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A B S T R A C T   

Background: The Brazilian Amazon faces overlapping socio-environmental, sanitary, and climate challenges, and 
is a hotspot of concern due to projected increases in temperature and in the frequency of heat waves. Under
standing the effects of extreme events on health is a central issue for developing climate policies focused on the 
population’s health. 
Objectives: We investigated the effects of heat waves on mortality in the Brazilian Amazon, examining effect 
modification according to various heat wave definitions, population subgroups, and causes of death. 
Methods: We included all 32 Amazonian municipalities with more than 100,000 inhabitants. The study period 
was from 2000 to 2018. We obtained mortality data from the Information Technology Department of the Bra
zilian Public Healthcare System, and meteorological data were derived from the ERA5-Land reanalysis dataset. 
Heat waves were defined according to their intensity (90th; 92.5th; 95th; 97.5th and 99th temperature per
centiles) and duration (≥2, ≥3, and ≥4 days). In each city, we used a time-stratified case-crossover study to 
estimate the effects of each heat wave definition on mortality, according to population subgroup and cause of 
death. The lagged effects of heat waves were estimated using conditional Poisson regression combined with 
distributed lag non-linear models. Models were adjusted for specific humidity and public holidays. Risk ratios 
were pooled for the Brazilian Amazon using a univariate random-effects meta-analysis. 
Results: The pooled relative risks (RR) for mortality from total non-external causes varied between 1.03 (95% CI: 
1.01–1.06), for the less stringent heat wave definition, and 1.18 (95% CI: 1.04–1.33) for the more stringent 
definition. The mortality risk rose as the heat wave intensity increased, although the increase from 2 to 3, and 
3–4 days was small. Although not statistically different, our results suggest a higher mortality risk for the elderly, 
this was also higher for women than men, and for cardiovascular causes than for non-external or respiratory 
ones. 
Conclusions: Heat waves were associated with a higher risk of mortality from non-external causes and cardio
vascular diseases. Heat wave intensity played a more important role than duration in determining this risk. 
Suggestive evidence indicated that the elderly and women were more vulnerable to the effects of heat waves on 
mortality.   

1. Introduction 

Heat waves are meteorological events characterized by high 

temperatures that last for several days, are among the most dangerous of 
natural hazards and can have significant health impacts (WMO and 
WHO, 2015). They are associated with increased morbidity, including 
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hospitalizations, ambulance call-outs and emergency department visits, 
and with general mortality from non-external and specific causes 
(Campbell et al., 2018; Li et al., 2015; Son et al., 2019; Xu et al., 2016; 
Zuo et al., 2015), principally cardiorespiratory outcomes (Cheng et al., 
2019). 

The effects of heat waves on the population’s health are not homo
geneous, and may vary by location and study population. The groups 
most vulnerable to the effects of heat waves include the elderly, people 
of low socioeconomic status, heavy-duty workers, individuals with a 
pre-existing condition, and residents from deprived areas with poor 
housing conditions, including a lack of air conditioning or ventilation 
mechanisms (Li et al., 2015; Son et al., 2019; Song et al., 2017). Expo
sure of the vulnerable (such as children and the elderly) to heat waves 
has increased in recent years, and there is an increasing trend in 
heat-related mortality for populations over 65 years (Romanello et al., 
2021; Watts et al., 2021). 

According to the Intergovernmental Panel on Climate Change (IPCC, 
2022), the global surface temperature has increased over recent de
cades, and extreme events, such as heat waves, are becoming more 
frequent and intense. Projections based on climate change scenarios 
indicate that temperatures will continue to rise, and heat waves will 
become even more severe (IPCC, 2022). Accordingly, an increase in 
heat- and heat wave-related mortality is expected (Deng et al., 2018; 
Guo et al., 2018; Sanderson et al., 2017). 

