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BACKGROUND: Enteric infections cause significant deaths, and global projection studies suggest that mortality from enteric infections will increase in
the future with warmer climate. However, a major limitation of these projection studies is the use of risk estimates derived from nonmortality data to
project excess enteric infection mortality associated with temperature because of the lack of studies that used actual deaths.

OBJECTIVE: We quantified the associations of daily temperature with both mortality and hospital admissions due to enteric infections in the
Philippines. These associations were applied to projections under various climate and population change scenarios.

METHODS: We modeled nonlinear temperature associations of mortality and hospital admissions due to enteric infections in 17 administrative regions
of the Philippines using a two-stage time-series approach. First, we quantified nonlinear temperature associations of enteric infections by fitting gener-
alized linear models with distributed lag nonlinear models. Second, we combined regional estimates using a meta-regression model. We projected the
excess future enteric infections due to nonoptimal temperatures using regional temperature—enteric infection associations under various combinations
of climate change scenarios according to representative concentration pathways (RCPs) and population change scenarios according to shared socioe-
conomic pathways (SSPs) for 2010-2099.

RESULTS: Regional estimates for mortality and hospital admissions were significantly heterogeneous and had varying shapes in association with tem-
perature. Generally, mortality risks were greater in high temperatures, whereas hospital admission risks were greater in low temperatures.
Temperature-attributable excess deaths in 2090-2099 were projected to increase over 2010-2019 by as little as 1.3% [95% empirical confidence inter-
vals (eCI): —3.1%, 6.5%] under a low greenhouse gas emission scenario (RCP 2.6) or as much as 25.5% (95% eCl: —3.5%, 48.2%) under a high
greenhouse gas emission scenario (RCP 8.5). A moderate increase was projected for temperature-attributable excess hospital admissions, from 0.02%
(95% eCI: —2.0%, 1.9%) under RCP 2.6 to 5.2% (95% eCL: —12.7%, 21.8%) under RCP 8.5 in the same period. High temperature-attributable deaths
and hospital admissions due to enteric infections may occur under scenarios with high population growth in 2090-2099.

Discussion: In the Philippines, futures with hotter temperatures and high population growth may lead to a greater increase in temperature-related
excess deaths than hospital admissions due to enteric infections. Our results highlight the need to strengthen existing primary health care interventions

for diarrhea and support health adaptation policies to help reduce future enteric infections. https://doi.org/10.1289/EHP9324

Introduction
Enteric infections are intestinal infectious diseases caused by para-
sitic, bacterial, and viral pathogens that disrupt intestinal functions
and lead to diarrhea and dehydration (Petri et al. 2008). They cause
significant disease burden, particularly in children from low- and
middle-income countries (Kotloff 2017). In 2016, enteric infec-
tions were the eighth leading cause of global mortality, with an
estimated 1.7 million deaths and 4.5 billion episodes (Troeger et al.
2018a). Progress has been made in reducing the incidence and mor-
tality of enteric infections; however, inequality has hampered this
progress in low resource regions (Reiner et al. 2020).

Climate change is expected to further slow the progress that
has been made in reducing enteric infections because transmis-
sion could be aggravated by increased temperatures (Levy et al.
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2016). Meta-analyses of the temperature—enteric infection associ-
ation suggested that the incidence of all-cause enteric infections
may increase under warmer temperatures (Carlton et al. 2016;
Chua et al. 2020; Liang et al. 2021). Warm temperatures have
been postulated to increase pathogen loads in animal hosts and
water systems (Kelly et al. 2014; Lal et al. 2012), facilitate con-
tamination of drinking water systems and spoilage of food
(Hodges et al. 2014; Tirado et al. 2010), and change water con-
sumption habits (Mellor et al. 2016), all of which may contribute
to an increased incidence of enteric infections.

To simulate the potential impacts of climate change, projection
studies of future temperature-attributable enteric infections were
conducted on varying geographical scales. Several studies pro-
jected overall future increases in enteric infection morbidity (e.g.,
hospital admissions, clinic visits, and reported cases) related to
warmer temperatures, both at the city and country levels in India
and China (Liu et al. 2020; Mellor et al. 2016; Moors et al. 2013;
Zhang et al. 2012). Conversely, a projection study in Japan yielded
net reductions in future temperature-attributable gastroenteritis
cases especially under scenarios with a considerable temperature
rise, presumably because of the predominant viral enteric infec-
tions in Japan, which have negative temperature associations
(Onozuka et al. 2019).The possible climate change—driven future
reductions in diarrhea due to viral pathogens like rotavirus could
further be accelerated with better coverage of rotaviral vaccination
(Troeger et al. 2018b).

On a global level, several studies projected the future
temperature-attributable mortality due to enteric infections under
various future scenarios (Campbell-Lendrum et al. 2003; Chua
et al. 2021; Kovats and Lloyd 2014; McMichael et al. 2004).
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They suggest that the temperature-attributable excess deaths due
to enteric infections could rise in potential futures with consider-
ably warmer temperatures and poor socioeconomic development
compared with historical conditions. However, these studies were
limited because of the use of temperature—enteric infection risk
functions estimated using nonmortality outcomes (i.e., hospital
admissions and surveillance reports) in projecting temperature-
attributable mortality due to enteric infections. The authors
assumed that the temperature association for morbidity approxi-
mated temperature associations for mortality due to enteric infec-
tions. The impact of this assumption on global projection outputs
remains unclear because temperature associations for mortality
may differ from that of morbidity. At least two studies have
reported increased mortality due to enteric infections in children
during the summer in Mexico and Netherlands (Alonso et al.
2012; Ekamper et al. 2009), but neither provided a relative risk to
quantify the risk of mortality at high or low temperatures.

