Educational inequalities in extreme heat-related
mortality across Belgian districts

Abstract

Background: Climate change is increasing the frequency and intensity of
extreme heat events, with disproportionate impacts on vulnerable populations.
Educational attainment shapes heat vulnerability through multiple pathways
— including health literacy, thermoregulatory behaviour, and access to protec-
tive resources — yet evidence on educational gradients in heat-related mortality
remains limited.

Methods: Using Belgian mortality records linked to educational attainment
for adults aged 60 and over (2002-2019), we applied a two-stage distributed
lag non-linear modelling framework across 42 NUTS-3 districts and three edu-
cational groups. First-stage models estimated district- and education-specific
exposure-response functions; second-stage multivariate meta-regression pooled
these estimates and quantified the educational gradient in heat vulnerability.
Attributable mortality was computed for extreme heat days, defined as days
exceeding the 97.5th national temperature percentile (28.3°C), and expressed as
age-standardised rates per 100,000 person-years.

Results: A clear educational gradient in extreme heat vulnerability emerges,
with relative risks at the 99th percentile of 1.28 (95% CI: 1.12-1.31), 1.22
(95% CI: 1.12-1.25), and 1.16 (95% CI: 1.09-1.22) for the low, secondary, and
tertiary education groups respectively. Age-standardised heat-attributable mor-
tality rates during extreme heat days are 26.5, 19.4, and 13.0 per 100,000
person-years, with non-overlapping confidence intervals between the lowest and
the two higher education groups. The gradient is consistent across all 42 districts,
though district-level differences are not always statistically distinguishable given
sample sizes. Model selection indicates that individual educational attainment
alone characterises between-district heterogeneity in heat vulnerability, with no
additional explanatory gain from area-level deprivation indices.

Conclusions: Educational attainment is a significant modifier of extreme
heat vulnerability among older adults in Belgium, operating primarily through
individual-level pathways rather than geographic context alone. As extreme heat
becomes more frequent under climate change, the unequal burden documented
here is likely to intensify, underscoring the need for targeted heat policies that
account for individual-level vulnerability.
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1 Background

Climate change is intensifying the frequency and severity of extreme heat events, with
growing consequences for human health (Calvin et al. 2023). Evidence suggests that
the burden of heat-related mortality may not be shared equally across populations,
with socioeconomic position potentially shaping exposure, vulnerability, and adaptive
capacity. However, the socioeconomic determinants of temperature-related mortality
remain poorly documented, and the existing evidence base is limited (Benmarhnia
et al. 2015). Educational attainment may be one such modifier, though the mecha-
nisms and magnitude of its influence on heat vulnerability remain poorly established.
This study examines how educational attainment modifies the relationship between
temperature and mortality among the elderly across Belgian districts, and whether
this reflects a broader socio-spatial gradient in vulnerability.

1.1 Temperature and mortality

Non-optimal temperatures are responsible for a substantial share of global mortal-
ity. Zhao et al. (2021) estimated that over 5 million deaths annually — 9.43% of
global mortality — are attributable to temperatures outside an optimal range, with
cold-related deaths (8.52%) far outnumbering heat-related ones (0.91%). Critically,
however, heat-related mortality is rising, in line with observed warming trends (Zhao
et al. 2021). Temperature affects mortality through several physiological pathways,
most notably cardiovascular and respiratory ones: both extreme heat and cold elevate
risks of cardiovascular death, ischaemic heart disease, stroke, and heart failure (Alah-
mad et al. 2023), while in Belgium the strongest associations have been observed for
respiratory causes (Demoury et al. 2022).

Central to this literature is the concept of the minimum mortality temperature
(MMT) — the temperature at which mortality risk is lowest. The temperature-
mortality relationship is typically U- or V-shaped around the MMT, with risk
increasing at both cold and hot extremes (Gosling et al. 2009). The MMT varies
geographically but generally aligns with local average temperatures, reflecting popula-
tion acclimatisation to local climate conditions (Yin et al. 2019). Temperature effects
are also distributed across time, with mortality impacts occurring days after expo-
sure, requiring analytical approaches that account for these delayed effects (Gosling
et al. 2009), there heat effects tend to occur within days of the recorded tempera-
tures, whereas cold related deaths often occur at longer lags (Anderson and Bell 2009).
In this study, daily maximum temperature serves as the exposure measure, given its
direct relevance to heat stress and consistent availability across Belgian meteorological
records (Barnett et al. 2010). Finally, ongoing population ageing substantially mod-
ifies the temperature-mortality burden, amplifying heat-related effects — a dynamic
particularly relevant in ageing European populations (de Schrijver et al. 2022).

1.2 Education, socioeconomic status, and heat vulnerability

Heat-related mortality is shaped by both individual characteristics and behaviours.
In their review, Gagnon et al. (2026) identify thermoregulatory behaviour — such as
reducing physical activity, seeking shade, or using cooling — as the primary driver of



differential vulnerability, alongside personal characteristics. Differential exposure also
plays a role: outdoor workers, residents of urban heat islands, and those in precarious
or poorly insulated housing face higher heat loads and are therefore at greater risk.

Individual socioeconomic characteristics modify the temperature-mortality rela-
tionship, and the evidence consistently points toward greater vulnerability among
lower socioeconomic groups, though patterns are complex and context-dependent (Son
et al. 2019). In a large meta-analysis, Balaj et al. (2024) document that adults with
12 years of schooling face a 24.5% lower all-cause mortality risk than those with
no schooling, with each additional year of education associated with a 1.9% reduc-
tion. Whether comparable gradients extend to heat-specific mortality remains an open
question. The available studies offer a mixed but suggestive picture: Mari-Dell’Olmo
et al. (2019) document an educational gradient in temperature-related mortality in
Barcelona, though with notable sex differences and a non-monotonic pattern among
men; in Turin, Ellena et al. (2020) find the highest heat-related mortality risk among
low-educated women, with no equivalent gradient among men. Conte Keivabu (2022)
show that in Spain, individuals in lower socioeconomic positions face increased mortal-
ity risks at both temperature extremes, whereas no significant association is observed
among the more advantaged. Beyond education, Conte Keivabu et al. (2024) find that
ethnic minorities in the United States face disproportionately higher mortality on hot
days, pointing to the broader role of socially structured vulnerability.

