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Background. Positive associations have been noted between temperature and diarrhea incidence, but considerable uncer-
tainty surrounds quantitative estimates of this relationship because of pathogen-specific factors and a scarcity of data on the
influence of meteorological factors on the risk of disease. Quantifying these relationships is important for disease prevention
and climate change adaptation.

Methods. To address these issues, we performed a systematic literature review of studies in which at least 1 full year of data on the
monthly incidence of diarrheagenic Escherichia coli were reported. We characterized seasonal patterns of disease incidence from 28
studies. In addition, using monthly time- and location-specific weather data for 18 studies, we performed univariate Poisson models
on individual studies and a meta-analysis, using a generalized estimating equation, on the entire data set.

Results. We found an 8% increase in the incidence of diarrheagenic E. coli (95% confidence interval, 5%-11%; P <.0001) for
each 1°C increase in mean monthly temperature. We found a modest positive association between 1-month-lagged mean rainfall and
incidence of diarrheagenic E. coli, which was not statistically significant when we controlled for temperature.

Conclusions. These results suggest that increases in ambient temperature correspond to an elevated incidence of diarrheagenic E. coli
and underscore the need to redouble efforts to prevent the transmission of these pathogens in the face of increasing global temperatures.
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Although Escherichia coli are part of the normal human intes-
tinal flora, 6 pathotypes cause diarrheal disease [1], and these
diarrheagenic E. coli are the most common cause of bacterial
diarrhea in children worldwide [2]. Together, pathogenic
E. coli and Shigella species are responsible for an estimated
583 500 deaths [3] and 44 million disability-adjusted life years
per year [4] globally. The recently published Global Enteric
Multicenter Study identified Shiga toxin-producing enterotoxi-
genic E. coli (ETEC) as one of the leading causes of moderate-
to-severe diarrhea in 7 locations in Africa and Asia [2].

Diarrheagenic E. coli infection manifests as watery or bloody
diarrhea accompanied by mild-to-severe dehydration [1]. The
bacteria are transmitted predominantly through fecal-oral con-
tact via contaminated food and water [1]. Risk factors for
E. coli-associated diarrhea include lack of infrastructure, lack
of access to clean water, crowding, malnutrition, and low stan-
dards of hygiene and food handling [5, 6]. As such, climatic
conditions that determine ambient temperature and precipita-
tion patterns can influence E. coli transmission.
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Understanding the relationship between climate and enteric
diseases is critical because even relatively small proportional in-
creases in the risk of diarrhea can represent a substantial overall
climatic influence, given the high baseline burden of diarrheal
diseases. The Intergovernmental Panel on Climate Change
(IPCC) predicts that global surface temperature change for
the end of the 21" century is likely to exceed 1.5°C relative to
the period 1850-1900 [7]. Increases in local temperature have
been linked to an increase in diarrhea incidence by a number
of researchers, and even the most conservative estimates indi-
cate a substantial influence of climate change on the incidence
of diarrhea. However, there is considerable uncertainty sur-
rounding these projections, primarily because of the scarcity
of empirical data on the impact of climate on health [8].
There is even less certainty about the impact of expected alter-
ations to the hydrologic cycle expected to result from global cli-
mate change. While heavy-rainfall events have been associated
with outbreaks of diarrhea [9, 10], the impact of rainfall and
flooding on diarrhea incidence is complex and depends on
both biophysical and social factors [9, 11].

One of the primary sources of uncertainty of the impact of
climate on diarrhea is likely the differential responses of differ-
ent etiologic agents of diarrhea. Diarrheal diseases are caused by
many different pathogens, each of which may exhibit different
responses to environmental conditions. Traditional teaching
holds that bacterial gastroenteritis occurs predominantly in
the summer, whereas viral gastroenteritis occurs in the winter
[12]. When E. coli was first linked to diarrheal disease, in
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1945, Bray noted the significance of his finding as a cause of
“summer diarrhea” [13]. However, to our knowledge the rela-
tionship between specific weather-related exposure variables
and diarrheagenic E. coli has not been quantified to date.

We performed a systematic review and meta-analysis of the
relationship between monthly incidence of E. coli-associated di-
arrhea and temperature and precipitation for specific locations
and periods. Quantification of these relationships can provide
rich detail to inform modeling efforts aimed at predicting the
health responses to climatic shifts.

METHODS

Search Strategy and Selection Criteria

Studies were identified through a National Library of Medicine
(PubMed) search on 23 March 2012, using the search terms
shown in Figure 1. We excluded studies with “outbreak” or “trav-
elers” in the title to restrict our search to studies presenting data
on endemic disease. We selected studies published beginning in

1975, and we did not set any language restrictions on the search.
To supplement the search strategy, reference lists from all includ-
ed studies, as well as key review articles on E. coli epidemiology,
were scanned for identification of relevant papers [14-18].