To address this knowledge gap, we sought to quantify the
short-term associations of ambient temperature with mortality
due to enteric infections. In addition, to better understand the
impact of the choice of morbidity- and mortality-based tempera-
ture—enteric infection associations in projection studies, we com-
pared the projections of temperature-related enteric infections
between mortality and hospital admissions under futures with a
changing climate and population. To our knowledge, this is the
first time that the associations between temperature and enteric
infection mortality have been quantified and used for projections
of temperature-attributable deaths due to enteric infections. We
explored these in the Philippines, where enteric infections have
been one of the leading causes of morbidity and have led to con-
siderable number of deaths annually (DOH 2019a; PSA 2016a).

Methods

Data Sources and Scenarios

We obtained nationwide data on individual deaths and hospital
admissions for the period 2006-2017 in the Philippines that were
coded with the 10th revision of the International Classification of
Diseases (ICD-10) A00-A09 or intestinal infectious diseases
from the Philippine Statistics Authority and the Philippine Health
Insurance Corporation. The Philippine Statistics Authority records
nationwide deaths through death certificates submitted to its local
offices, and the Philippine Health Insurance Corporation reim-
burses the health care costs of registered individuals from accred-
ited hospitals and infirmaries. We used the day of death and day
of admission as the time index and used the location of death and
hospitals in 17 administrative regions (Figure S1) to aggregate
these into daily time series. We limited the time series from 1
January 2014 to 31 December 2017 because the number of enteric
infection hospital admissions was low in 20062013 and incon-
sistent with the number of deaths related to enteric infection
(Figure S2).

We collected hourly temperatures, defined as the temperature
of air at 2 meters above the land surface, from the ERAS5-Land
data set, which is a replay of the land component of the ERAS cli-
mate reanalysis at an enhanced resolution of 0.1°x0.1° or
~9 km made available by the European Center for Medium-
Range Weather Forecasts (Muifloz-Sabater 2021). We converted
the hourly time series from Coordinated Universal Time (UTC)
+00:00 to UTC + 08:00 and took the daily average for each
0.1°x0.1° grid square. We calculated the population-weighted
average of temperatures by region (Figure S3) using the 2015
population density (CIESIN 2018). We also collected relative hu-
midity and total precipitation from ERAS5-Land to consider as
possible confounders. We derived daily relative humidity from
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dew point temperatures and air temperatures (NOAA 2007). We
then took the population-weighted average of daily relative humidity
and total precipitation by region. We also collected daily mean tem-
perature from 38 weather stations of the Philippine Atmospheric,
Geophysical and Astronomical Services Administration and took the
average per region (Figure S4).

Projected daily near-surface air temperatures up to the year
2100 were obtained from the Inter-Sectoral Impact Model
Intercomparison Project (ISIMIP), which is a cross-sectoral and
cross-scale framework for multimodel climate-impact simulations,
from their 2b input data sets (ISIMIP2b) (ISIMIP 2019). These cor-
respond to downscaled 0.5°x0.5° grids and bias-corrected
Coupled Model Intercomparison Project Phase 5 simulations from
four general circulation models (GCMs) (i.e., mathematical repre-
sentations of global coupled ocean—atmosphere—cryosphere—land
processes with their interactions), namely Geophysical Fluid
Dynamics Laboratory-Earth System Model (GFDL-ESM2M),
Met Office Hadley Center-Earth System Model (HadGEM2-ES),
Institut Pierre Simon Laplace-Coupled Model (IPSL-CM5A-LR),
and Model for Interdisciplinary Research on Climate (MIROCS).
The projected temperatures follow various representative concen-
tration pathways (RCPs), which report radiative forcing in watt per
square meter as a basis for long-term climate modeling experi-
ments (Collins et al. 2013; van Vuuren et al. 2011). We considered
RCPs 2.6, 4.5, 6.0, and 8.5. The lowest RCP represents strong
emission reductions, whereas higher RCPs depict continued reli-
ance on nonrenewable sources emitting more greenhouse gases.
We recalibrated each projected temperature series using the
observed temperatures (Hempel et al. 2013). Projected population
scenarios, which were downscaled in 0.5°x0.5° grids from a
country-level projection (KC and Lutz 2017), were also obtained
from ISIMIP2b. These are based on shared socioeconomic path-
ways (SSPs), which are narratives of future societal developments
indicating various combinations of challenges in mitigation and
adaptation (O’Neill et al. 2017). SSP 1 and 5 depict rapid socioeco-
nomic development with low population growth, but they have dif-
ferent challenges in mitigation, with SSP 1 prioritizing sustainable
development and SSP 5 relying heavily on fossil fuels. SSP 2
follows historical trends leading to intermediate challenges in miti-
gation and adaptation. SSP 3 depicts slow socioeconomic develop-
ment with high population growth in developing countries and
poor mitigation. SSP 4 reflects unequal socioeconomic develop-
ment both within and across all countries with relatively high popu-
lation growth in developing countries but low challenges in
mitigation. We selected SSPs 1, 2, 3,4, and 5, and paired them with
their respective RCPs (Riahi et al. 2017) (Figure S5).