Several pathways could explain such a gradient. Lutz and Muttarak (2017) syn-
thesise evidence that education enhances cognitive development, risk assessment, and
future planning — capacities directly relevant to climate adaptation. Education also
fosters health literacy (Fan et al. 2021) and social capital (Huang et al. 2009), while
the higher incomes associated with higher educational attainment enable investment
in protective resources such as cooling infrastructure. More broadly, as Eggerickx et al.
(2020) note, educational level captures knowledge and cultural capital that shape
healthcare access and prevention behaviours. This makes educational attainment an
effective marker of the socioeconomic mechanisms through which vulnerability to heat
may be differentially distributed.

1.3 Study area

Belgium is divided into three administrative regions — Flanders, Wallonia, and
the Brussels-Capital Region — themselves subdivided into 44 districts, as shown in
Figure 1. Belgium presents a particularly suitable case study for this analysis, given its
well-documented geographic and socioeconomic health inequalities. Life expectancy
has been rising, but mortality inequalities have intensified: while the gender gap has
narrowed, socioeconomic disparities have widened, and spatial disparities in mortality
at the district level have been worsening for at least the past quarter century (Egger-
ickx et al. 2020). Area-level deprivation also follows a clear geographic pattern, with
hotspots concentrated in Wallonia, as documented by the Belgian Indices of Multiple
Deprivation (Otavova et al. 2023). These spatial inequalities translate directly into
mortality differentials: residents of more deprived areas face higher risks of premature
death (Otavova et al. 2024). Furthermore, all-cause mortality rates among men are
systematically higher in Wallonia and the Brussels-Capital Region than in Flanders,
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Fig. 1: The 44 Belgian districts (NUTS3 level) across the three administrative regions.

with the highest rates in Brussels inner city areas and several Walloon cities — partly
attributable to the lower socioeconomic positioning of residents (Van Hemelrijck et al.
2016). Among men, higher educational attainment is associated with mortality rates
two to three times lower than among the least educated (De Grande et al. 2014).
Heat-related mortality in Brussels is moreover projected to rise due to both climatic
and demographic changes (Crouzier et al. 2024), and while this likely reflects broader
national trends, the differential impact across socioeconomic groups across Belgium
remains insufficiently studied (Demoury et al. 2022).

2 Data

2.1 Temperature data

Daily maximum temperature data were obtained from the Royal Meteorological Insti-
tute of Belgium for the period 1992-2022. The original data were provided as gridded
pixels defined by longitude and latitude coordinates, which were converted into spa-
tial features and projected into a consistent coordinate reference system (EPSG:4326)
to ensure compatibility with the NUTS-3! district boundaries. Each temperature
grid point was then assigned to its corresponding NUTS-3 unit via spatial join, with
a nearest-neighbour fallback applied to pixels not covered by any district polygon,
enabling aggregation of daily maximum temperatures at the district level. The distri-
bution of mean daily maximum temperatures across districts over the study period
is shown in Figure Al in the Appendix. The temperature distribution of the analyt-
ical districts are very similar with mean daily maximum temperatures ranging from
12.84°C in Bastogne to 15.63°C in Maaseik over the observation period. Temperature
exposure was characterised using daily maximum temperature (°C) with a maximum
lag of seven days, to capture the more immediate effects of heat on mortality.

1Results are presented using the 2016 NUTS boundaries.



2.2 Mortality data

Educational attainment was categorised into three levels: low (no formal educa-
tion, primary, and lower secondary schooling), secondary (upper secondary and
post-secondary non-tertiary), and tertiary (Bachelor’s, Master’s, and Doctoral level).
Educational attainment was derived from the 2001 Belgian census and individual-level
death records obtained from the Belgian Statistical Office (StatBEL). The analysis
was restricted to individuals aged 60 and over, both to ensure sufficient numbers of
deaths for stable estimates and because educational attainment recorded at death may
be incomplete for individuals who died before completing their educational trajectory.

The distribution of deaths across educational groups is shown in Tables A1, A2 and
A3 in the Appendix. Over the study period 2002-2019, a total of 1,392,134 deaths were
recorded among individuals with known educational attainment. The low education
group accounted for the large majority of these (n = 1,047,639; 62.6%), reflecting
both their greater numbers in the older Belgian population and their higher observed
mortality: 3,853.9 deaths per 100,000 person-years, compared to 2,480.8 and 1,927.7 in
the secondary and tertiary groups respectively. An additional 280,957 deaths (16.8%)
could not be linked to an educational record and were excluded from the analysis. The
robustness of results to this exclusion was assessed by reassigning unknown deaths
to educational groups under two alternative assumptions; results are presented in
Section D.1 of the Appendix and confirm that the educational gradient is not sensitive
to the treatment of missing attainment. The age distribution of deaths also differed
across groups: 41.2% of deaths in the low education group occurred at age 85 or above,
compared to 33.3% and 32.8% in the secondary and tertiary groups.

To maintain a consistent exposure classification throughout follow-up, the study
population was restricted to individuals enumerated in the 2001 census, forming a
closed cohort. Each death record was linked to its corresponding census-based educa-
tional classification, and individuals were followed from January 2002 or the calendar
year in which they turned 60, until death or end of follow-up in 2019. Where edu-
cational attainment was missing from the census, the value recorded on the death
certificate was used as a substitute. Individuals with no educational information in
either source were excluded from the analysis.

Person-years at risk were computed for each individual as the time lived within the
study window, aggregated by district, educational group, and five-year age band, and
used as the denominator for age-specific mortality rates. Standard population weights
were derived from the national within-education age distribution of the 2011 Belgian
census and used subsequently for the direct age standardisation of heat-attributable
mortality rates by educational attainment.

2.3 Meta-predictors - Belgian Indices of Multiple Deprivation

District-level meta-predictor variables were compiled to characterise the socioeconomic
context of each analytical unit. Domain-specific deprivation scores from the Belgian
Index of Multiple Deprivation (Otavova et al. 2023) were used, capturing area-level
variation in income, employment, education, housing, crime, and health. Scores were
originally computed at the statistical sector level and aggregated to NUTS-3 districts



using population-weighted means prior to inclusion in the second-stage meta-regression
as potential modifiers of the education-temperature-mortality relationship.

3 Methods

We applied the two-stage analytical framework developed by Masselot and Gaspar-
rini (2025) for multi-location studies of temperature-related mortality. In the first
stage, non-linear and lagged temperature-mortality associations are estimated sepa-
rately for each district-education combination using distributed lag non-linear models
(DLNMs). In the second stage, district-level estimates are pooled through a multivari-
ate meta-regression that produces population-average exposure-response functions by
educational group and location-specific refinements via Best Linear Unbiased Predic-
tions (BLUPSs). The framework explicitly propagates first-stage estimation uncertainty
into the second stage. The primary adaptation relative to the original implementation
is the use of educational attainment as the stratification dimension, replacing the age-
group stratification used by Masselot and Gasparrini (2025). Since the analysis covers
the full Belgian population with no unobserved locations, the spatial prediction com-
ponent of the framework was not required. Full methodological details are provided
in Appendix B.