Two researchers independently screened each title and abstract
from the database search for relevance to this analysis. A study
was included if (1) it was conducted continuously for >1 year,
(2) it reported at least 25 confirmed cases of E. coli-associated
diarrhea over the study period, (3) it reported monthly data on
the number of patients with diarrhea caused by E. coli, (4) it was
confined to a geographic area for which one set of climatologic
data applied (ie, studies involving an entire country or large
state/province were excluded), and (5) it used a surveillance
study design. The results of case-control studies were included
only if the authors reported monthly E. coli incidence for cases
separately from controls. Studies on all diarrheagenic E. coli path-
otypes were eligible for inclusion, but data on asymptomatic in-
fections were not included.

Records identified through
database search
(n=1065)

Additional records identified
through other sources?

(n=3)

(n=737)

Records screened after
duplicates were removed »

Records excluded after
review of titles/abstracts
(n=531)

* <12 consecutive mos (n = 47)
* Not on E. coli diarrhea in
humans (n = 484)

ELIGIBILITY )( SCREENING ) (lDENTIF\CATION)

(n=206)

Full-text articles
assessed for eligibility

Full-text articles excluded
(n=178)

* <12 consecutive mos (n=114)
*» <25 cases (n=36)

* Not epidemiological® (n =8)

* Geography© (n=7)

synthesis

Studies included in quantitative

Seasonality (n =28)
Temperature models (n=18)

* No raw case data (n=7)

* Subset of cases? (n=2)

* Foreign population® (n =2)
* Duplicate data (n=2)

Rainfall models (n=13)

Coaom ) (

Search terms employed: ((“Escherichia coli"[MeSH Terms] OR "Escherichia coli"[All Fields]) AND ("diarrhoea"[All
Fields] OR "diarrhea"[MeSH Terms] OR "diarrhea"[All Fields] OR diarrheagenic[All Fields]) AND ("1975"[PDAT] :
"3000"[PDAT]) AND ("humans"[MeSH Terms]) NOT (travelers'[Title] OR outbreak[Title])) AND each of the

following epidemiologic and climate terms (separate searches): “incidence”;“surveillance™; *ambient temperature”;
“climate”; humidity”;“rain” OR “rainfall”;"season” OR “seasonal

5,44, i,

[
5

‘weather”.

Figure 1.

Study selection process. “Other sources include key review articles on Escherichia coli epidemiology and reference lists of studies identified through the database

search; ®Studies that were based on in vitro research, case studies, or review articles; “Studies over a large or heterogeneous geographic area to which a single set of climate
data could not reasonably apply; “Studies presented monthly incidence data on only a nonrandom subset of all samples collected; ®Studies included travelers or military

personnel stationed in an area.
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Table 1. Characteristics of Studies Included in the Systematic Review of Climatic Drivers of Diarrheagenic Escherichia coli Incidence