The climate in the Amazon region is predominantly hot and humid, 
with average temperatures over 25 ◦C, although some locations expe
rience periods of drought. The air temperature over the region has been 
increasing (Marengo et al., 2018), and projections based on climate 
models consistently show increases in temperature variability and in the 
frequency of heat waves in the region (Bathiany et al., 2018; Feron et al., 
2019). Another cause for concern is the recent and growing trend in 
forest fires and deforestation (Hope, 2019; Qin et al., 2021). In addition, 
the region still faces old socio-environmental and sanitary challenges, 
which may be exacerbated by the climate crisis, especially in a context of 
population growth predominantly concentrated in urban centers (Gar
nelo, 2019; Viana et al., 2016). 

The Brazilian Amazon consists of 772 municipalities and 9 states, 
covers 58.9% of Brazil’s territory, and has an estimated population of 
28,113,186 inhabitants - 13.3% of the country’s population (IBGE, n.d.). 
It has complex socio-environmental characteristics, with urban centers 
coexisting with relatively small and isolated towns and villages, and 
traditional populations (indigenous, quilombolas and riverine peoples) 
of different ethnicities dispersed across remote rural areas (Garnelo, 
2019). The highly predatory development model implemented in the 
Amazon has led to significant environmental changes, without 
improving its social or health characteristics. The region has the worst 
socio-environmental indicators in the country, with high levels of 
extreme poverty, the lowest human development index, and sanitation 
coverage well below the national average. Its health indicators, 
including infant mortality and incidence of infectious diseases, such as 
dengue, leishmaniasis and leprosy, are also worse than the national 
average (Viana et al., 2016). 

Action and climate policies focusing on the population’s health and 
well-being are urgently required (Yglesias-González et al., 2022). Un
derstanding the effects of climate and climate change on health, high
lighting the most vulnerable populations, is a central feature of such 
action, especially in a region that experiences overlapping 
socio-environmental, health, and climate challenges. There is a lack of 
scientific evidence about the effects of heat waves in the Amazon, or in 
other tropical regions in low- and middle-income countries (Campbell 
et al., 2018; Son et al., 2019; Xu et al., 2016). Most of the studies on the 
mortality effects of heat waves in Brazil were restricted to São Paulo 
(Diniz et al., 2020; Moraes et al., 2022; Son et al., 2016), or focused on 
heat wave effects at the national level (Guo et al., 2017). In this study, 
we investigate the effects of heat waves on mortality in the Brazilian 
Amazon region. Furthermore, we examined how these vary according to 

different definitions of heat waves, and across different population 
subgroups and causes of death. 

2. Methods 

2.1. Study location 

We included municipalities with more than 100,000 inhabitants, 
according to the 2010 Census, giving a total of 32 municipalities: Rio 
Branco in Acre State; Manaus and Parintins in Amazonas; Macapá and 
Santana in Amapá; Belém, Altamira, Ananindeua, Santarém, Marabá, 
Castanhal, Parauapebas, Abaetetuba, Cametá, Bragança and Marituba in 
Pará; Porto Velho and Ji-Paraná in Rondônia; Boa Vista in Roraima; 
Palmas and Araguaína in Tocantis; São Luís, Imperatriz, São José de 
Ribamar, Codó, Paço do Lumiar, Açailândia and Bacabal in Maranhã; 
Cuiabá, Várzea Grande, Rondonópolis and Sinop in Mato Grosso (Fig. 1). 
Municipal socio-demographic and geographic information is presented 
in Supplementary Table S1. 

2.2. Data 

2.2.1. Mortality and individual-level data 
We calculated daily deaths based on mortality data from non- 

external causes (codes A00 to R99 of the 10th International Classifica
tion of Diseases), obtained from the Mortality Information System (SIM) 
of the Information Technology Department of the Public Healthcare 
System (DATASUS). The study covered the period from 2000 to 2019, 
and included information on age, gender and cause of death. 