3.1 Study design and stratification

Educational attainment serves as the primary stratification dimension throughout.
First-stage models were fitted for each combination of district and educational attain-
ment level, yielding 126 district- and education-specific exposure response functions
across 422 analytical districts and 3 education groups. Age and sex are well-
documented modifiers of temperature vulnerability, but their inclusion as additional
stratification dimensions was not feasible given the already high degree of stratification
introduced by district and educational attainment: further subdivision reduced death
counts within each cell to levels incompatible with stable first-stage estimates. The
restriction to adults aged 60 and over partially addresses age heterogeneity by focusing
on the population at greatest risk. While exposure-response functions are estimated
across the full temperature range, results are reported exclusively for heat-attributable
mortality, defined as mortality occurring on days above the common MMT.

3.2 Temperature exposure and lag structure

The DLNM was fitted over the full temperature range to enable identification of
the MMT, which serves as the reference point for all heat-related estimates. A max-
imum lag of seven days was applied, reflecting the short biological timescale of
heat-related mortality, for which physiological effects are concentrated within the first
few days following exposure, while cold-related mortality is known to exhibit longer

2Two administrative mergers were applied to ensure model convergence. Mouscron (BE324) was merged
into Tournai (BE327), reflecting their administrative consolidation in 2018. The two Verviers sub-units
(BE335 and BE336) were merged into a single analytical unit due to insufficient death counts. For mapped
results, all 44 districts are displayed, with merged units assigned identical estimates. Temperatures were
averaged and death counts summed across merged units.



lag structures (Anderson and Bell 2009). The present analysis focuses exclusively on
heat-attributable mortality. This focus is motivated by evidence that cold-related mor-
tality is strongly seasonal and unlikely to diminish substantially under climate change,
given its dependence on respiratory and cardiovascular disease pathways that are not
solely linked to temperature (Willem et al. 2012), whereas heat-related mortality is
projected to increase substantially under warming scenarios (Liithi et al. 2023). Sen-
sitivity analyses using lags of 14 and 21 days confirm that the educational gradient in
heat vulnerability is robust to this choice (Appendix D.2).

3.3 Minimum mortality temperature

Education-specific pooled exposure-response functions were expressed on a common
national temperature scale. The MMT was identified as the temperature at which each
education-specific curve reached its minimum, within a pre-specified search window
(25th-99th national percentile?). Education-specific MMTs ranged from 15.8°C (53rd
percentile) in the tertiary group to 21.4°C (79th percentile) in the low education
group. Between the 25th and 75th national temperature percentiles, relative risks
are close to null and confidence intervals include one across all education groups,
indicating no meaningful excess mortality in this range and rendering the precise
location of the MMT within it of negligible consequence. Using education-specific
MMTs as centering points would nonetheless render the exposure-response functions
non-comparable across groups, as each curve would express risk relative to a different
reference temperature. A common MMT of 21.0°C (77th national percentile) was
therefore defined as the median across groups and used as the shared centering point
for all exposure-response functions, such that relative risk (RR) = 1 at this reference
temperature by construction, enabling direct comparison across educational groups.

3.4 Extreme heat-attributable mortality

While attributable deaths are estimated across the full heat range, results are reported
exclusively for extreme heat days. Definitions of extreme temperature vary widely in
the literature, spanning heatwave events with duration criteria, fixed absolute thresh-
olds, and various percentile cut-offs (Xu et al. 2016). We define extreme heat at the
day level rather than the event level, using the 97.5th national percentile of daily
maximum temperature (28.3°C) as the threshold. The 99th percentile, used in some
studies (Alahmad et al. 2023), captures only the uppermost 1% of the observed distri-
bution and is subject to considerable uncertainty given the scarcity of observations at
those extremes. The 97.5th percentile offers a more stable estimate while remaining
well within the extreme range, and aligns with the threshold used by Demoury et al.
(2022) in a comparable Belgian study, facilitating direct comparison.

For each district ¢ and educational group e, daily attributable deaths were com-
puted from the BLUP-corrected exposure-response function and summed over days
exceeding the 97.5th national percentile to obtain total extreme heat-attributable

3The sensitivity of results to the MMP range was assessed across four alternative specifications: (10th—
99th), (50th-99th), (25th-95th), and (25th-90th) percentiles. The common MMT was stable across all
specifications.



numbers. The overall attributable fraction was derived as the ratio of attributable to
total deaths over the study period.

3.5 Age standardisation

Age-standardised heat-attributable mortality rates (ASMR), expressed per 100,000
person-years, were computed using direct standardisation to enable comparison
across districts and educational groups with different age compositions. For each
district-education stratum, age specific all-cause mortality rates were weighted by the
national Belgian 2011 census age distribution, used as a common standard population
across all educational groups. Heat-attributable rates were then obtained by apply-
ing the attributable fraction to the age-standardised all-cause rate. This approach
assumes that the attributable fraction is constant across age groups within each
district-education cell.

3.6 Uncertainty quantification

Uncertainty in all extreme heat-attributable mortality estimates was quantified
through Monte Carlo simulation with 1,000 iterations. At each iteration, coeffi-
cients were drawn jointly from the multivariate normal distribution defined by
the meta-regression fixed effects and their variance-covariance matrix, and indepen-
dently from the district-level random effect distribution A (0, \i’) For each simulation
draw, attributable fractions and standardised mortality rates were recomputed,
and empirical 95% confidence intervals were derived from the resulting simulation
distributions.

4 Results

4.1 Educational gradients in extreme heat mortality

The two-stage meta-regression framework yields national-level exposure-response func-
tions by educational attainment through a set of B-spline basis functions, each
contributing differently across the temperature distribution. The shapes of these basis
functions, their relative contributions at each temperature percentile, and the coeffi-
cients capturing the step change between educational attainment levels are shown in
panels A, C, and B of Figure 2, respectively.