Yearly Yearly Study Urban/ WHO
E. coli Altitude, Rainfall, Temperature, Duration, E. coli Subject Age/ Rural Mortality Peak
Reference Pathotype(s) Location Latitude m mm, Mean °C, Mean Study Period mo Cases, No.  Descriptor Study Setting Setting Stratum Temperature® Rainfal®  Season®
Pai et al [39] VTEC Calgary, Canada  51°N 1083 420 4.1 Jul 1984— 24 166 All Hospital based  Urban Developed +© +° Summer
Jun 1986
Gurwith and EPEC Winnipeg, 50°N 238 510 2 Dec 1973- 24 120 <16y Hospital based  Urban Developed NA NA Summer,
Williams [40] Canada Nov 1975 fall
Klein et al [41]  STEC Seattle, 47°N 37 860 11 Nov 1998- 36 39 Children Hospital based  Urban Developed +© - Summer,
WA, USA Oct 2001 and private fall
practice
Cohen et al [42] EAEC Cincinnati, 39°N 195 987 13.6 Mar 1999- 12 88 Children Hospital based  Urban Developed +© - NA
OH, USA Feb 2000
Kim et al [43] ETEC Seoul, South 37°N 86 135d 12 Feb 1984- 14 52 <15y Hospital based  Urban LMD - - Cool, dry
Korea Mar 1985 and
outpatient
Samonis EPEC Heraklion, 35°N 39 483 18.7 Jan 1992- 28 102 <2y Hospital based 30% Developed + + NA
et al [44] Greece Apr 1994 urban;
60% rural
Santosham et al ETEC Whiteriver, 33°N 1588 458 12.7 Jan 1982- 36 28 <3y Community Rural Developed +¢ NA  Warm
[45] AZ, USA Dec 1984
Rao et al [46] ETEC Abu Homos, 31°N 5 44d 20 Mar 1995— 36 933 <3y Community Rural LMD NA NA  Warm
Egypt Feb 1998
Wierzba ETEC Abu Homos 31°N 5 44 d 20 May 2000 25 148 <by Clinic based Rural LMD NA NA Warm
etal [47] May 2002
Wierzba et al ETEC Benha, Egypt 31°N 15 20 21 May 2000- 25 111 <by Clinic-based Peri-urban LMD NA NA Warm
[471 May 2002
Alam et al [48] EPEC Karachi, 25°N 21 210 26 Jan 1997- 60 662 All Hospital based  Urban HMD NA NA Summer
Pakistan Dec 2001
Khan et al [49]  ETEC Dhaka, 23°N¢® 9 1970 26 Jan 1983- 24 472 All Hospital based  Urban HMD NA NA Spring,
Bangladesh Dec 1984 autumn
Qadri etal [50]  ETEC Dhaka 23°N? 9 1970 26 Apr 2002— 31 242 <2y Community ~ Urban  HMD NA NA  Spring
Oct 2004
Baquietal [51] ETEC Matlab, 23°N? 10 2350 25 May 1983— 12 369 Al Diarrheal Rural HMD +° - Hot dry
Bangladesh Apr 1984 treatment
center
Black et al [52] ETEC Matlab 23°Nd 10 2350 25 Apr 1978- 12 280 <by Community Rural HMD + NA Hot
Mar 1979
Black et al [53]  ETEC Matlab 23°Nd 10 2350 25 Feb 1977- 24 4184 All Clinic based Rural HMD +¢ +¢ Hot, dry
Jan 1979
Chowdhury etal ETEC Dhaka 23°N® ) 1970 26 Mar 2008- 24 1248 All Hospital based  Urban HMD NA NA NA
[54] Feb 2010
Qadri et al [65] ETEC Dhaka 23°Nd 9 1970 26 Sep 1996- 24 662 All Hospital based  Urban HMD +2 +2 Hot
Aug 1998
Stoll et al [56] ETEC Dakha 23°N¢ 9 1970 26 Dec 1979- 12 624 All Hospital based  Urban HMD +© +° Hot, dry
Nov 1980
Samal et al [57] All Bhubaneswar, 20°N¢ 44 1554 27 Jan 2004- 36 669 All Hospital based  Urban HMD NA NA NA
India Dec 2006
Estrada-Garcia ~ EPEC, ETEC Mexico City, 19°N¢ 2239 682 15 Jan 1998- 12 25 <3y Community Peri-urban LMD + NA  Rainy
et al [58] Mexico Dec 1998
Cisse et al [59] EPEC Dakar, Senegal 14°N9 24 41d 24 Feb 1983- 64 92 <15y Hospital based  Urban HMD NA NA Cool, dry
May 1988
Mutanda [60] EPEC Nairobi, Kenya 1089 1623 750 19 May 1975— 12 28 Children Hospital based  Urban HMD - - NA

Apr 1976
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Table 1

WHO
Mortality
Stratum

Urban/

Yearly Study
Temperature,

Yearly
Rainfall,

Peak
Season®

Rural

E. coli Subject Age/

Cases, No.

Duration,

Altitude,

E. coli
Pathotype(s)

Temperature® Rainfall®

Setting

Study Setting

Descriptor

mm, Mean °C, Mean  Study Period mo

m

Latitude

Location

Reference

Warm,

NA

NA

L

Poor

Community

<by

1460 27 May 1978- 30 33

24

ETEC Pacatuba, Brazil 4084

Guerrant

rainy

urban
and

Oct 1980

etal [61]

rural
Urban

Warm and

4°

HMD

Hospital based

<14y

133

1360 18 Nov 1988- 12

1275

18°5¢

EPEC, ETEC Antananarivo,

Cassel-Beraud

rainy

Oct 1989
Oct 1985—

Madagascar
Campinas, Brazil

et al [62]
Gatti et al [63]

NA

LMD

27 <2y Community Urban

12

130d 22

660

23°s¢

ETEC

Sep 1986
Oct 1974-

Hot

NA

55 <2y Hospital based  Urban HMD

12

1699 720 16

26°S

Johannesburg,

EPEC

Robins-Browne

Sep 1975
Apr 1981-

South Africa
Cape Town,

et al [64]
Househam et al

Warm, dry

NA

Urban HMD

Hospital based

470 <y

12

112d 17

42

34°S

EPEC

Mar 1982
Sep 1997-

South Africa

Melbourne,

[65]
Sinclair et al [66] Al

NA

Urban Developed

53 All Community

18

560 14

131

37°S

Feb 1999

Australia

Abbreviations: EPEC, enteropathogenic E. coli; ETEC, enterotoxigenic E. coli; HMD, high-mortality developing country; LMD, low-mortality developing country; NA, not available; VTEC, verotoxin-producing E. coli.

