs by providing a standardized,
operational tool that summarizes multidimensional heat-related vulnerability among older adults
across RHDs, thus generating information that is readily usable within routine SUS planning and
governance processes.

However, international experience indicates that, despite the growing number of such
assessments, their results have not consistently contributed to a cumulative, comparable global
evidence base and are often not effectively integrated into adaptation decision-making [32].

In many settings, this reflects the limited participation of the health sector in national climate
policy processes and persistent barriers, including restricted data access, a scarcity of climate-health
models, uncertainties in climate projections, and insufficient funding and technical capacity,
particularly in developing countries [33].

By relying on publicly available health, demographic, and socioeconomic data, our study
illustrates a feasible pathway to build a heat-vulnerability index in a data- and resource-constrained
context, offering a pragmatic template that could be adapted by other health systems facing similar
challenges. Although this approach does not overcome structural constraints such as limited funding,
data gaps, or modeling capacity, it provides proof of concept that useful decision-support tools can
be developed even in resource-constrained settings. Importantly, translating vulnerability
assessments into concrete adaptation actions requires explicit integration with climate-resilient health
system agendas and multisectoral governance. In this context, the index can facilitate coordination
between the health sector and other sectors—such as environment, civil protection, and urban
planning —by providing a common territorial metric that can be used to align health priorities with
broader climate adaptation and disaster risk reduction strategies.

Finally, previous work has highlighted the need for capacity building and partnerships to enable
vulnerability and adaptation assessments from local to national levels and to ensure that the resulting
evidence is translated into effective policies and interventions [32]. In addition, periodically updating
the index would allow changes in heat-related vulnerability to be monitored over time, for instance
following expansions in primary care coverage, socioeconomic shifts, or the implementation of
adaptation policies. In this sense, the index functions not only as a diagnostic tool, but also as a
practical instrument for tracking the effects of health and social interventions on climate-related
vulnerability among older adults.

The application and periodic updating of our index within the SUS could be embedded in such
capacity-building efforts, for example through collaborations between health authorities, academia,
and meteorological and environmental agencies, and through the development of technical guidance
and training for subnational health managers. In this way, the index not only characterizes current
spatial patterns of vulnerability but can also serve as a practical entry point for strengthening
institutional capacity to plan, implement, and evaluate health adaptation to climate change.
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5. Limitations

This study has several limitations that should be considered when interpreting the findings. The
vulnerability index was constructed using secondary data aggregated at the level of RHDs, which
may mask important intra-regional heterogeneities and local micro-environments of risk. The
selection and operationalization of indicators were constrained by data availability and quality,
meaning that some relevant social, environmental, and health system dimensions (for example,
informal housing conditions, micro-urban heat island characteristics, or detailed indicators of
primary care performance) could not be incorporated, potentially leading to residual confounding or
misclassification of vulnerability. Furthermore, the index captures structural vulnerability to heat
under recent climatic conditions and does not explicitly account for future changes in climate,
demographics, or health system capacity, so its values should not be interpreted as fixed
characteristics of territories over time. Finally, although the index was developed to be conceptually
generalizable, its specific configuration reflects the organization and data infrastructure of the
Brazilian Unified Health System and may require adaptation and local validation before being
applied in other health system contexts or to other population groups.
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the Climate Vulnerability Index to Heat Waves among Older Adults (IVCI-SP/RHD): comparison of weighted
and unweighted (equal-weight) approaches across Regional Health Departments; Supplementary Table S4.
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