Educational attainment is modelled as a linear step (low = 1, secondary = 2, ter-
tiary = 3), such that each spline coefficient represents the change in log-relative risk
per unit increase in educational attainment. Negative coefficients indicate that higher
education is associated with lower mortality risk. Overall, all coefficients are nega-
tive, suggesting a broadly protective gradient across the temperature range, though
coefficients b1 through b4 all include zero within their 95% confidence intervals. The
exception is b5, which defines the shape of the exposure-response function at the
extreme heat end of the distribution and is the only statistically significant coefficient
(,@5 = —0.37; 95% CI: —0.16, —0.57). Since b5 defines the exposure response func-
tion for the temperature range above the 97.5th percentile (panel C), the educational
gradient in mortality risk emerges precisely at the temperatures of greatest concern.
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This pattern is visible in the exposure-response curves in panel D of Figure 2.
Across most of the temperature distribution, the three educational groups show
broadly similar relative risks with overlapping confidence intervals, and it is worth not-
ing that the gradient is not monotonically ordered below the MMT. Differences widen
markedly above the 98th percentile, with the low education group facing the highest
risk. At the 99th percentile, the relative risk of mortality is 1.28 (95% CI: 1.242-1.311)
for the lowest education group, 1.22 (95% CI: 1.176-1.253) for the secondary group,
and 1.16 (95% CI: 1.094-1.221) for the tertiary group. Numerical estimates across the
full temperature range, are provided in Table C4 in the Appendix.

4.2 Intensifying socio-spatial extreme-heat mortality
disparities under climate change

Focusing on extreme heat days — defined here as days exceeding the 97.5th national
temperature percentile (28.3°C) — a clear educational gradient in heat-attributable
mortality emerges. Panel A of Figure 3 shows the national exposure-response func-
tions in the heat range: above 33°C, mortality risk increases markedly for the low
and secondary education groups, while the tertiary group shows a flatter response
with widening uncertainty. Translating these relative risks into mortality rates, age-
standardised heat-attributable mortality rates during extreme heat days are 26.46
(95% CI: 22.40-27.63), 19.37 (95% CI: 15.54-21.76), and 12.96 (95% CI: 7.97-16.17)
per 100,000 person-years for the low, secondary, and tertiary education groups respec-
tively (Table C5). The low education group faces more than twice the mortality rate
of the tertiary group. At the national level, the confidence intervals of the secondary
and tertiary groups do not overlap with that of the low education group, provid-
ing statistical evidence of a meaningful gradient in extreme heat vulnerability across
educational levels. The difference between the secondary and tertiary groups is more
modest and their confidence intervals partially overlap, suggesting a clearer distinction
between those with no or limited formal education and those with at least a secondary
qualification than between the two higher groups.

Comparing standardised to crude rates reveals the importance of age adjustment
(see Table C5). Standardisation increases estimates for the secondary and tertiary
groups by 6.80 and 5.39 per 100,000 person-years respectively, reflecting their relatively
younger age composition within the 60-and-over population. The two measures capture
different but complementary aspects of inequality. Crude rates reflect the mortality
differentials actually occurring across the Belgian 60-and-over population during the
study period: because lower-educated individuals are older on average, their crude
rates are higher and the ratio between the least and most educated groups comes up
to a factor of three. Age-standardised rates, by contrast, hold age structure constant
and isolate differential heat vulnerability independent of demographic composition,
this yields more conservative estimates that single out the differences in risk in the
educational gradient.

This gradient is all the more concerning in the context of ongoing warming. Panel B
of Figure 3 shows the distribution of monthly maximum temperatures (TXx) between
May and September across two reference periods (1992-2002 and 2012-2022). The
distribution has shifted rightward over time, with recent years producing TXx values
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that increasingly exceed the extreme heat threshold. Notable events such as the 2019
and 2022 heatwaves are visible as individual observations in the upper tail. Under
continued climate change, days qualifying as extreme under the current threshold are
projected to become more frequent, directly amplifying the mortality burden that
disproportionately affects lower-educated groups.

At the district level, between-district heterogeneity in the temperature-mortality
relationship is low (I? = 8.4%, 95% CI: 0.0%-19.5%), suggesting that the educational
gradient in heat vulnerability is broadly consistent across Belgium rather than driven
by a small number of outlying districts. Nonetheless, the geographic distribution of
absolute mortality inequalities reveals meaningful spatial patterns. The difference in
age-standardised heat-attributable mortality rates between the low and tertiary edu-
cation groups (panel C of Figure 3) is largest in the west — particularly in the
Tournai-Mouscron district — and in the south, notably in Virton and Arlon. The
Brussels-Capital Region presents a contrasting profile: high absolute mortality rates
in the low education group but a more modest contrast between educational groups,
illustrating that the magnitude of the inequality does not always track the absolute
level of risk. Districts outlined in the comparison map are those where the 95% con-
fidence intervals of the low and tertiary education age standardised mortality rate
estimates do not overlap, indicating statistically distinguishable differences. These dis-
tricts tend to be some of the more densely populated, where larger death counts yield
sufficient statistical power to detect the gradient. Across all districts without excep-
tion, the point estimate of the difference is positive, indicating that the low education
group consistently shows higher extreme heat mortality than the tertiary group.

5 Discussion

5.1 Main findings

Heat-related mortality risk in Belgium follows a clear educational gradient, with the
lowest-educated group consistently more vulnerable at extreme temperatures. The
relative risks we estimate — 1.28, 1.21, and 1.15 at the 99th percentile for the low,
secondary, and tertiary groups — are coherent with the existing Belgian literature.
Demoury et al. (2022) report a relative risk of 1.21 (95% CI: 1.08-1.36) at a comparable
percentile for Belgian agglomerations using a 21-day lag, while Demoury et al. (2022),
working on a national dataset with a seven-day lag, find an odds ratio of 1.17 (95%
CI: 1.12-1.21) at the 97.5th percentile with an MMT of 21.1°C — closely matching
our 21.0°C. At the European scale, Janos et al. (2025) place Belgian regional estimates
between 1.1 and 1.3 at the 99th percentile for adults aged 75 and over, a range within
which our results sit.

The educational gradient we document extends findings from Spain and Italy
(Conte Keivabu 2022; Mari-Dell’Olmo et al. 2019; Ellena et al. 2020) to a Belgian
context, and shows that differences in heat susceptibility by educational attainment
translate into substantial mortality differentials. Age-standardised rates for the low
education group are more than twice those of the tertiary group, with non-overlapping
confidence intervals at the national level. The persistence of this gradient after stan-
dardisation is meaningful: it indicates that the differential is not simply a demographic
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artefact of the older age structure of the lower-educated group, but reflects genuine
differences in vulnerability. These likely operate through the pathways identified in the
literature — differential health literacy shaping thermoregulatory behaviour, unequal
access to cooling, and poorer housing conditions (Gagnon et al. 2026) — though this
study does not allow us to quantify the relative contribution of each. Crude rates,
which approach a factor of three between the lowest and highest groups, tell a comple-
mentary story: in the population as it actually exists, older age and lower education
compound one another, and this cumulative disadvantage is what determines mortality
during extreme heat events in Belgium today.