@ Data denote the sign of the coefficient from generalized linear models performed to determine the relationship between monthly incidence of E. coli and monthly temperature or monthly rainfall in studies for which these data were available.

° Data denote the peak season of cases and reflect the authors’ terminology.

¢ Statistically significant (P < .05).

9 Tropical latitude.

All E. coli-associated diarrheal incidence data reported in the
published papers were taken directly from tables or extracted
from graphs, using Plot Digitizer software [19]. If only average
data over several years were presented in the published paper,
study authors were contacted to request original data; investiga-
tors in 2 studies [20, 21] responded and provided additional data.

Outcome Data

To ensure comparability of monthly E. coli figures across stud-
ies, several data-processing steps were completed. The monthly
incidence (total number of new cases during each month) of E.
coli-associated diarrhea was used, to avoid confounding results
by changes in the monthly proportion of other pathogens to the
total, in particular because the incidence of viral gastroenteritis
tends to peak in winter months [22-25]. When studies reported
a monthly rate of E. coli-associated diarrhea (eg, cases per 1000
patients per month), these rates were converted to monthly in-
cidence by using the total number of E. coli-associated diarrhea
cases reported for the study. When studies reported distinct
monthly incidence for >2 pathotypes of E. coli, we summed
the pathotypes. Individual data sets from a single publication
were aggregated only if data sets for each pathotype included
<25 cases. Redundant data sets (ie, multiple publications using
the same data) were included only once.

Independent Variables

Our primary independent variables of interest were year-specific
monthly temperature and precipitation level for each study
location, corresponding to the months of collection of outcome
data. Temperature data for each city were taken from the Hadley
Centre CRUTEM4 data set, when available [26]; the Global His-
torical Climatology Network-Monthly (GHCN-M), version 3
(adjusted temperature), was used otherwise [27]. Monthly pre-
cipitation data for each city was taken from GHCN-M, version 2
[28]. Studies were only included only in the analyses of average
and peak seasonality and not in the statistical models, if they did
not have monthly temperature and/or rainfall data at the city
level or if they included monthly case counts averaged over mul-
tiple years.

In addition, for each study location, we assembled data on co-
variates, including latitude, altitude, average monthly tempera-
ture, and average monthly precipitation level or number of days
of rain per year, using data from Weatherbase [29] and World
Health Organization mortality strata [30].

Seasonality Analysis

To compare overall seasonality of E. coli-associated diarrhea
across study locations, we plotted E. coli incidence by month
(averaged over all years) for each location. We also examined
the peak month with the highest case load per study, as well
as the season strength, as measured by the peak-to-mean ratio
of monthly number of E. coli-associated diarrhea cases divided
by the average number of cases for all months in a given study.
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Statistical Modeling

We examined the relationship between climatic variables and
E. coli-associated diarrhea incidence for each location to assess
heterogeneity between studies. Generalized log-linear Poisson
regression models were performed for each study location in
the R Statistical Programming Language [31], with monthly
E. coli-associated diarrhea case counts as a function of monthly
mean temperature and monthly mean precipitation level.
A Newey-West regression approach was used to account for se-
rial correlation of monthly data points within studies [32]. For-
est plots were constructed using the metan function in Stata,
version 10.1 (College Station, Texas).

We pooled all studies together to obtain an overall association
between monthly E. coli-associated diarrhea cases and mean
monthly temperature and rainfall, using a generalized estimating
equation (GEE) model [33] with a Poisson distribution and an au-
toregressive correlation structure, clustering by study. We used the
R geeglm function in the geepack library, accounting for temporal
gaps in the weather predictor data with the waves argument [34].
In all models, we included WHO mortality stratum as a binary
variable (developed country vs high-mortality or low-mortality
developing country) to control for level of development in the
country where the study was conducted. We evaluated tempera-
ture and precipitation level in a combined multivarjate model and
also independently, because there were several studies with
temperature but not rainfall data available. We evaluated 0- and
1-month lags for both temperature and rainfall data. We used cor-
rected quasi-information criterion (QICC) values to select a final
model involving data from papers with both rainfall and temper-
ature data, using the MESS library for R [35, 36].