We collected sociodemographic indicators including regional
population density in 2015 and gross regional domestic product
in 2017 from the Philippine Statistics Authority (PSA 2016b,
2020), and regional percentages of households with access to
improved safe water and with sanitary toilets in 2017 from the
Field Health Services Information System of the Philippine
Department of Health (DOH 2019a) (Table S1). Between 2014
and 2017, regional values of these sociodemographic indicators
remained proportional across the years, so we used the latest
available year per indicator.

Statistical Analysis

The historical temperature—enteric infection associations were
quantified for mortality and hospital admissions using a two-stage
time-series analysis: a) quantifying regional temperature—enteric
infection associations and b) estimating overall cumulative tem-
perature—enteric infection associations. Using the region-specific
temperature—enteric infection associations, we projected future
temperature-attributable enteric infections (Gasparrini et al. 2017).
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Quantifying Historical Temperature—Enteric Infection
Associations

We modeled the nonlinear lagged associations between daily
temperatures and enteric infections using a quasi-Poisson gener-
alized linear model to account for overdispersion with a distrib-
uted lag nonlinear model:

I[E(Y,)] =0+ (T, :0) +£(6:B) + > I(wiive),

where E(Y) is the expected daily enteric infection on day 7 and
by outcome c¢ (i.e., mortality or hospital admissions); o is the
intercept; s is the bi-dimensional spline function of exposure—
lag—response for daily temperature 7" and lag [; f is the natural
cubic B-spline function of day ¢ with 4 degrees of freedom (df)
multiplied by 4 y to control for seasonality and long-term trends;
I is the indicator function for time-varying covariates w of the
day of the week and national holidays; and 6, 3, and y denote the
parameters of estimation.

The exposure—response curves for temperature were modeled
using a natural cubic B-spline with 2 df assuming the possibility of
high- and low-temperature associations (Carlton et al. 2016). The
lag-response curves for weather variables were modeled using a
natural cubic B-spline with an intercept and 3 internal knots placed
at log scale. We used 0-21 d for temperature as presumed lags
between weather variables and diarrhea outcome occurrence con-
sidering the complex pathological pathways involved (Mertens
etal. 2019; Wangetal. 2019).

We combined the region-specific estimates, which are trans-
formed 0" coefficients representing uni-dimensional cumulative
temperature—enteric infection curves with reduced lag dimension,
using multivariate meta-regression models (Gasparrini et al. 2012):

ej NN(U,'B, S+ \P),

where the region-specific estimates 6" are assumed to follow a
multivariate normal distribution with U as a region-specific vec-
tor of meta-predictors and matrices S and ‘¥ representing within-
and between-regional (co)variance.

We initially ran an intercept-only model and then added meta-
predictors: regional temperature means and ranges, gross domestic
products, population densities, and access to water and sanitation
household coverages, and we checked their significance using a
Wald test. Residual heterogeneity was measured using /I statistics
and Cochran’s Q test. We then derived the best linear unbiased pre-
diction of the overall cumulative temperature—outcome associa-
tions 0, by region in relative risks. The best linear unbiased
prediction represented a trade-off between region-specific and
region-pooled associations enabling areas with small number of
daily deaths and hospital admissions to use information from areas
with larger populations (Gasparrini et al. 2012). We determined
minimum risk temperatures using the lowest cumulative relative
risks between the 2.5th and 97.5th percentiles of region-specific
temperature distribution (Lee et al. 2017). We recentered the cu-
mulative associations using the minimum risk temperatures as
reference. The minimum risk temperatures are single point temper-
atures that separate low and high temperatures indicating a relative
risk of 1. We took the relative risks of the 95th and 5th percentiles
of temperature distributions in comparison with minimum risk
temperatures to measure the high- and low-temperature associa-
tions, respectively. We derived the overall country-level associa-
tions using the final meta-regression model (Xiao et al. 2017).

Projecting Future Temperature-Attributable Outcomes

We estimated the excess enteric infections outcome attributable to
nonoptimal temperatures in 2010-2099 using the regional cumulative
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temperature—enteric infection associations with assumptions of
population changes and no adaptation:

Yattr,(? — Rc X PSSp X {1 _ expf[s*(Tpmj,rup;e;) —s" (Trérf;elt)] }’

where Y, is the temperature-attributable enteric infections by
outcome c; R is the daily average rate of deaths or hospital admis-
sions due to enteric infections in 2014-2017 as baseline enteric
infections assuming that there are no changes in the rates in the
future; P is the projected population according to the SSP; s*, and
0;, are the reduced overall cumulative associations derived after
best linear unbiased prediction; 7),,,; is the recalibrated projected
temperature by RCP; and 7. is the reference temperature based
on the minimum risk temperatures.

The total number of enteric infection outcomes attributable to
temperature was the sum of contributions from all days of the
projection years. The components attributable to high and low
temperatures were separated by summing subsets of days with
temperatures above and below the minimum risk temperatures
(Gasparrini et al. 2017). The ratio of the attributable numbers to
the total enteric infection outcome was the total attributable frac-
tion. We calculated separately the excess outcomes for each region
and SSP, as well as combinations of the GCMs and RCPs.
Attributable numbers and fractions were calculated as GCM-
ensemble by region and then aggregated as Philippine-level, dec-
ade, and RCP using the total number of outcomes as the denomina-
tor. We did 1,000 Monte Carlo simulations to derive empirical
confidence intervals (eCls) that quantify the uncertainties in Y,
associated with the temperature—enteric infection associations and
variability in temperature projections across GCMs (Gasparrini
etal.2017).