The spatial dimension adds nuance without altering the main finding. Between-
district heterogeneity is low, meaning the gradient is not confined to a handful of
atypical locations but is broadly observed across Belgium. Where absolute inequal-
ities are largest — particularly in parts of Wallonia — area-level deprivation and
individual vulnerability tend to reinforce one another, consistent with evidence on the
geographic concentration of disadvantage in Belgium (Otavova et al. 2023, 2024). The
Brussels-Capital Region presents a different configuration: despite meaningful differ-
ences between educational groups, the gap is narrower than in some less urbanised
districts, while the tertiary-educated group records some of the highest absolute mor-
tality estimates of any district — a pattern consistent with urban heat island effects
that expose all residents to elevated temperatures regardless of individual characteris-
tics. Model selection reinforces this interpretation: individual educational attainment
alone was sufficient to characterise between-district heterogeneity in heat vulnera-
bility, with no additional explanatory gain from area-level deprivation indices. Place
shapes exposure, but individual characteristics remain the primary driver of differential
vulnerability.

In a context of rising temperatures, these findings carry implications for future
health action. The rightward shift in the distribution of maximum temperatures is pro-
jected to continue. More frequent extreme heat days will directly amplify the mortality
burden on those already most exposed — older, lower-educated individuals living in
the least protective environments. Without targeted intervention, climate change is
likely to widen inequalities that are already measured today.

5.2 Limitations

The most substantive limitation concerns the difficulty of fully separating the effect
of educational attainment from that of frailty. Lower-educated individuals tend to be
older within the 60-and-over group and to have higher baseline mortality (Renard
et al. 2017), and these factors cannot be perfectly disentangled with the data available
here. Age standardisation addresses compositional differences in age structure across
educational groups, but cannot account for differences in health status within age
strata. The concentration of the gradient in the extreme heat tail, rather than across
the full temperature distribution, is reassuring — a frailty artefact would be expected
to shift the entire exposure-response curve upward rather than accelerate it selectively
at extreme temperatures — but this reasoning remains suggestive rather than conclu-
sive. Future work incorporating cause-of-death data and finer age stratification would
allow a cleaner decomposition of heat vulnerability from underlying health status.
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The seven-day lag is appropriate for heat but means the cold range of the exposure-
response function is not reliably estimated. Cold-side results should not be interpreted,
and the analysis is explicitly scoped to heat-attributable mortality.

A further limitation concerns missing data. Some 16.8% of deaths could not be
linked to an educational record and were excluded from the main analysis. Sensitivity
analyses reassigning these deaths under alternative assumptions confirm that the edu-
cational gradient is robust to their exclusion. Individuals who arrived in Belgium after
the 2001 census are similarly absent from the educational linkage. Finally, sex differ-
ences in heat vulnerability, which are documented in the literature and likely interact
with educational gradients, could not be examined here without reducing cell sizes to
levels incompatible with stable first-stage estimation.

Area-level deprivation indices from the Belgian Index of Multiple Deprivation
(Otavova et al. 2023) were considered as district-level meta-predictors but did not
improve model fit and were excluded from the final specification. Other district-level
factors — including green space availability, urban heat exposure, or healthcare infras-
tructure — were not examined, and may capture dimensions of vulnerability not
reflected in the BIMD. That said, the BIMD domains are broad and have recently
been shown to correlate with green space inequalities in Flanders (Lee et al. 2026),
suggesting that they capture a meaningful share of the local environmental charac-
teristics that might otherwise be considered separately. The absence of additional
area-level predictors is therefore unlikely to represent a major gap, though it remains
a limitation worth acknowledging.

Finally, Belgium’s population is becoming progressively more educated. As the
lower-educated group shrinks and its demographic profile changes, the gradient
documented here may itself evolve.

5.3 Conclusions

Educational attainment is a meaningful modifier of extreme heat vulnerability among
older adults in Belgium. The gradient operates primarily at the individual level, though
geography adds a secondary layer of risk in some of the most deprived areas. As
extreme heat becomes more frequent, the unequal distribution of vulnerability docu-
mented here is likely to intensify. Effective heat policy will need to reach those with the
fewest resources to protect themselves — not only through place-based cooling infras-
tructure, but through interventions that account for the individual characteristics that
shape who is most at risk.
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Appendix A Descriptive statistics

Daily maximum temperature distribution by district
Blue = minimum | Cross = mean | Red = maximum | 2002-2019
Maaseik [
Dendermonde [
Mechelen L
Hasselt [
Sint-Niklaas ®
Leuven ®
Turnhout [
Antwerp ®
Halle-Vilvoorde [ 2
Kortrijk [
Tongres ®
Aalst ®
Oudenaarde ®
Ath ®
Tournai-Mouscron
Ghent
Eeklo [
Mons ®

Soignies [ 2

Roeselare ®
Brussels ®
Tielt L

Nivelles ®

Ypres ®
Bruges ®
Waremme [ 2
Diksmuide [
Liege [

Charleroi [

Veurne ®
Ostend [ 2
Namur ®
Huy ®
Dinant [
Thuin ®

Philippeville ®
Virton
Arlon ®
Marche-en-Famenne [

Neufchateau ®

++++
+++++++++++++++++++++++++++++++++++++

Verviers ®
L]

+

Bastogne [
-9 -4 1 6 11 16 21 26 31 36 41

Daily maximum temperature (°C)

Fig. A1: Distribution of Minimum, Maximum and Mean daily maximum temperature

in Belgian districts.
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Table A1: Distribution of deaths by educational attainment, Belgian closed cohort 2002-
2019, adults aged 60 and over.

Educational attainment Deaths (n) Person-years Deaths (%) Rate per 100,000 PY

Low 1,047,639 27,183,671 62.6 3853.9
Secondary 201,463 8,121,051 12.0 2480.8
Tertiary 143,032 7,419,985 8.5 1927.7
Unknown/excluded 280,957 / 16.8 /

Table A2: Distribution of deaths by educational attainment and age group,
Belgian closed cohort 2002-2019.

Low Secondary Tertiary Total
Age group n % n % n % n %
60-64 52,678 5.0 20,092 10.0 14,188 9.9 86,958 6.2
65-69 73,326 7.0 21,599 10.7 16,464 11.5 111,389 8.0
70-74 107,386  10.3 24,500 12.2 18,448 12.9 150,334 10.8
75-79 160,785 15.3 30,253 15.0 21,384 15.0 212422 15.3
80-84 221,700 21.2 37,880 18.8 25,625 179 285,205 20.5
85-89 224,115 214 36,371 181 24,562 17.2 285,048 20.5
90-94 148,919 14.2 22442 11.1 16,195 11.3 187,556 13.5
95+ 58,730 5.6 8326 4.1 6,166 4.3 73,222 5.3
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Table A3: Distribution of deaths by educational attainment and district,
including individuals with unknown educational attainment. Belgian closed
cohort 2002-2019, adults aged 60 and over.