To examine the potential impact on the burden of diarrheal
disease attributable to pathogenic E. coli as a result of predicted
future climatic change, we performed a subanalysis focused on
ETEC in Bangladesh because of the large concentration of avail-
able data (5 studies). We calculated Bangladesh-specific inci-
dent rate ratios (IRRs) from this subset of studies, using the
same GEE models, to estimate the total number of additional
cases of ETEC-associated diarrhea due to projected temperature
increases of 1°C-4°C, in increments of 1°C. This range was
based on the IPCC Fifth Assessment report [37] of regional
area temperature change averages of Coupled Model Intercom-
parison Project Phase 5 (CMIP5) ensemble models for South
Asia over 3 projection periods for the Representative Concen-
tration Pathways (RCP) 4.5 scenario. We calculated baseline
ETEC-associated diarrhea incidence in Bangladesh on the
basis of 2010 ETEC-associated diarrhea prevalence and dura-
tion of disease estimates provided by the Institute for Health
Metrics and Evaluation [3, 38]. Details on these calculations
and a comparison with other approaches for estimating baseline
ETEC incidence are available in the Supplementary Materials.
We multiplied the baseline number of cases by the exponenti-
ated Bangladesh-specific model coefficient, raised to the power

of the different temperature increments. The difference between
this result and the baseline number of cases provided a rough
estimate of potential additional cases associated with changes
in temperature.

RESULTS

Systematic Review

A total of 28 studies with 29 data sets were included in the final
review (Figure 1 and Table 1). Included studies occurred be-
tween 1974 and 2010 in 15 countries across temperate
(n=13) and tropical (n = 15) latitudes, with the tropics defined
as between 23°27’ north and south of the equator. While some
study populations were limited to children, others included all
ages. ETEC was the most commonly represented pathotype
(n = 15); however, studies on enteropathogenic E. coli (EPEC),
enteroaggregative E. coli (EAEC), and verotoxin-producing E.
coli (VTEC), as well as combinations of these pathotypes,
were also included. The overall percentage error from digitizing
graphs and processing data to obtain E. coli-associated diarrhea
incidence was 2.2%, calculated on the basis of the total number
of E. coli-associated diarrhea cases in our data set.

Seasonality

The distribution of cases by month for each study is shown in
Supplementary Figure 1. The temperate latitudes demonstrated
stronger season strength than the tropics, with average ratios of
peak to mean levels of 2.7 in the temperate northern hemi-
sphere and 3.6 in the temperate southern hemisphere, com-
pared with 2.4 in the tropics; the difference in these ratios
between temperate and tropical climates was not significant
(P =.216). In the temperate latitudes, cases in the majority of
studies (69%) peaked in the summer months (June-August in
the northern hemisphere and December-February in the south-
ern hemisphere); cases in none of the studies peaked in the win-
ter months (December-February in the northern hemisphere
and June-August in the southern hemisphere; Table 2).

Association With Climate Variables

The majority of studies showed a positive association between
the incidence of diarrheagenic E. coli infection and temperature
(Figure 2). Of the 18 studies for which monthly temperature
data were available, a positive association was observed in 15
(83%); this relationship was statistically significant for 8 (44%;
P <.05). Only 3 studies showed a negative correlation (17%),
and this relationship was only statistically significant for 1
study (6%). Results of the analysis of association between
mean monthly rainfall and E. coli-associated diarrhea cases
were more varied, and the effect sizes were much smaller. Of
13 studies with monthly rainfall data, a positive association
was observed in 6 (46%); this relationship was statistically sig-
nificant for only 1 study (8%). Six studies (46%) showed a neg-
ative correlation, and this relationship was also statistically
significant for only 1 study (8%).
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Table 2. Summary of Seasonal Peaks of Escherichia coli-Associated Diarrhea Cases Reported by Studies, by Geographic Location

Peak Month, Studies, No. (%)?

Ratio of Peak to Mean

Location Dec-Feb Mar-May Jun-Aug Sep-Nov Values, Mean®
Northern hemisphere (>23°N) 0 (0) 1(8) 9 (69) 3 (23) 2.73
Southern hemisphere (>23°S) 2 (67) 1(33) 0 (0) 0 (0) 3.56
Tropics (23°N-23°S) 1(6) 10 (63) 5 (31) 0(0) 242

@ Peak month reflects the single calendar month averaged over all years of the study with the highest E. col-associated diarrhea case load.

P Calculated as the mean number of cases in the month with the most cases, divided by the mean number of cases per month over the course of the entire study. The ratio reported here reflects
the ratio of peak to mean values by geographic location.