2.2.2. Meteorological data 
We calculated the daily weather variables – mean temperature, 

maximum temperature and specific humidity – based on the ERA5-Land 
reanalysis dataset from the European Center for Medium-Range Weather 
Forecasts (ECMWF) for the study period. The ERA5-Land provides 
hourly data with a grid resolution of 9 km. Daily variables were calcu
lated from hourly data. Gridded data was attributed to each munici
pality by calculating the weighted average of the grids covered by a 20 
km circular buffer centered on the municipality’s main offices. We 
compared the temperature from the ERA5-Land and ground-level 

Fig. 1. Study area.  
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weather stations, examining the Pearson correlation for these series in 
17 cities where data were available. Additional details about these data 
are presented in Supplementary Table S2.2.3 Heat wave definitions. 

While there is no unique definition for heat waves, it is understood 
that they refer to prolonged periods of unusually hot temperatures 
(WMO, 2015). Generally, definitions differ in relation to their temper
ature metric, duration (days, weeks), and intensity (temperature 
threshold), which can be absolute or relative, based on temperature 
distribution percentiles over a certain period (Xu et al., 2016; Zuo et al., 
2015). The best criteria may vary between different regions, and what is 
considered a climatic extreme in one place may not be considered so in 
another (Zuo et al., 2015). In order to better understand the effect of 
heat waves on mortality, we used fifteen definitions, which varied ac
cording to heat wave intensity (90th; 92.5th; 95th; 97.5th and 99th 
percentiles of the daily mean temperature over the study period) and 
duration (≥2, ≥3, and ≥4 days). We used the mean temperature as it is 
more likely to represent the heat level in 24 h (Xu et al., 2016). We did 
not restrict our analysis to the hottest season as temperatures in the 
region are generally high throughout the year. 

2.3. Study design and analysis 

In the first stage of analysis, we used a case-crossover study for each 
city to estimate the effects of each heat wave definition on mortality, and 
across different population subgroups (people aged 0–64, people aged 
65 or above, men and women) and causes of death (cardiovascular and 
respiratory diseases). In case-crossover studies, the individuals who 
experienced the event of interest serve as their own controls, and 
exposure on the day of the event (case period) is compared with expo
sure at different times (control periods) (Maclure, 1991). We used the 
time-stratified control selection strategy, whereby controls are selected 
on the same day of the week, month, and year as the cases (Janes et al., 
2005). 

We used a directed acyclic graphic (DAG) to explain the causal hy
potheses underlying our study and to identify a sufficient set of adjust
ment variables to estimate the total effect of heat waves on mortality 
outcomes (Supplementary Fig. S1). The DAG was created in DAGitty 
(Textor et al., 2011). Because participants are compared with them
selves at different points in time, time-invariant confounders, such as 
individual characteristics, are adjusted by design (Maclure, 1991). 
Furthermore, since the cases were matched to controls on the same day 
of the week, month and year, the potential confounding effects of day of 
the week, long-term trend, and seasonality were also avoided (Janes 
et al., 2005). The sufficient set of variables for adjustment to estimate 
the total effect of heat waves on mortality in our regression model 
therefore included specific humidity and public holidays. Since relative 
humidity is a function of temperature, we adjusted for specific humidity 
rather than relative humidity, potentially reducing over-fitting (Davis 
et al., 2016). Air pollution was considered a potential mediator and thus 
was not included in the models. 

We ran conditional Poisson regression models (Armstrong et al., 
2014) to estimate the effect of heat waves on mortality. Heat waves were 
represented by a binary variable (0 for non-heat wave days, 1 for heat 
wave days) while distributed lag non-linear models (DLNM) (Gasparrini 
et al., 2010) were used to account for their delayed effects. We used a 
linear function to represent the effect of exposure, and a natural cubic 
spline, with four degrees of freedom, over the 5-day lag period. The 
choice of model parameters, spline function and number of knots, was 
based on a minimization of the sum of the Akaike Information Criteria 
for quasi-Poisson models. According to our analyses, 5 days is sufficient 
to account for the delayed effect and any potential harvesting effect 
(Supplementary Fig. S2). Specific humidity was controlled using a nat
ural cubic spline with 3 degrees of freedom, while public holidays were 
controlled using a binary variable. The formula representing the con
ditional Poisson regression model used to estimate the city-specific heat 
wave-mortality association is in the supplementary material. 