Deaths by educational attainment

Code District Low  Secondary Tertiary  Unknown Total
BE100 Brussels 71649 22639 20918 31861 147067
BE211  Antwerp 90973 26489 14002 25406 156870
BE212  Mechelen 34134 6543 3621 7129 51427
BE213  Turnhout 39845 6409 3594 8375 58223
BE221  Hasselt 36668 5699 3786 8440 54593
BE222  Maaseik 18336 2552 1636 4462 26986
BE223  Tongres 18821 2560 1558 4344 27283
BE231 Aalst 30883 5158 2612 6042 44695
BE232 Dendermonde 22350 2864 1721 4004 30939
BE233 Eeklo 9926 1122 701 1810 13559
BE234  Ghent 51871 9544 7007 11334 79756
BE235 Oudenaarde 13825 2116 1251 2842 20034
BE236  Sint-Niklaas 24611 2978 2006 5290 34885
BE241 Halle-Vilvoorde 53809 10944 7903 12596 85252
BE242 Leuven 46139 8711 6576 10746 72172
BE251  Bruges 29046 6321 4268 6346 45981
BE252  Diksmuide 6350 465 321 1300 8436
BE253  Ypres 12591 1190 762 2439 16982
BE254  Kortrijk 31382 4320 2730 6344 44776
BE255  Ostend 18209 4064 2285 4169 28727
BE256  Roeselare 16225 1830 1171 2865 22091
BE257  Tielt 10535 974 716 2111 14336
BE258  Veurne 7678 1624 1234 1611 12147
BE310  Nivelles 27982 8156 8165 8780 53083
BE321 Ath 13257 2094 1432 3713 20496
BE322  Charleroi 42954 7008 4866 13576 68404
BE323 Mons 27289 4603 3406 8775 44073
BE324  Mouscron 7369 752 420 2978 11519
BE325  Soignies 17850 2953 2114 5721 28638
BE326  Thuin 17107 2656 1883 5617 27263
BE327  Tournai 17333 2611 2095 5844 27883
BE331 Huy 11141 2192 1550 2971 17854
BE332 Liege 63935 13120 10321 19113 106489
BE334  Waremme 7950 1422 996 1797 12165
BE335  Verviers 26492 4103 3228 9320 43143
BE341  Arlon 4613 754 608 1400 7375
BE342 Bastogne 4120 502 432 1164 6218
BE343  Marche-en-Famenne 5426 843 745 1483 8497
BE344  Neufchateau 6106 866 708 1925 9605
BE345  Virton 5145 725 588 1446 7904
BE351 Dinant 10889 1973 1614 3195 17671
BE352 Namur 27826 5870 4717 8076 46489
BE353  Philippeville 6999 1144 765 2197 11105
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Appendix B Model definition and selection
B.1 First-stage modelling

For each district 4 and educational level e € {low, secondary, tertiary}, daily mortality
counts were modelled as:

6
IOg[E(}/iet)] = Qe + f(Tita 67 Bie) + S(t; (Pie) + Z hq(zieqt§ ’Yieq) (Bl)
g=1

where Yj.; is the daily death count in district 4, educational group e, on day
t; f(Ti,¢; 6;.) is a cross-basis function jointly modelling the non-linear exposure-
response relationship and distributed lag effects of maximum daily temperature up to
lag ¢ = 7 days; s(t; ¥;.) is a natural spline of time with 7 degrees of freedom per year,
capturing long-term trends and seasonality; and hy(-) are day-of-week indicators. The
quasi-Poisson specification addresses overdispersion in mortality count data.

The temperature-response dimension was parametrised using quadratic B-splines
with internal knots at the 10th, 75th, and 90th percentiles of each district’s tem-
perature distribution?, yielding p = 5 basis functions. The lag dimension was
modelled using natural splines with three internal knots at logarithmically-spaced
intervals. The cross-basis was reduced to a cumulative exposure-response summary
using crossreduce in R, yielding a vector of p = 5 reduced coefficients 0;. and their
associated variance-covariance matrix S;..

B.2 Second-stage meta-regression

The reduced coefficients were passed to a multivariate mixed-effects meta-regression:

Oic = XieB+ Zib; + €4e (B2)
where X, contains a linear term for educational attainment as the sole meta-predictor
(selected by AIC; Figure B3a), B8 captures how educational attainment systematically
shifts the exposure-response function, Z;b; are district-level random effects with b; ~
N(0,®), and ;. ~ N(0,S;.) represents within-study error propagated from the first
stage.

District-specific exposure-response functions were obtained via BLUPs (presented
in Figure B2), which shrink district estimates toward the population average in
proportion to first-stage uncertainty:

Cie =W 2] (Zi‘i’ZiT + Sie)71 (éie - XieB) (B3)

éie = Xm/é + éie (B4)

4Sensitivity to knot placement was assessed across three alternative specifications: (10th, 75th, 95th),
(25th, 75th, 90th), and (10th, 50th, 90th) percentiles. The direction, magnitude, and significance of the
educational gradient were consistent across all specifications.
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Regional deviations from education—predicted heat vulnerability (BLUPSs)

bl b2
b3 b4
{3
b5
: 1
BLUP residual — deviation from education—predicted risk
-0.23 -0.12 0 0.12 0.23
(Lower risk) (Higher risk)

Common MMT = 21.0°C (77th pct)

Fig. B2: Best Linear Unbiased Predictions by analytical district for each spline coef-
ficient. Each map shows district-level random effects. Positive values indicate higher
temperature risk than educational attainment alone predicts.
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B.3 Age standardisation

For each district-education stratum, age-specific all-cause mortality rates were
weighted by the national Belgian 2011 census age distribution to yield age-standardised
all-cause rates. Heat-attributable rates were obtained as:

ASMRJ¢™ = AF;q x ASM R s (B5)

B.4 Model selection

Model specification was determined through a grid search over two dimensions:
the parametrisation of educational attainment (linear gradient vs. categorical) and
the number of Partial Least Squares (PLS) components to retain as additional
district-level meta-predictors. PLS regression was applied to the six domain-specific
deprivation scores of the Belgian Index of Multiple Deprivation (Otavova et al. 2024) —
covering income, employment, education, housing, crime, and health — to derive com-
posite vulnerability indices that best explain variation in the temperature-mortality
coefficients across districts. The correlation between BIMD domain scores and the
retained PLS components is shown in Figure B3b, and illustrates the multidimensional
structure of area-level deprivation captured by the index.