Sensitivity Analyses

To assess the robustness of the generalized linear model in the
first-stage analysis, we checked the shapes of the cumulative asso-
ciations by increasing the degrees of freedom of natural cubic
B-spline for day, adding daily total rainfall and relative humidity as
possible confounders, adding population as an offset, and changing
the maximum lag period to 14 or 27 d (Liu et al. 2020). We also ran
the same analysis using daily mean temperatures from 38 weather
stations.

Software

All analyses were performed in R programming (version 4.0.2; R
Development Core Team), using dilnm, mixmeta, ncdf4, and ras-
ter packages.

Ethical Considerations

The study protocol underwent ethical review and was
approved by the National Ethics Committee of the Philippine
Council for Health Research and Development (study number
2020-001) on 20 April 2020. We received de-identified indi-
vidual death and hospital admission data requiring no individ-
ual informed consent form. Only the research team had access
to the data sets.

Results

Summary of Enteric Infections, Meteorological, and
Projections Data

A total of 18,387 deaths and 2,004,268 hospital admissions due to
enteric infections were reported in 2014-2017 (Table 1). Most of
the deaths and hospital admissions due to enteric infections were
from Region 7 and Region 4A, respectively. The etiology of enteric
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2-meter

Daily average of ERA5-Land variables by 0.1° X 0.1° grids
temperature (°C)

Hospital admissions due to enteric infections

Mortality due to enteric infections

Table 1. Descriptive statistics of mortality and hospital admissions due to enteric infections as well as meteorological variables by Philippine region in 2014-2017.

Total precipitation
in mm/h (range)

Relative humidity

Most common

Daily average

Most common

Daily average

in % (range)
84.0 (66.4;95.1)

(range)
21.9 (15.6; 24.8)

26.3 (21.4;29.8)

etiology (%)

(range)
38.21 (12; 82)

Overall

Physician-attended (%)

etiology (%)

(range)
0.15 (0; 3)
0.57 (0; 4)
0.43 (0; 4)
1.00 (0; 6)
1.41 (0; 6)
1.43 (0;7)
0.34 (0; 5)
0.88 (0; 5)

Overall

Region
CAR

5.8 (0.0; 72.6)
4.1 (0.0; 65.0)
3.9 (0.0; 47.9)
3.6 (0.0; 54.6)
3.6 (0.0; 49.8)
3.9 (0.0; 50.6)
4.6 (0.0; 38.4)
4.1 (0.0; 48.9)
4.9 (0.0; 66.7)
3.9 (0.0; 40.4)
4.7 (0.0; 94.4)
4.5 (0.0; 37.3)
5.2 (0.0; 42.6)
4.3 (0.0; 59.0)
4.9 (0.1;31.7)
5.2 (0.0: 90.2)
5.9 (0.0; 30.3)
4.5 (0.0; 94.4)

A0l (23)
A0l (13)

55,827
141,374
83,985
161,815
104,952
201,930
46,361
85,360
126,475
134,414
111,210
92,972
171,078
149,460
178,298
66,589
92,168

2,004,268

126 (58)
542 (65)
338 (54)
845 (58)

1,473 (71)

A0l (12)

219
839

621
1,458
2,067

78.7 (58.8; 93.3)

96.77 (39; 172)

A01 (9)

Region 1

83.3 (65.7; 96.1)

AO1 (11) 25.0 (17.6; 28.9)

57.48 (22; 110)
110.76 (50; 206)

A0l (9)

Region 2

78.6 (60.0; 94.6)

26.4 (21.7; 30.6)

A06 (8)

A06 (5)

Region 3
NCR

78.4 (56.5; 93.9)

A06 (8) 26.8 (21.6;31.4)

71.84 (25; 209)
138.21 (51; 268)

A06 (6)

80.9 (57.7;93.9)

26.2 (21.2; 30.0)

AO1 (14)

1,187 (57)

A06 (4)

2,090

Region 4A
Region 4B

Region 5

AO01 (17) 26.1 (22.4;28.7) 83.4 (68.4;92.3)

31.73 (7; 85)

253 (50)
696 (54)

1,276 (63)

A0l (9)

502
1,285
2,033

83.6 (64.3; 93.0)

A01 (10) 26.3 (22.1; 28.9)

58.43 (25; 120)

AO1 (10)
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84.2 (65.7,93.5)

AO0L (11) 26.2 (22.4;29.6)

86.57 (37; 155)

A0l (16)

1.39 (0; 14)
1.43 (0, 7)
0.68 (0;7)
0.61 (0; 5)
0.71 (0; 4)
0.57 (0 5)
0.50 (0; 7)
0.35 (0; 3)
0.14 (0; 3)

12.59 (2; 32)

Region 6

83.0 (66.2;91.4)

A06 (11) 26.1 (22.8; 28.6)

92.00 (41; 201)
76.12 (22; 210)

A01 (9) 1,245 (60)

2,092

Region 7

84.2 (65.0; 93.8)

26.2 (22.7; 28.8)

A06 (5)

532 (54)
497 (56)
640 (62)
528 (64)
394 (54)
292 (56)
125 (62)

10,989 (60)
Note: AO1, typhoid and paratyphoid; A06, amebiasis; BARMM, Bangsamoro Autonomous Muslim Mindanao; CAR, Cordillera Administrative Region; ICD-10, International Statistical Classification of Diseases and Related Health Problems,

10th Revision, Clinical Modification; NCR, National Capital Region.

“Most of the etiologies were unspecified.