In the second stage, we used univariate random-effects meta-ana
lyses (Gasparrini and Armstrong, 2013) to pool the city-specific results 
and obtain a summary measure for the entire Brazilian Amazon. The 
regression coefficients of the first stage models were reduced, cumu
lating the lag-specific contribution, and then used as outcomes for the 
meta-analyses with the intercept only. The pooled mortality risks were 
estimated for all definitions of heat waves and each subgroup. 

Since the locations studied have different climatic and socioeco
nomic characteristics, we tested the heterogeneity between the city- 
specific heat wave-mortality association using the multivariate 
Cochran Q test and I2 statistic. We fitted a meta-regression model to 
assess whether the exposure-outcome association changes according to 
certain meteorological, socioeconomic and geographical characteristics 
at city level. We tested the meta-predictors: average mean, minimum 
and maximum temperatures, mean annual temperature range, the 
Köppen climate classification, and latitude. The associations between 
the meta predictors and the exposure-response reduced coefficients 
were tested using the Wald test. We used the meta-analytical model with 
average maximum temperature at city level to derive the best linear 
unbiased prediction (BLUP) (Gasparrini et al., 2012) of heat 
wave-mortality in each city. Associations predicted with BLUP corre
spond to a trade-off between the city-specific and pooled associations, 
allowing locations with a low number of daily deaths to borrow infor
mation from locations which have similar characteristics but a higher 
number of deaths (Gasparrini et al., 2012, 2015). 

2.3.1. Sensitivity analyses 
We performed certain sensitivity analyses to verify the robustness of 

our results. For the lagged effects, we used a quadratic b-spline, natural 
cubic splines with 3 and 5 degrees of freedom and different lag periods 
(10 and 21 days). Different adjustments were explored, including a 
model without humidity and a model adjusted for temperature to 
investigate whether there was an additional effect of heat waves on 
mortality above the effect of high temperature on the first heat wave 
day, in line with Guo et al. (2017). We used a natural cubic spline with 4 
degrees of freedom, with equally spaced knots, for both temperature and 
5-day lag. Finally, the maximum temperature was used to define heat 
waves. Sensitivity analyses were pooled for the entire Brazilian Amazon, 
and the results were reported for heat wave definitions with a duration 
of at least 2 days. 

All procedures and statistical analyses were conducted in R software 
(version 4.1.1), with the microdatasus package to download health data, 
ecmwfr to download weather data, gnm and dlnm for the city-specific 
analyses and mvmeta for the meta-analyses. 

3. Results 

Between 2000 and 2019, there were 831,084 deaths from all non- 
external causes, 199,330 (24%) from cardiovascular diseases and 
85,598 (10.3%) from respiratory ones. The majority occurred among 
men (58.2%) and people aged up to 64 (52.2%). Supplementary 
Table S3 presents the descriptive statistics of the outcomes and meteo
rological variables for each of the 32 cities included in the study, while 
Table 1 presents a summary of the averages for these cities. 

Table 2 shows the average, minimum and maximum number of heat 
wave days in the cities studied, according to each definition criteria. The 
number of heat wave days in the 32 municipalities in this study, ac
cording to the fifteen heat wave definitions applied, are presented in 
Supplementary Table S4. As the heat wave definition became more 
stringent, with increasing duration and intensity, the average, mini
mum, and maximum numbers of heat wave days fell. 