Reference Country Latitude IRR (95% Cls)
Pai et al [39] Canada 51°N —— 1.11 (1.07, 1.15)
Klein et al [41] United States 47°N —_—t 1.11(1.05, 1.18)
Cohen et al [42] United States 39°N S 1.03 (1.00, 1.07)
Kim et al [43] South Korea 37°N - 0.99 (.97, 1.02)
Samonis et al [44] Greece 35°N p— 1.02 (.96, 1.09)
Santosham et al [45] United States 33°N — 1.06 (1.00, 1.13)
Black et al [53] Bangladesh ~ 23°N -+ 1.22 (1.20, 1.25)
Stoll et al [56] Bangladesh  23°N -+ 1.09 (1.07, 1.11)
Baqui et al [51] Bangladesh  23°N —— 1.05 (.99, 1.11)
Qadri et al [55] Bangladesh  23°N — 1.12(1.08, 1.16)
Black et al [52] Bangladesh  23°N . 1.03 (.94, 1.13)
Estrada-Garcia et al [58] Mexico 19°N —_—r—— 1.13 (.95, 1.34)
Mutanda [60] Kenya 1°5 —_— 0.80 (.63, 1.00)
Cassel-Beraud et al [62] Madagascar  18°S —_— 1.32(1.16, 1.51)
Gatti et al [63] Brazil 235 —— 0.72 (.60, .86)
Robins-Browne et al [64] South Africa 26°S —— 1.38 (1.27, 1.49)
Househam et al [65] South Africa 34°S == 1.14(1.11,1.18)
Sinclair et al [66] Australia 37°S e — 1.12 (.98, 1.29)

T I

4 1 1.6
Reference Country Latitude IRR (95% Cis)
Pai et al [39] Canada 51°N —_— 1.13 (1.04, 1.22)
Klein et al [41] United States ~ 47°N —T 0.96 (.90, 1.03)
Cohen et al [42] United States 39°N —— 0.97 (.89, 1.06)
Kim et al [43] SouthKorea  37°N = 0.97 (.94, 1.00)
Samonis et al [44] Greece 35°N 1.02 (.94,1.10)
Black et al [53] Bangladesh 23°N - 1.01 (1.00, 1.03)
Stoll et al [56] Bangladesh 23°N > 1.01 (1.00, 1.02)
Baqui et al [51] Bangladesh 23°N 1.00 (.99, 1.01)
Qadri et al [55] Banglaesh 23°N * 1.01 (1.00, 1.02)
Mutanda [60] Kenya 1's — 0.98 (.90, 1.06)
Cassel-Beraud et al [62] Madagascar 18°s [~ 1.03 (1.00, 1.06)
Gatti et al [63] Brazil 235 — 0.95 (.90, .99)
Sinclair et al [66] Australia 37°s 0.68 (.46, 1.01)

T T

4 1 1.6

Figure 2. Forest plots show incidence rate ratios (IRR) and 95% confidence intervals, calculated with generalized log-linear Poisson regression models and using Newey—
West standard errors, for the relationship between E. coli incidence and (A) monthly mean temperature (°C); (B) monthly rainfall (cm) for each study. Abbreviations: Cl, con-
fidence interval; IRR, incidence rate ratio.
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Table 3. Results of Generalized Estimating Equation Models With Poisson Distribution, Controlling for Serial Correlation and Clustering by Study

Model, Variable IRR (95% CI)? P Studies, No. Months, No. alceP
All studies
Precipitation only, 1-mo lag
Precip-lag1 1.02 (1.00-1.03) .0169 13 229 —21588
Developing vs developed 7.30 (2.20-24.16) .0011
Temperature only, no lag
Temp-lag0 1.10 (1.05-1.20) .0003 18 301 -22922
Developing vs developed 5.63 (1.24-25.44) .0248
Temperature (no lag) plus precipitation (1-mo lag)®
Temp-lag0 1.08 (1.05-1.11) <.0001 13 229 —22945
Precip-lag1 1.01 (.99-1.02) 4270
Developing vs developed 3.63 (1.21-10.85) .0210
Bangladesh studies only
Precipitation only, 1-mo lag
Precip-lag1 1.01 (1.01-1.02) .0012 4 56 -24013
Temperature only, no lag
Temp-lag0 1.11 (1.06-1.16) <.0001 5 63 —24031
Temperature (no lag) plus precipitation (1-mo lag)
Temp-lag0 1.05 (1.01-1.09) .0071 4 60 -24108
Precip-lag1 1.01 (.99-1.02) .2999

? Incidence rate ratios (IRRs) and 95% confidence intervals (Cls) are shown for a 1°C change in temperature and a 1 cm change in rainfall.

® Corrected quasi-information criterion (QICC) values are shown for each model, based on running all models in a common data set.