AO01 (11)

989
887
1,035

Region 8

63.64 (23; 149) AO01 (17) 26.0 (23.4; 28.5) 84.8 (62.7; 92.6)

117.10 (52; 216)
102.30 (40; 178)

AO1 (12)

Region 9

85.3 (65.1;94.7)

24.4 (21.0; 26.7)

A0l (20)
A06 (12)

AO0L (11)

Region 10

82.4 (66.1; 93.8)

25.6 (22.5;28.3)

AOL (7)

826
724
518

Region 11

82.7(53.7,94.2)

AO01 (21) 25.3(22.2;28.8)

122.04 (62; 267)

A0l (9)

Region 12

84.6 (70.7; 94.6)

A06 (12) 25.8 (22.2: 28.4)

45.58 (17; 108)

A0 (9)

Region 13

84.9 (66.4; 93.8)

A0l (14) 24.6 (22.4;26.9)

63.09 (21; 184)
1,371.85 (780; 2065)

AO01 (11)

202
18,387

BARMM

82.8 (53.7;96.1)

25.6 (15.6; 31.4)

AO1 (12)

A0l (8)

Philippines
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infection deaths and hospital admissions were mostly unspecified
(86% and 79%, respectively), but the two most reported were
typhoid fever and amebiasis (Tables S2 and S3). Less than half
(46%) of reported hospital admissions were children 0-5 y old,
whereas the age-group distribution of reported deaths varied by
region, with some regions having more deaths among elders
(Tables S4 and S5). More than half of the reported deaths were
medically attended, and 40% were unattended (Table S6).

Mean temperatures were similar, and temperature distribu-
tions were relatively narrow across the regions (Table 1). The
daily temperatures in the Philippines over the study period ranged
from 15.6°C to 31.4°C. The Cordillera Administrative Region
had the lowest mean temperature at 21.9°C among the regions.
Projected temperatures had similar increasing patterns across the
regions with the smallest increase under RCP 2.6 and the greatest
increase under RCP 8.5 (Figure 1; Table S7; Figure S6). The pro-
jected population generally increased but varied by region with
the greatest increase in the urbanized regions with higher socioe-
conomic levels (i.e., gross regional domestic product) under SSP
4, whereas the rest were under SSP 3 (Figure 1; Table S8; Figure
S7). The lowest increases in the projected population were under
SSP 1 and SSP 5.

Historical Temperature—Enteric Infection Associations

The pooled estimates from the intercept-only models showed
considerable heterogeneity for mortality (> =50.6%; Cochran’s
Q test, p <0.001) and hospital admissions (> =97.9%; Cochran’s
Q test, p<0.001) due to enteric infections. Only population den-
sity partly explained heterogeneity for mortality (I°>=31.6%;
Cochran’s Q test, p<0.05) but not for hospital admissions
(I> =97.7%; Cochran’s Q test, p < 0.001) due to enteric infections
(Table S9). Thus, the meta-regression with population density as
the sole meta-predictor was selected as the final model. The over-
all cumulative associations revealed a U-shaped curve for both
mortality and hospital admissions due to enteric infections
(Figure 2). In high temperatures, the risk of enteric infection mor-
tality, at 21.5% (95% CI: 5.9%, 39.5%), was higher than the risk
of enteric infection hospital admissions at 7.6% (95% CI: —4.4 %,
21.1%) (Table S10). Philippines-level risks for low temperatures
were similar between mortality and hospital admissions due to
enteric infections. Regional temperature—enteric infection mor-
tality associations were generally U-shaped, whereas the shapes
of temperature—enteric infection hospital admissions associa-
tions varied by region, with some having significant low-
temperature associations (Figure 3; Figures S8 and S9; and Table
S10). The National Capital Region had the highest mortality risks
among the regions for both high and low temperatures. For hospi-
tal admission risks by region, Region 2 had the highest risks due
to high temperatures, and the National Capital Region had the
highest risks with low temperatures. Mean regional minimum
risk temperature for enteric infection mortality was 24.9°C
(range, 19.2-26.6°C) and for enteric infection hospital admis-
sions was 25.1°C (range, 19.5-29.5°C). The Philippines-level
minimum risk temperatures for mortality and hospital admissions
were 24.9 and 24.8°C, respectively.

Projected Temperature-Attributable Mortality and Hospital
Admissions due to Enteric Infections

Overall future excess deaths due to enteric infections were pro-
jected to increase considerably under RCP 4.5, 6.0, and 8.5 with-
out population change, driven by greater high temperature-
related deaths than by low temperature-related deaths (Figure 4;
Tables S11 and S12). GCM-ensemble temperature-attributable
deaths due to enteric infections in the 2090s relative to the 2010s
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Figure 1. Projected temperature change by representative concentration pathways (RCP) and projected population change by shared socioeconomic pathways
(SSP) in the Philippines. Temperature and population changes were the differences between 2010-2019 and the rest of the decades. Corresponding numeric
data are presented in Tables S7 and S8.

were projected to increase by 7.5% (95% eCl: —5.4%, 20.9%) deaths was projected under RCP 2.6 at 1.3% (95% eCI: —3.1%,
under RCP 4.5, 12.0% (95% eCIL: —6.0%, 27.8%) under RCP 6.0, 6.5%). Reductions in enteric infection deaths attributable to low
and 25.5% (95% eCI: —3.5%, 48.2%) under RCP 8.5 (Table 2). temperatures were very small in comparison with the deaths at-
The smallest increase in GCM-ensemble temperature-attributable tributable to high temperatures. Most of the excess temperature-
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Figure 2. Philippines-level cumulative temperature—enteric infection associations by outcome in 2014-2017. Dashed lines are minimum risk temperatures,
solid lines are relative risks, shaded regions are 95% empirical confidence intervals, and histograms the temperature distributions.
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Figure 3. Regional cumulative temperature—enteric infection associations by outcome in 2014-2017. Solid lines are temperature—mortality associations and

dashed lines are temperature—hospital admission associations.

attributable deaths due to enteric infections were from the
National Capital Region, Region 5, and Region 6 (Tables S13
and S14).