The results of the I2 statistic and the p-value of the Cochran Q test for 
the meta-regression with intercept only, equaling 25.9% and 0.093 
respectively, suggest that the residual heterogeneity of the association 
between cities is not high, and not significant at the 5% confidence level 
(Supplementary Table S5). However, the residual heterogeneity was 
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even lower in the models that contained (separately) the variables: 
temperature range, and maximum and minimum temperature, which, 
according to the Wald test, modified the heat wave-mortality associa
tion. When we tested the multivariate meta-regression model with these 
three meta variables, only the maximum temperature remained signif
icantly associated at the 5% level. Given this, and observing the good
ness of fit criteria (AIC and BIC), we chose to use the model with the 
maximum temperature only to derive the BLUP for the city-specific heat 
wave-mortality association. For this paper we have chosen to present the 
combined results for the entire region, while the city-specific results are 
reported in the supplementary material. 

Fig. 2 shows the pooled relative risks (RR) and their 95% confidence 
intervals for the effect of heat waves on mortality, according to the 
different definitions analyzed, over a lag period of 0–5 days. Although 
not statistically different, we found higher mortality risk as the heat 
wave intensity increases (higher thresholds), while there is a small in
crease as the duration changes from 2 to 3 days (for 95th percentile 
thresholds or higher), but no difference for a duration of 4 days. The 
pooled RR for mortality from total non-external causes, comparing heat 
wave days to non-heat wave days, varied between 1.03 (95% CI: 
1.01–1.06), for the less stringent heat wave definition, and 1.18 
(1.04–1.33) for the more stringent definition. Most city-specific results 
(Fig. S3) had a pattern similar to the pooled association, with risks 
increasing with heat wave intensity, albeit with a higher occurrence of 

non-significant results at the 5% level. 
Table 3 presents the relative risks of mortality due to heat waves by 

subgroup. We have reported the results for heat waves lasting at least 2 
days, because this is a less rigorous criterion with a greater number of 
heat wave days, for the lowest (90th percentile), intermediate (95th), 
and highest heat wave intensity (99th). Results stratified by age, sex and 
cause of death were not statistically different, but suggest that the effect 
was greater for the elderly (≥65 years), and close to the null value for 
the younger subgroup (0–64 years). Both men and women experienced 
an increased risk of mortality on heat wave days, but the central RR 
estimates were greater for women. Although not statistically different, 
the results also suggest a greater effect for cardiovascular mortality than 
for non-external and respiratory causes. Supplementary Table S6 shows 
the stratified results for all the heat wave definitions. 

Sensitivity analyses (Supplementary Table S7) show that these re
sults remain robust when the model specifications change. The pooled 
results for the Brazilian Amazon were similar for a quadratic b-spline 
function and a natural cubic spline with 3 and 5 degrees of freedom for 
the lag-response relationship, and when specific humidity was removed 
from the model. For the longer lag period, we observed a reduction in 

Table 1 
Summary statistics of the daily mean deaths and meteorological variables in the 
32 cities in the Brazilian Amazon.   

Total (and 
%) 

Mean SD Min Median Max 

Total non-external 
mortality 

831,084 3.5 5.3 0.3 1.6 22.2 

Male 483,863 
(58.2%) 

2.1 3 0.2 0.9 12.9 

Female 346,561 
(41.7%) 

1.5 2.3 0.1 0.6 9.3 

0–64 years old 433,833 
(52.2%) 

1.9 2.8 0.1 0.8 12.5 

65 years old or 
above 

397,121 
(47.8%) 

1.7 2.5 0.2 0.8 10.7 

Cardiovascular 
mortality 

199,330 
(24.0%) 

0.9 1.2 0.1 0.4 5.1 

Respiratory 
mortality 

85,598 
(10.3%) 

0.4 0.6 0 0.2 2.8 

Average 
temperature (◦C) 

– 26.4 0.5 25.4 26.5 27.4 

Average specific 
humidity (kg/kg) 

– 0.014 0.001 0.013 0.014 0.015  

Table 2 
Average, minimum, and maximum number of heat wave days for fifteen heat 
wave definitions, across 32 cities in the Brazilian Amazon (2000–2019).  