Model selection

Education model
4 Linear gradient

Categorical

Number of PLS components

(a) Model selection for the second-stage meta- (b) Correlation between domain-
regression. AAIC relative to the best-fitting model specific deprivation scores from the
is shown for each combination of education param- Belgian Index of Multiple Deprivation
eterisation and number of retained PLS deprivation and the retained PLS wvulnerability
components. Dashed horizontal lines indicate AAIC components.

thresholds of 2, 5, and 10.

Fig. B3: Second-stage model specification.
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The optimal specification was selected by Akaike Information Criterion (AIC)
across all combinations of education parameterisation and number of retained PLS
components (0 to 4), as shown in Figure B3a. A linear education gradient with
no additional PLS components was selected as the best-fitting model (AAIC = 0).
The incremental inclusion of PLS deprivation components did not improve model fit
under either education parametrisation, indicating that the educational gradient alone
adequately characterises between-district heterogeneity in heat vulnerability.
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Appendix C Detailed results

Table C4: Relative risk of mortality at different temperature percentiles by educational
attainment. All estimates relative to common MMT = 21.0°C (77th percentile).

Relative Risk (95% CI)

Percentile Temp (°C) Low Secondary Tertiary
1.0 -0.9 1.026 (1.002-1.052) 1.054 (1.023-1.086) 1.083 (1.024-1.145)
2.5 0.4 1.024 (1.002-1.047) 1.047 (1.019-1.076) 1.071 (1.019-1.126)
25.0 9.1 1.002 (0.984-1.022) 1.023 (1.000-1.046) 1.043 (1.000-1.088)
50.0 15.0 0.996 (0.983-1.010) 1.011 (0.994-1.028) 1.026 (0.995-1.058)
75.0 20.5 0.999 (0.998-1.000) 1.000 (0.999-1.002) 1.002 (0.999-1.004)
97.5 28.3 1.124 (1.099-1.149) 1.113 (1.084-1.143) 1.103 (1.052-1.156)
98.0 29.4  1.169 (1.142-1.197) 1.146 (1.115-1.178) 1.122 (1.070-1.178)
99.0 313 1.276 (1.242-1.311) 1.214 (1.176-1.253)  1.155 (1.094-1.221)

Note: RR = relative risk; 95% CI in parentheses. Rows above the horizontal rule correspond
to temperatures below the MMT (cold range); rows below correspond to the heat range.

Table C5: Crude and age-standardised heat-attributable mortality rates during
extreme heat (above 97.5th national temperature percentile, 28.3°C) by educational
attainment, Belgian closed cohort 2002-2019.

Education  Crude rate (per 100,000 PY) ASMR (95% CI) Crude — ASMR
Low 24.98 (21.18-26.07) 26.46 (22.40-27.63) -1.48
Secondary 12.57 (10.14-14.13)  19.37 (15.54-21.76) -6.80
Tertiary 7.57 (4.65-9.96)  12.96 (7.97-17.04) -5.39
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Table C6: Age-standardised heat-attributable mortality rates (per 100,000 person-years)
during extreme heat (above 97.5th national temperature percentile, 28.3°C) by district and
educational attainment. Districts ordered by NUTS-3 code. Belgian closed cohort 2002-2019.

ASMR (95% CI)

Code District Low Secondary Tertiary
BE100 Brussels 33.48 (25.00-34.75)  26.16 (19.10-29.16)  19.85 (12.73-24.32)
BE211 Antwerp 25.30 (19.35-29.92)  19.06 (12.97-22.61)  11.88 (6.26-18.71)
BE212 Mechelen 29.48 (21.50-35.92)  22.28 (13.63-27.83) 14.82 (8.20-24.60)
BE213 Turnhout 27.91 (19.88-34.65)  19.41 (11.53-26.25)  10.83 (4.37-18.78)
BE221 Hasselt 23.57 (14.68-32.76) 18.52 (8.13-25.20) 10.81 (0.56-19.43)
BE222 Maaseik 26.98 (16.51-36.38)  17.43 (9.07-26.17)  13.11 (1.91-20.21)
BE223 Tongres 28.01 (19.39-36.80)  22.23 (11.76-29.78) 15.48 (3.73-21.35)
BE231 Aalst 23.13 (15.35-29.58) 16.76 (9.21-21.78) 11.39 (3.56-18.37)
BE232 Dendermonde 26.71 (16.88-34.21)  21.94 (10.67—26.16) 13.21 (3.91-22.42)
BE233 Eeklo 19.93 (12.56-24.67) 19.31 (8.01-20.89) 9.38 (2.36-16.80)
BE234 Ghent 25.52 (18.07-28.87)  19.76 (12.09-23.55) 13.50 (6.77-19.11)
BE235 Oudenaarde 25.95 (16.13-30.81) 16.55 (9.92-23.85) 12.00 (4.47-20.44)
BE236 Sint-Niklaas 27.86 (19.07-32.34)  18.48 (13.66—27.64) 14.95 (6.66—21.13)
BE241 Halle-Vilvoorde 28.73 (22.00-34.06)  21.08 (14.34-25.57) 14.17 (8.35-20.36)
BE242 Leuven 30.42 (23.00-36.49)  25.64 (15.60-29.50) 17.45 (8.59-23.42)
BE251 Bruges 20.27 (14.02-23.16) 16.25 (9.83-18.35) 12.00 (5.00-15.85)
BE252 Diksmuide 16.31 (11.98-24.18) 19.04 (9.24-21.96) 5.21 (2.94-15.84)
BE253 Ypres 18.05 (12.23-23.29) 11.41 (7.39-18.02) 12.33 (3.11-14.83)
BE254 Kortrijk 23.63 (16.12-29.23)  19.71 (10.28-23.09)  11.46 (4.60-17.54)
BE255 Ostend 10.99 (6.96-16.27) 10.07 (3.45-12.57) 5.88 (0.00-9.84)
BE256 Roeselare 21.97 (12.46-24.87) 13.24 (7.86-19.16) 10.97 (3.04-15.58)
BE257 Tielt 22.49 (16.02-29.31)  19.42 (10.11-23.21) 15.52 (5.30-22.35)
BE258 Veurne 13.59 (9.45-18.29) 8.29 (5.51-14.50) 8.46 (2.14-11.15)
BE310 Nivelles 29.64 (20.19-34.84)  23.09 (13.63-27.80) 13.85 (6.68-22.49)
BE321 Ath 27.76 (19.54-35.93)  22.36 (13.27-29.87) 17.18 (6.06-21.50)
BE322 Charleroi 30.71 (21.64-36.26)  24.37 (15.69-29.25) 15.29 (7.95-23.23)
BE323 Mons 32.01 (21.96-37.42)  22.83 (14.44-28.69) 18.19 (7.21-22.94)
BE325 Soignies 26.28 (17.19-34.07)  21.27 (10.34-26.74) 13.91 (4.90-22.61)
BE326 Thuin 30.31 (19.50-34.45)  21.88 (12.90-27.76) 15.12 (5.96-20.25)
BE324+BE327  Tournai-Mouscron 44.60 (31.04-52.39)  32.86 (19.35-37.66) 17.02 (9.10-27.54)
BE331 Huy 32.39 (19.53-39.12)  22.37 (11.81-29.65) 17.76 (4.79-22.55)
BE332 Liege 33.16 (24.40-37.90)  23.93 (16.25-30.49) 16.79 (7.86-24.72)
BE334 Waremme 33.17 (19.20-39.01)  23.99 (12.31-32.65) 16.22 (4.07-23.43)
BE335+BE336  Verviers 20.14 (12.28-23.95) 12.69 (6.19-18.35) 6.38 (0.00-12.81)
BE341 Arlon 28.60 (18.65-33.99)  21.15 (11.65-28.81) 8.99 (3.96-21.38)
BE342 Bastogne 24.50 (15.05-28.31) 9.64 (8.95-22.15) 8.00 (1.61-15.46)
BE343 Marche-en-Famenne — 25.56 (17.01-32.69) 11.76 (9.30-24.58) 8.17 (1.83-17.10)
BE344 Neufchateau 24.53 (16.06-28.56) 16.94 (9.29-21.67) 10.81 (3.15-16.68)
BE345 Virton 35.63 (21.69-40.18)  17.71 (13.91-33.12) 16.77 (5.30-23.27)
BE351 Dinant 27.15 (17.76-33.87)  20.50 (10.73-27.82) 11.26 (2.79-21.80)
BE352 Namur 27.07 (19.44-33.40)  22.61 (13.45-27.14)  16.23 (5.80-20.52)
BE353 Philippeville 27.94 (16.11-33.94)  19.60 (10.96-28.62) 11.77 (2.75-17.96)
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Appendix D Sensitivity analyses