¢ Best-fit model, as evaluated by lowest corrected quasi-information criterion (QICC) value.

Final model results for the pooled GEE analyses of the best-fit
models according to QICC values for temperature and rainfall
alone and in combination are shown in Table 3; the full set of
models evaluated is shown in the Supplementary Materials.
Substantial effects were consistently observed for WHO mortal-
ity strata across all models. The estimate of the IRR for temper-
ature in the final model that included rainfall (n = 13) was 1.08
(95% confidence interval [CI], 1.05-1.11), and the estimate of
the IRR for temperature in the model without rainfall that in-
cluded the full set of data (n = 18) was 1.10 (95% CI, 1.05-1.20).
The best-fit model included precipitation level (1-month lag), al-
though precipitation level was not significantly associated with
diarrhea in this model (P =.4270). The IRR for the model with
precipitation level alone was 1.02 (95% CI, 1.00-1.03).
Predictive Models
For the Bangladesh subanalysis, the estimates for the IRR for
temperature in the final model that included rainfall (n =4)
was 1.05 (95% CI, 1.01-1.09), and the estimate of the IRR for
temperature in the model without rainfall that included the
full set of data (n=>5) was 1.11 (95% CI, 1.05-1.16). The esti-
mate of the IRR for precipitation level alone (n=4) was 1.01
(95% CI, 1.01-1.02). Under median estimates of predicted tem-
perate change of 0.8°C in the near future (2016-2035), 1.6°C in
the middle century (2046-2065), and 2.1°C at the end of the
century (2081-2100), using the final model we estimated poten-
tial additional cases of ETEC-associated diarrhea in Bangladesh
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of 794076 (95% CI, 239726-1649 685), 1625073 (95%
CI, 483 989-3422796), and 2163955 (95% CI, 638 995-
4597 742), respectively (Figure 3).

DISCUSSION

The results of this review show that diarrheagenic E. coli
incidence demonstrates distinct seasonality, with the highest
incidence in warmer months, dampened incidence in cooler
months, and modest increases in months of high average rainfall.

Through analyses of seasonality (Table 2), models of individ-
ual studies (Figure 2), and a pooled model of all of the studies
(Table 3) in our data set, we find that cases of pathogenic E. coli
peak at warmer times of the year. Our best-fit pooled model
suggests that, on average, across all studies and all E. coli path-
otypes analyzed and controlling for country development status
and 1-month lagged rainfall, a 1°C increase in mean tempera-
ture is associated with an increase in the incidence of diarrhea-
genic E. coli of 8% (95% CI, 5%-11%). This relationship is
stronger when using the full data set available for temperature,
without controlling for precipitation (10%; 95% CI, 5%-20%).

By comparison, in a meta-analysis of published studies of the
association between diarrheal diseases and temperature, Carlton
et al [67] reported a 7% (95% CI, 3%-10%) increase in all-cause
diarrhea for a 1°C increase in mean temperature, with significant
heterogeneity by pathogen taxa. All-cause diarrhea includes cases
due to enteric viruses, such as rotavirus and norovirus, that are
known to peak during cooler periods [22-24]. Carlton et al’s
[67] estimate for studies of bacterial diarrhea was similar to all-
cause diarrhea, with a value of 7% (95% CI, 4%-10%), but for
viral diarrhea it was —4% (95% CI, —18% to 11%). There were
insufficient data for a meta-analysis of diarrhea attributable to
protozoan pathogens [67]. Less than half of the papers included
in the review by Carlton et al [67] controlled for rainfall, and
none of the papers focused on pathogenic E. coli.

The positive association between temperature and the inci-
dence of diarrheagenic E. coli could reflect pathogen factors,
host factors, environmental factors, or some interaction of
these mechanisms. Increased temperatures can increase replica-
tion rates and survival of bacteria in the environment and can
result in alterations in E. coli gene expression [68]. Research on
E. coli 0157 has shown both greater transmission at warmer
ambient temperatures and decreased survival of bacteria
under conditions of temperature fluctuation [69]. Human expo-
sure may be higher during warmer months, and higher temper-
atures may alter human susceptibility due to host physiology
[70]. Increased pathogen loading from animal reservoirs may
also occur during warmer months [71].

We found a modest positive association of 2% (95% CI, 0%-
3%) between 1-month lagged mean monthly rainfall level
and the incidence of diarrheagenic E. coli, although this rela-
tionship was not statistically significant when controlling for
temperature.