Abbreviation Definition (days, percentile 
threshold) 

mean minimum maximum 

hw2_90 2 days, 90th 599.5 511.0 671.0 
hw2_925 2 days, 92.5th 429.7 363.0 523.0 
hw2_95 2 days, 95th 277.8 216.0 330.0 
hw2_975 2 days, 97.5th 124.5 90.0 156.0 
hw2_99 2 days, 99th 49.25 35.0 62.0 
hw3_90 3 days, 90th 468.8 367.0 553.0 
hw3_925 3 days, 92.5th 321.7 268.0 420.0 
hw3_95 3 days, 95th 198.6 137.0 248.0 
hw3_975 3 days, 97.5th 83.28 53.0 119.0 
hw3_99 3 days, 99th 29.53 18.0 48.0 
hw4_90 4 days, 90th 379.6 270.0 475.0 
hw4_925 4 days, 92.5th 250.8 181.0 358.0 
hw4_95 4 days, 95th 148.4 93.0 201.0 
hw4_975 4 days, 97.5th 57.22 30.0 92.0 
hw4_99 4 days, 99th 18.12 7.0 40.0  

Fig. 2. Pooled effect of heat waves on mortality in the Brazilian Amazon over a 
lag period of 0–5 days, with heat waves of varying duration and intensity. 

Table 3 
Overall effect of heat waves on mortality in the Brazilian Amazon, over a lag 
period of 0–5 days, stratified by age, gender and cause of death. Heat waves of 
two or more days and varying intensity.  

Subgroup Risk ratio (95% confidence interval) 

Lowest intensity 
(90th) 

Intermediate 
intensity (95th) 

Highest intensity 
(99th) 

All causes 1.03 (1.01–1.06) 1.05 (1.01–1.09) 1.15 (1.06–1.25) 
0–64 years old 1.00 (0.97–1.03) 0.99 (0.96–1.03) 1.03 (0.95–1.12) 
65 years or 

above 
1.07 (1.03–1.12) 1.12 (1.05–1.19) 1.34 (1.15–1.57) 

Male 1.02 (0.99–1.05) 1.05 (1.01–1.08) 1.11 (1.01–1.22) 
Female 1.04 (0.99–1.09) 1.07 (1.00–1.14) 1.24 (1.07–1.43) 
Cardiovascular 1.06 (1.02–1.1) 1.07 (1.01–1.13) 1.27 (1.13–1.42) 
Respiratory 1.09 (0.98–1.22) 1.07 (0.96–1.21) 1.05 (0.73–1.52)  
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the relative risks, but the reductions were smaller during the more 
intense heat waves. When we used the maximum temperature to define 
heat waves, the effects were slightly greater. When we controlled for 
temperature, the effect became null, except during the highest intensity 
heat wave, suggesting that there is an added effect from high intensity 
heat waves beyond the temperature effect. 

4. Discussion 

We carried out a time-stratified case-crossover study and a univariate 
random-effects meta-analysis to estimate the effect of heat waves on 
mortality in the Brazilian Amazon, according to heat wave definitions, 
population subgroups and causes of death. Our findings show that heat 
waves increased the risk of mortality in the Brazilian Amazon, and this 
risk increased with more intense heat waves. The evidence suggests that 
the elderly (≥65 years) were more vulnerable to heat wave effects than 
the younger population, women were more vulnerable than men, and 
the risk was higher for cardiovascular mortality than for non-external 
mortality and respiratory causes. 

The effect of heat waves on mortality that we observed is consistent 
with the literature (Campbell et al., 2018; Xu et al., 2016; Zuo et al., 
2015), although few studies have analyzed the effect of heat waves on 
health in Brazilian locations. Findings for Brazil in a multi-country study 
evidenced both the main effect, due to high temperatures, and the 
additional effect, due to heat wave duration, on all-cause mortality (Guo 
et al., 2017). Studies conducted in the city of São Paulo identified an 
increase in the risk of mortality from all-cause mortality and cardiore
spiratory outcomes (Diniz et al., 2020; Moraes et al., 2022; Son et al., 
2016). 