D.1 Handling missing educational attainment data

A total of 16.8% of deaths in the study period had no recorded educational attainment.
To assess the sensitivity of our results to this missing data, we tested two alternative
assignment strategies. The first assigns all deaths with unknown educational attain-
ment to the low education group, representing a scenario under the assumption that
unknown attainment is disproportionately concentrated among individuals with little
formal education. The second distributes unknown deaths proportionally across the
three educational groups according to the observed distribution of deaths within each
district.

Results are presented in Figure D4. The exposure-response functions remain
broadly stable across all three specifications. Under proportional assignment, the sec-
ondary and tertiary curves shift upward slightly relative to the main analysis, as a
share of unknown deaths is redistributed to these groups. Under the low-assignment
scenario, the low education curve rises modestly while the secondary and tertiary
curves are unchanged. The educational gradient in the extreme heat tail remains con-
sistent across all specifications, and the significance of the education effect on the
extreme heat spline coefficient is preserved.

Unknown deaths were excluded from the main analysis given the impossibil-
ity of verifying their true educational attainment, but their inclusion under either
assumption does not alter the conclusions.

Heat ERF with and without missing education data
Dashed = MMT | Shaded = 95% CI | N unknown deaths = 280,957

No unknown (main) | | Unknown —> Low | | Proportional
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Fig. D4: Heat exposure-response functions by educational attainment under three
specifications: main analysis (no NAs), assignment of all unknown deaths to the low

education group, and proportional assignment based on the observed district-level
distribution of deaths.

25



D.2 Lag definition and lagged effects of heat on mortality

The choice of lag length in DLNMs depends on the biological mechanism that are
being studied. Heat-related mortality is known to occur rapidly following exposure as
discussed in Section 1.1. For this reason, the main analysis uses a maximum lag of
seven days. To verify that this choice does not affect our conclusions, we repeated the
analysis using lags of 14 and 21 days and compared the resulting exposure-response
functions in the heat range.

Figure D5 shows that longer lag specifications produce wider confidence intervals
in the heat range, as the model attributes deaths over an extended window where
few additional heat-related deaths are biologically expected. The MMT rises with lag
length — from 21°C at lag 7 to 24.5°C at lag 21 — likely because longer lags capture
cold-related displacement effects that compress the cold part of the curve, though the
practical impact is limited given the near-null relative risks in this temperature range.
Across all three specifications, the direction and ordering of the educational gradient
are preserved, with the low education group consistently showing higher relative risks
at extreme temperatures than the secondary and tertiary groups.

Sensitivity of exposure-response functions to lag specification
Heat range only | Dashed = MMT | Shaded = 95% CI

Lag 7 [ Lag 14 [ Lag 21

Relative Risk
N

L
21 23 25 27 29 31 33 35 37 39 21 23 25 27 29 31 33 35 37 39 21 23 25 27 29 31 33 35 37 39
Maximum temperature (°C)

Education === Low === Secondary Tertiary

Fig. D5: Heat exposure-response functions by educational attainment and lag spec-
ification (7, 14, and 21 days). Results are shown for the heat range only, above the
common MMT. Shaded areas represent 95% confidence intervals. Longer lag specifi-
cations produce wider uncertainty bounds without altering the direction or ordering
of the educational gradient.

The structure of the lagged effect is further illustrated in Figure D6, which shows
the lag-specific relative risk at different temperature percentiles for a lag of seven days.
Across all percentiles, the highest relative risks occur within the first two days following
a hot day, with the excess risk dissipating rapidly and becoming negligible beyond
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day five or six. This pattern is consistent with the short biological timescale of heat-
related mortality and confirms that a seven-day lag captures the relevant exposure
window without introducing noise from longer periods where no physiological effect is
expected.

Lag-response curves at different heat percentiles
Meta regression national model | Centred at MMT = 21.0°C (77th pct) | Shaded = 95% CI | Lag = 7 days
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Fig. D6: Lag-specific relative risk of mortality at different national temperature per-
centiles (80th to 99th), estimated from a national pooled model with a maximum lag
of seven days. Each panel shows how the relative risk evolves over the days following
a day at the indicated temperature, relative to the minimum mortality temperature
(MMT = 21°C). Shaded areas represent 95% confidence intervals.
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