This may reflect a very weak association with rainfall, or it
may be a result of the exposure variable, the response variable,
or the analysis approach used. Rainfall level is heterogeneous
over small spatial scales, so there may be error inherent in the
rainfall values for each location. Mean monthly rainfall might
also be an inappropriate measure of the relationship between
precipitation events and E. coli disease, because extreme precip-
itation events are likely a more important predictor than average
rainfall [10]. Large E. coli outbreaks have been documented after
unusually heavy rains [72], and heavy rainfall events likely con-
tribute more to outbreaks than to underlying endemic season-
ality. Our model also would not have captured nonlinear effects
between rainfall and diarrheal diseases observed by several re-
searchers [9, 73, 74]. A mechanistic, systems-based approach
may be necessary to fully untangle these more complex relation-
ships [75].

Previously, Kolstad and Johansson [8] estimated that the inci-
dence of diarrheal disease will increase by up to 22%-29% by
2099, based on various emissions scenarios, and 5 reported esti-
mates of the relative risk of diarrhea for each 1°C increase in tem-
perature of 3%-11%. The authors of that review and others
highlight the need for empirical data on diarrhea-climate rela-
tionships, which we provide here. We focus our estimates on po-
tential future cases of ETEC-associated diarrhea in Bangladesh,
the specific pathogen and country for which we had sufficient
data available for such an analysis. This subanalysis is based on
several assumptions, such as baseline ETEC prevalence (Supple-
mentary Materials), future projected temperature changes, and
choice of best-fit model. Perhaps most importantly, the estimates
of future disease depend on persistence of current conditions in
the future, such as water, sanitation, and hygiene infrastructure,
and development and introduction of vaccines. Still, our esti-
mates suggest almost 800 000 additional cases of ETEC-associat-
ed diarrhea in Bangladesh in the near term (2016-2035), when
temperatures are expected to increase by 0.8°C, and 2.2 million
additional cases by the end of the century, when temperatures
are expected to increase by 2.1°C (Figure 3).

These estimates are not meant to represent precise predictions
of future cases, given the uncertainty of the estimates related to
the reasons mentioned above. Yet the Bangladesh example illus-
trates how even relatively small percentage increases in disease
can have an immense public health impact under new climate
scenarios, given the magnitude of diarrheal disease worldwide.

The majority of the studies in our review were performed in
developing countries, where diarrheagenic E. coli is more prev-
alent and water, sanitation, and hygiene infrastructure is less de-
veloped. Our estimates of the association may therefore apply
more to the developing country context, where bacterial enteric
pathogens are more prevalent [3].

Another limitation of this analysis was the scarcity of patho-
type-specific monthly incidence data. Each E. coli pathotype
varies in disease ecology and epidemiology and likely responds
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somewhat differently to climatologic perturbations. Even within
the ETEC pathotype, Shiga toxin-producing strains and heat-
labile enterotoxin-producing strains can exhibit different sea-
sonal trends [76, 77]. Still, this E. coli-specific review provides
more insights than previous reviews on all-cause diarrhea.

Our focus on diarrhea as an outcome ignores other potential
sequelae of enteric infections, such as stunting, cognitive im-
pairment, and other long-term metabolic consequences that
may result from enteric infections, that could even further mag-
nify the impact of increased transmission of pathogenic E. coli
under future climatic conditions [78].

Last, our analysis is ecological in nature, and we were only able
to adjust for a limited set of potential confounders for which we
had data available. Systems-based, mechanistic analysis may be
necessary to augment this epidemiological approach, to establish
causative explanations of the observed associations [75].

For diarrheal diseases in particular, development status is
tightly related to factors related to pathogen transmission, such
as sanitation infrastructure, drinking water distribution systems,
and safe food-handling practices. Unsurprisingly, in our models,
development status, as measured by WHO mortality stratum,
was strongly associated with incidence of diarrhea. It is therefore
important to control for development status when performing
analyses of the impact of climatic drivers on human health.

Our results have implications that can be applied toward the
control of diarrheal diseases. Given limited resources, knowl-
edge of how diarrheal pathogens respond to the local climate
can help public health officials better target the timing of hy-
giene education campaigns, pathogen-specific interventions,
or water treatment efforts at those times of year when interven-
tions are likely to prevent the most disease. This analysis also
suggests that efforts to produce vaccines should increasingly
focus on bacteria such as pathogenic E. coli, given the expected
increases in these diseases under future temperatures.

Despite the uncertainty associated with our model pre-
dictions, assuming a steady state—with no changes to local
conditions—the relative risk of increased disease due to elevated
temperature that was found in this analysis represents signifi-
cant human morbidity and mortality and suggests an urgency
to redouble efforts to prevent the transmission of these patho-
gens in the face of increasing global temperatures.

Supplementary Data

Supplementary materials are available at http://jid.oxfordjournals.org.
Consisting of data provided by the author to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the author, so
questions or comments should be addressed to the author.
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