Most heat-related health outcomes have cardiorespiratory causes 
(Cheng et al., 2019). The physiological mechanisms underlying these 
effects are usually explained by cardiovascular changes induced by 
thermoregulatory responses (Cheng et al., 2019; Kenney et al., 2014; 
Song et al., 2017). Thermoregulatory responses to high temperature 
exposure cause an increase in blood flow to the skin and sweating to 
dissipate heat, Consequently, there is an increase in both respiratory rate 
and heart rate, causing additional stress, particularly to the heart and 
lungs, increased dehydration, blood viscosity, and blood pressure (Deng 
et al., 2018; Hanna and Tait, 2015; Kenney et al., 2014; Liu et al., 2015). 

We assessed the effects of fifteen heat wave definitions based on 
intensity (90th, 92.5th, 95th, 97.5th and 99th daily mean temperature 
percentiles) and duration (≥2, ≥3, e ≥ 4 days). The effects were greater 
as the intensity of the heat waves increased, but little change was seen 
with increased duration. Similar results have been found in other studies 
(Diniz et al., 2020; Guo et al., 2017; Moraes et al., 2022), and these 
results corroborate the conclusion of a systematic review which 
concluded that heat wave intensity plays a more important role than 
duration in determining the effects on mortality (Xu et al., 2016). The 
more intense or longer-lasting the heat wave, the greater the load on the 
cardiovascular system to perform thermoregulation (Chen et al., 2020). 

In relation to cause of death, the effects of heat waves on mortality 
were higher for cardiovascular causes than non-external ones. The ef
fects on respiratory mortality were not consistent. A meta-analysis study 
reported that heat waves were associated with an increased risk of 
mortality from cardiovascular and respiratory diseases (Cheng et al., 
2019). In addition, the effects of heat waves on mortality from respira
tory diseases and chronic obstructive pulmonary disease were signifi
cant among the elderly. A study conducted in São Paulo observed a 
higher risk of death from total cardiovascular and respiratory outcomes 
among women; for men, the risk of mortality from cerebrovascular 
disease and ischemic stroke was higher (Moraes et al., 2022). In our 
study, the inconsistency of the effect on respiratory mortality may be 
associated with our inclusion of all deaths classified by the ICD-10 
chapter J, and the fact that we studied the entire population. 

Our stratified analyses evidenced the heterogeneity of heat wave 
effects according to demographic characteristics. In the age-stratified 

analyses, heat wave effects were only observed among the elderly 
(≥65 years), which is similar to other studies (Chen et al., 2020; Green 
et al., 2019; Van den Wyngaert et al., 2021; Yang et al., 2019; Yin et al., 
2018). Even in healthy individuals the aging process is accompanied by 
the degeneration of the physiological functions involved in thermoreg
ulation and limitations in thermal perception, and may be associated 
with the presence of chronic diseases (Kenney et al., 2014; Zhou et al., 
2014). 

Both genders had an increased risk of mortality on heat wave days, 
although women were more vulnerable than men, in line with findings 
from other studies (Cheng et al., 2018; Yang et al., 2019). A study car
ried out on the elderly in São Paulo, found that women had a higher risk 
of mortality from heart and respiratory diseases (Diniz et al., 2020). In a 
systematic review, Son et al. (2019) found strong evidence that the risk 
of heat-related mortality is higher for women than men, although some 
studies have failed to identify a difference or found a higher risk for men. 
The greater vulnerability of women may be associated with physiolog
ical differences, and occupational and exposure patterns between gen
ders (Son et al., 2019). Furthermore, differences in age structure 
between genders may explain some of this heterogeneity (Benmarhnia 
et al., 2015). 