A modest increase in future excess hospital admissions due to
enteric infections was estimated. GCM-ensemble enteric infec-
tion hospital admissions attributable to temperature in the 2090s
relative to the 2010s were projected to increase by 0.02% (95%
eCl: —2.0%, 1.9%) under RCP 2.6, 1.3% (95% eCl: —4.7%,
8.1%) under RCP 4.5, 2.2% (95% eCI: —6.5%, 11.2%) under
RCP 6.0, and 5.2% (95% eCIL: —12.7%, 21.8%) under RCP 8.5
(Figure 3). The majority of excess hospital admissions due to en-
teric infections were projected in Region 9, Region 12, and the
Bangsamoro Autonomous Region of Muslim Mindanao. Eight
regions (Regions 1, 3, 4A, 4B, 7, 10, 13, and the National Capital
Region) were estimated to have overall reductions in temperature-
attributable hospital admissions due to enteric infections by the
end of the century (Tables S13 and S14).

Considering population change, SSP 4 had the greatest num-
ber of excess deaths due to enteric infections and SSP 5 had the
lowest, except under RCP 8.5, in the 2090s in comparison with
the 2010s (Table 3 and Table S15). SSP 3 had the highest number
of excess hospital admissions due to enteric infections, and SSP 5
had the lowest by the end of the century (Table S16).

Sensitivity Analyses

The shapes of regional cumulative temperature-enteric infections
associations changed little when adjusted for relative humidity
and/or total precipitation as confounders (Figures S10 and S11),
when population was included as an offset (Figures S12 and
S13), or when maximum lags decreased or increased (Figures
S14 and S15). Some shapes of cumulative temperature—enteric
infection mortality associations changed when degrees of free-
dom of time were increased (Figure S16). Notably, Regions 6
and 9 had the greatest high-temperature associations, and the
National Capital Region had the least at 6 df of time. Most of the
shapes of cumulative temperature—enteric infection hospital
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admissions associations were similar when degrees of freedom of
time were increased (Figure S17). The cumulative associations
between weather station mean temperatures and enteric infections
varied in some regions but were similar to the ERA5-Land tem-
perature associations (Figures S18 and S19). Overall excess mor-
tality projected using weather station data increased over time,
whereas overall reductions were projected for hospital admis-
sions by the end of the century (Figure S20).

Discussion

We quantified the ambient temperature associations of mortality
and hospital admissions due to enteric infections and projected
their future excess numbers under climate and population
changes in the Philippines for the first time, to our knowledge.
The shapes of temperature associations in mortality and hospital
admissions varied by region with both high- and low-temperature
associations. Our projections showed that future temperature-
related excess mortality due to enteric infections would consis-
tently increase considerably under scenarios with warming tem-
peratures and high population growth, albeit with wide empirical
confidence intervals. However, temperature-related excess hospi-
tal admissions due to enteric infections may increase only moder-
ately (or even decline, as when weather station temperature data
were used in the model) because some regional risks were greater
with lower temperatures.

The varying regional temperature associations in mortality
and hospital admissions may partly be explained by their causa-
tive enteropathogens because these differed in temperature asso-
ciations (Carlton et al. 2016; Chua et al. 2020). For regions with
significant low-temperature associations, viral pathogens may
explain the associations (Carlton et al. 2016; Onozuka et al.
2019). High-temperature associations in mortality may reflect the
pathogens associated with diarrhea mortality in children, such as
Escherichia coli, Shigella spp., Cryptosporidium spp., and
Entamoeba histolytica (Levine et al. 2020) because of their posi-
tive temperature associations (Chua et al. 2020; Erdem et al.
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relative to 2010-2019 by outcome in the Philippines.

Light gray bars with white stripes are high temperature-attributable enteric infections; dark gray bars with white dots are low temperature-attributable enteric
infections; black circles are total temperature-attributable enteric infections; and black error bars are the 95% empirical confidence intervals. Corresponding

numeric data are presented in Tables S11 and S12.

2003; Kent et al. 2015). The most reported pathogen, which was
typhoid fever, may also explain the high-temperature associations
in some regions because of its strong positive temperature associ-
ations (Chua et al. 2020; Liang et al. 2021). It should be noted
that this proposition is challenging to verify because the majority
of the reported deaths and hospital admissions were unspecified;
this situation may perpetuate, considering that to identify entero-
pathogens, many health care institutions in developing countries
still rely on conventional diagnostics, which are laborious, insen-
sitive, and time-consuming (Ugboko et al. 2020).

The high temperature—enteric infection associations may also be
explained by cases with moderate to severe diarrhea leading to

dehydration (Akech et al. 2018; Levine et al. 2020), which compro-
mises the body’s thermoregulation and electrolyte balance (Popkin
et al. 2010). Dehydration can lead to death, but this outcome is pre-
ventable, given that the required medical interventions are relatively
inexpensive and straightforward (Kotloff 2017). However, some of
the medically unattended deaths may have faced greater risk
because the cases arise in impoverished settings that receive inad-
equate health care, enable poor health-seeking behaviors, expose
residents to heat stress due to poor living conditions, and lack access
to clean drinking water (Chowdhury et al. 2015; Ferdous et al.
2014). Such circumstances may worsen under future scenarios with
poor socioeconomic growth or widening inequality.