To the best of our knowledge, this is one of the largest studies carried 
out on the effects of heat waves on mortality in Brazil and specifically in 
the Brazilian Amazon. The study accounted for the lagged effects of heat 
waves, examining the modification of these effects according to different 
heat wave definitions, causes of deaths and population subgroups. 

This evidence has significant public health implications. In the Bra
zilian Amazon, heat waves can increase the risk of mortality from all 
non-external causes and from cardiovascular diseases. In addition, older 
people and women are more vulnerable to the effects of heat waves on 
mortality. These results highlight the urgent need to develop and 
implement heat-health action plans for the region, with a specific focus 
on the most sensitive sectors of society and including the implementa
tion of warning systems and response strategies to reduce the effects of 
heat waves on health. 

This study has certain limitations. Similar to our previous studies on 
the effect of temperature on mortality in Brazil, exposure classification 
errors may have occurred (Silveira et al., 2019, 2020). Due to the lack of 
high-spatial resolution meteorological data, or geocoded health data, 
heat wave identification was based on a single temperature series for 
each city. In addition, we used an environmental measure as a proxy for 
individual exposure and were unable to consider variations in individual 
exposure related to daily mobility. However, exposure misclassification 
tends to be random, which could bias the results towards the null (Guo 
et al., 2017; Lee et al., 2016). In addition, since we used publicly 
available mortality data, it was not possible to distinguish between the 
rural and urban populations, which may have revealed important dif
ferences related to exposure and vulnerability to heat waves. 

Another possible study limitation refers to the use of climate rean
alysis, rather than station-based temperature data. According to Mistry 
et al. (2022), climate reanalysis represents an alternative to a lack of 
monitoring station data for use in time series analyses of heat-health 
effects, although, compared to measured temperature, they observed a 
lower performance in risk estimates in tropical regions, including the 
Brazilian Amazon. However, the differences in exposure-response as
sociations based on the two temperature sources can be explained by 
certain factors, including proximity to the coast or hills, the quality and 
maintenance of the weather monitoring network, the population density 
in the cities analyzed, etc. We examined Pearson’s correlation between 
the ERA5-Land and station-based temperature for some of the locations 
in our study area, and found a mean correlation of 0.78, with two lo
cations below 0.70 (Supplementary Table S2). This low correlation may 
be explained by the sparse monitoring network in the region and less 
reliable data, with many missing data in the time series. Ground-level 
measurements are important inputs for reanalysis datasets. 

Future studies should examine the role of the socio-environmental 
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and infrastructural determinants of the effect of heat waves on health 
and the vulnerability of specific subgroups in the Amazonian popula
tion. According to the 2010 Census, the region contains almost half of 
the Brazilian indigenous population, and a high percentage of the qui
lombola and riverine populations. These people are not historically 
assisted by public policies, face a series of socio-environmental conflicts, 
aggravated in recent years by pressures from the agricultural sector, 
deforestation and illegal mining in the region, and may be more 
vulnerable to the impacts of climate change. We also need to better 
understand the role of socioeconomic situation on these findings. Some 
of these data are not available on death certificates, and the completion 
of the race/color field is still very limited, since it depends on identifi
cation by the responsible physician, and there remains a high proportion 
of missing data. In addition, studies are required to investigate the 
modification effect of humidity, environmental pollution, mainly 
resulting from forest fires, the use of air conditioning, and coverage of 
public policies, such as cash transfer programs, primary healthcare, and 
hospital care policies. We could also investigate the use of different 
thermal indices, that consider, for example, humidity conditions, to 
classify heat wave events. 

5. Conclusion 

Our study showed that heat waves in the Brazilian Amazon were 
associated with a higher risk of mortality from non-external causes and 
cardiovascular diseases. The mortality risk was higher as the intensity of 
heat waves increased, which played a more important role in deter
mining risk than duration. In addition, suggestive evidence indicated 
that older people and women were more vulnerable to the effects of heat 
waves on mortality. 
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