Table 2. General circulation model-ensemble temperature-attributable fractions of deaths and hospital admissions due to enteric infections in 2090-2099 com-
pared with 2010-2019 in the Philippines by representative concentration pathways under no population change.

Temperature-attributable fractions % (95% eCI)

2010-2019 2090-2099

Enteric infection outcome RCP  High temperatures ~ Low temperatures Overall High temperatures ~ Low temperatures Overall

Mortality 2.6 4.7(-3.3,11.3) 2.1(-1.5,5.4) 6.9 (1.8, 10.0) 7.1 (-4.2,16.5) 1.2(-0.9,3.2) 8.2(-1.2,15.9)
45 5.0(=3.2,11.7) 22(-1.5,5.7) 7.3(2.0,10.7) 14.4(-4.3,30.5) 0.5 (=0.3, 1.6) 14.8 (=3.3, 30.5)
6.0 49 (-3.1,11.3) 23(-1.6,5.9) 7.2(2.3,10.1) 18.9(-4.0,37.4) 0.3(-0.2, 1.3) 19.2 (-3.3,37.4)
8.5 55(=3.2,124) 20(-1.4,5.2) 75(.7,11.8)  33.0(-1.7,57.8) 0.1 (0.0, 0.5) 33.1(-1.4,57.8)

Hospital admissions 2.6 5.9(0.8, 10.1) 4.9 (0.9, 8.6) 10.7 (7.1, 13.6) 7.2(1.4,122) 3.5(0.1,6.7) 10.7 (6.3, 14.0)
45 5.9 (0.9, 10.1) 4.9(0.9, 8.6) 10.8 (7.1, 13.5)  10.1 (1.9, 17.7) 1.9 (-0.2,4.5) 12.1 (5.6, 17.8)
6.0 5.8(0.9, 10.0) 5.0 (1.0, 8.8) 109 (7.4,13.5)  11.6 (1.7, 20.5) 1.5(-0.2, 3.6) 13.1 (4.7, 20.5)
8.5 6.0 (1.0, 10.4) 4.7(0.8,8.3) 10.8 (7.1, 13.5)  15.5(=2.2,30.4) 0.5 (=0.1, 1.9) 16.0 (-1.2,30.3)

Note: eCI, empirical confidence interval; RCP, representative concentration pathway.
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This study demonstrated an improved projection of mortality due
to enteric infections. Previous global projections applied temperature—
morbidity associations in estimating mortality due to enteric infections
because there was a lack of available temperature—mortality associa-
tions (Kovats and Lloyd 2014). To make the projections feasible, the
authors assumed that the relationship between morbidity and mortality
due to enteric infections was constant over time, and that the estimates
they applied capture the plausible range of temperature—mortality
associations across time and space. In the case of this study, we were
able to quantify the temperature—mortality associations and directly
use them in projecting excess deaths in the Philippines. If we use the
associations between temperature and hospital admissions to estimate
the excess mortality, we find that temperature-related deaths due to en-
teric infections may have been underestimated. This warrants the
investigation of associations between temperature and mortality due to
enteric infections in other locations to further understand the change in
mortality risk due to ambient temperature. However, this may be chal-
lenging given that reliable data in enteric infections are sparse, specifi-
cally in low-income countries where the burden of these infections is
highest (Gill et al. 2017).

With the projected warming of climate (Fan et al. 2020),
extreme heat events are likely to occur more frequently and
intensely (Li 2020), potentially greatly affecting enteric infections
in the future. Therefore, introducing vaccines and sustaining the
gains from water, sanitation, and hygiene as well as child nutri-
tion programs can help prevent infections in the future (Riddle
et al. 2018; Troeger et al. 2020). In addition, there is a need to
strengthen measures for mortality deterrence by proper manage-
ment of dehydration through effective delivery of oral rehydra-
tion solution and zinc supplementation services by primary
health care facilities (APHA 2018; Ezezika et al. 2021).

This study has some limitations. First, the data collected may
not accurately represent enteric infections in the country. For mor-
tality, the considerable proportion of medically unattended deaths
were verbally autopsied and may not have received precise diagno-
ses in comparison with deaths attended by physicians (Lucero et al.
2018). In addition, there is evidence of underreporting of deaths in
the Philippines, particularly in children, due to inconsistencies in
reporting procedures (Carter et al. 2011). For hospital admissions,
the data source can only cover serious cases needing hospitalization
from accredited hospitals; they do not cover cases that were from
emergency room or primary health care institutions. Second, the
ERAS-Land reanalysis data on air temperature has not been eval-
uated and lack uncertainty values. Although we also used weather
station data, only a few stations were available to represent rela-
tively large administrative regions and therefore may not accurately
represent exposure. The two air temperatures also vary in terms of
their spatial scale, with ERAS5-Land presented in 9-km grid
squares, whereas weather stations represent a tiny space. The
aggregation of the exposure may introduce a Berkson-type mea-
surement error, which may explain the wide eCIs in the associa-
tions and projections (Armstrong 1998). Third, the wide eClIs of
the associations and projections may also be partly explained by
sparse mortality data and from only 4 y of data. Fourth, we did not
incorporate rotavirus vaccination in the projections. Rotavirus vac-
cination was introduced in the Philippines in 2012, and at least one
dose of monovalent rotaviral vaccine was found to have vaccine
effectiveness of 60% against rotaviral hospital admissions (Lopez
et al. 2019). With 31% of hospital admissions caused by rotavirus
in the Philippines (Carlos et al. 2009), incorporating projections of
rotaviral vaccination coverage based on SSP scenarios may help
improve the projections of future enteric infection deaths and hos-
pital admissions by considering the additional reductions in num-
bers of enteric infection deaths and hospital admissions from
vaccination. However, rotaviral vaccination coverage in the

SSP 5
Fossil-fueled
development

62
NA
74 (59, 86)
77 (59, 92)
88 (61, 108)
6,605
NA
7,244 (6,909, 7,540)
7,295 (6,842, 7,685)
7,448 (6,499, 8,229)

SSP 4
Inequality
119
130 (117, 140)
139 (115, 160)
145 (115, 169)
NA
12,829
14,057 (13,569, 14,416)
14,199 (13,472, 14,348)
14,314 (13,346, 15,155)
NA

SSP 3
Regional rivalry
104
NA
123 (98, 144)

129 (98, 153)

NA
11,117
NA
12,659 (11,821, 13,420)

12,799 (11,730, 13,752)
NA

SSP 2
Middle of the road
78
86 (76, 93)

92 (74, 107)
8,300
9,140 (8,799, 9,392)
9,241 (8,741, 9,690)
9,321 (8,662, 9,898)
NA

Cumulative numbers (95% eCI) in 2090-2099 in thousands
96 (74, 114)
NA

SSP 1
Sustainability
64
71(63,77)
76 (61, 89)
80 (61, 94)
NA
6,817
7,419 (7,192, 7,586)
7,479 (7,132, 7,786)
7,532 (7,063, 7,935)
NA

52 (44, 60)
55 (44, 63)
61 (45,72)
5,008
5,546 (5,322, 5,712)
5,613 (5,291, 5,902)
5,664 (5,244, 6,034)
5,811 (4,947, 6,528)

No population changes
46
50 (45, 53)

2.6

4.5
6.0

8.5
Note: eCI, empirical confidence interval; NA, unlikely SSP-RCP combinations; RCP, representative concentration pathway; SSP, shared socioeconomic pathway.

RCP
None*
2.6
“No temperature changes.

Hospital
admissions

Table 3. General circulation model-ensemble temperature-attributable number of deaths and hospital admissions due to enteric infections in 2090-2099 by climate change (RCPs) and population change scenarios
Mortality

(SSPs) in the Philippines.

Outcome
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Philippines is low, possibly leading to minimal or negligible reduc-
tions in enteric infections in children (DOH 2019b). Fifth, we were
not able to develop projections by age group because the gridded
population projections were not available by age group. Future
studies should consider projection of enteric infections in children
given that most of the burden is borne by that age group. Sixth, we
assumed that the temperature—enteric infection associations would
not change over time and did not consider any shift in minimum
risk temperatures. This lack of change may not be the case because
humans could adapt under changing ambient temperatures; thus,
minimum risk temperatures could increase (Yin et al. 2019). Last,
we did not include changes in the rate of mortality and hospital
admissions due to enteric infections. Better socioeconomic status
and continued improvement in health systems may reduce the risk
of enteric infections and eventual death (Troeger et al. 2020).
Adaptation measures beyond those related to socioeconomic
growth, such as better health-seeking behaviors, may further con-
tribute to reductions. Exposure to pathogens causing enteric infec-
tions by region may also change because their transmission could
be affected by the ecological changes brought by climate change.

In summary, future temperature-related excess mortality due
to enteric infections in the Philippines was projected to increase
considerably by the end of century, especially under scenarios
with significant climate change and increase in population,
because mortality had strong high-temperature associations.
However, hospital admissions due to enteric infections in the
Philippines had greater low-temperature associations and lesser
high-temperature associations than mortality and were thus pro-
jected as a moderate increase in temperature-related excess hospi-
tal admissions in the future. Support for and implementation of
adaptation policies for climate change in the Philippines may help
in abating temperature-attributable enteric infections in the future.

The temperature—enteric infection associations derived in this
study may be applicable to countries with climate and socioeco-
nomic characteristics similar with the Philippines, such as
Indonesia and other neighboring countries of Southeast Asia.
However, the composition of pathogens and modes of transmission
of enteric infections vary geographically; therefore, more studies
quantifying the risks of enteric infection mortality due to nonopti-
mal temperatures are encouraged, especially in countries in sub-
Saharan Africa and South Asia where the burden remains high
(Reiner et al. 2020; Troeger et al. 2018a). The lack of good-quality
data may impede the research progress in these regions, but recent
data from the Million Death Study and Child Health and Mortality
Prevention Surveillance could be potential sources of more accu-
rate data on mortality due to enteric infections (Farrar et al. 2019;
Taylor et al. 2020). More findings from other geographical loca-
tions would help to improve projections of temperature-related
deaths due to enteric infections on a global scale.

Overall, this study provides relative risks for associations
between temperature and mortality due to enteric infections and
applies them in projecting temperature-related enteric infection
deaths in the Philippines. Mortality from enteric infections was
deemed more sensitive to warmer temperatures than was hospital
admissions, resulting in larger increases in temperature-related
deaths than in hospital admissions under scenarios of climate
change and high population growth. Thus, there is a need to
strengthen existing primary health care interventions and support
health adaptation policies to prevent additional future deaths
from enteric infections in the Philippines.
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