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Mapping geographical inequalities in childhood diarrhoe@'*x ®
morbidity and mortality in low-income and middle-income
countries, 2000-17: analysis for the Global Burden of Disease
Study 2017

Robert C Reiner Jr, Simon | Hay, on behalf of the Local Burden of Disease Diarrhoea Collaborators* Oa
Summary

BackgroundAcross low-income and middle-income countries (LMICs), one in ten deaths in children younger tharublished Online

5 years is attributable to diarrhoea. The substantial between-country variation in both diarrhoea incidence a6 2020
mortality is attributable to interventions that protect children, prevent infection, and treat disease. ldentifyin “ijg_de‘;';g?z%;’ééﬁi{ 8
subnational regions with the highest burden and mapping associated risk factors can aid in reducing preventable

. . *Collaborators listed at the end
childhood diarrhoea. of the Article

Methods We used Bayesian model-based geostatistics and a geolocated dataset comprisBigR246 children g?réiiiffgegiﬁﬁar Institute for
younger than 5 years from 466 surveys in 94 LMICs, in combination with ndings of the Global Burden of Diseasetzalth Metrics and Evaluation,
Injuries, and Risk Factors Study (GBD) 2017, to estimate posterior distributions of diarrhoea prevalence, incide@Eﬁ’;?:”st:;;‘fz'f”;ﬂﬁgﬁz
and mortality from 2000 to 2017. From these data, we estimated the burden of diarrhoea at varying subnational ley&lS sy of washington,
(termed units) by spatially aggregating draws, and we investigated the drivers of subnational patterns by creaigigie, wa 98121, usa

aggregated risk factor estimates. bereiner@uw.edu

FindingsThe greatest declines in diarrhoeal mortality were seen in south and southeast Asia and South America,
where 54-0% (95% uncertainty interval [Ul] 38-1-65-8), 17-4% (7-7-28-4), and 59-5% (34-2—-86-9) of units,
respectively, recorded decreases in deaths from diarrhoea greater than 10%. Although children in much of Africa
remain at high risk of death due to diarrhoea, regions with the most deaths were outside Africa, with the highest
mortality units located in Pakistan. Indonesia showed the greatest within-country geographical inequality; some
regions had mortality rates nearly four times the average country rate. Reductions in mortality were correlated to
improvements in water, sanitation, and hygiene (WASH) or reductions in child growth failure (CGF). Similarly, most
high-risk areas had poor WASH, high CGF, or low oral rehydration therapy coverage.

Interpretation By co-analysing geospatial trends in diarrhoeal burden and its key risk factors, we could assess
candidate drivers of subnational death reduction. Further, by doing a counterfactual analysis of the remaining disease
burden using key risk factors, we identi ed potential intervention strategies for vulnerable populations. In view of the
demands for limited resources in LMICs, accurately quantifying the burden of diarrhoea and its drivers is important
for precision public health.

FundingBill & Melinda Gates Foundation.

Copyright© 2020 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY 4.0
license.

Introduction than four episodes per child per yearin the same
Across low-income and middle-income countries population, the case-fatality rate of diarrhoea can vary
(LMICs), diarrhoea causes more than half a million from one per 1®O00 infections to more than 20 per
childhood deaths annually.In addition to this staggering 10000 infections*

loss of life, more than 910 million childhood cases of WHO's integrated Global Action Plan for Pneumonia
diarrhoea per yedrare distributed unequally across the and Diarrhoea (GAPPD) identi ed three approaches to
population, causing not only acute morbidity but also reduce the burden of diarrhoea: protect, prevent, and
long-term disability in children who su er repeatedly treat® Healthy children are less likely to have severe
with enteric infections?® National-level analyses of the diarrhoea episode$so diarrhoeal burden can be reduced
burden of childhood diarrhoea, measured by both deathby prioritising good health practices from birth. As such,
rates and incidence, have exposed substantial variatiorreducing general health risk factors, such as child growth
In LMICs in 2017, the incidence of diarrhoea ranged failure (CGF) indicators of stunting, wasting, and under
from less than one episode per child per year to moreweight,*” can protect a child from diarrhoea. Preventing
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Research in context

Evidence before this study geolocated dataset in combination with established methods
In the Global Burden of Diseases, Injuries, and Risk FactofsoBiu@BD 2017 for both burden estimation and risk factor
(GBD) 2017, diarrhoea was the third leading cause of deathssociation. We did a systematic assessment of local variation to
among children younger than 5 years and was reported to ésti@ate the distribution of diarrhoea prevalence, incidence,
caused an estimated 580 deaths. WHO's integrated Globahnd mortality. Our estimates show considerable subnational
Action Plan for the Prevention and Control of Pneumonia araiation in the diarrhoeal burden for children younger than
Diarrhoea calls for protection of children from disease by 5 years. We synthesised new subnational estimates of the key risk
establishing good health practices, preventing infection frofactors of diarrhoea to discern averted deaths attributable to
occurring, and treating infections when they occur. Over thenprovements in these drivers of diarrhoeal morbidity and
past decade, large reductions in childhood mortality due tomortality. Finally, when focusing on subnational regions with the
diarrhoea have been recorded across low-income and highest remaining burden, we identi ed not only which regions
middle-income countries (LMICs), in part attributable to  of the world have the highest diarrhoeal burden and continued
strategies to reduce child growth failure (CGF), improve waeographical inequalities but also the subnational risk factors
sanitation, and hygiene (WASH), and increase access to otfaht require targeted interventions to alleviate this burden.
rehydration therapy and vaccines. Several studies have recorded . . .
substantial between-country variation in both the Iikelihoo{r&p |cat.|0.ns of a_II the ava|lable.ey|den.ce

. S . - . y providing estimates of remaining diarrhoeal burden at
a child experiencing a diarrhoea episode and that episode "~ . ; . . . .
resulting in death. To reduce the burden of childhood diarrvgggus spatial scales, we have identi ed countries and locations

L . . . . that are still most in n f preventive and protectiv:
the remaining subnational regions with the highest prevalen(?e s s O CEEENIT Gl P

. . . measures. Our results indicate that regions with the highest
and those with the lowest levels of interventions should be . g
identi ed burden had varied exposure to select risk factors; however,

similar to previous studies, most high-burden areas showed
Added value of this study some combination of poor WASH, high CGF, and low oral
We present the rst high-resolution subnational estimates ofrehydration solution coverage. In view of the limited resources
diarrhoeal morbidity and mortality from 2000 to 2017 in LMIidamany LMICs, quanti cation of both the local burden of
We used Bayesian model-based geostatistics and an extendigerhoea and its drivers is important to maximise impact.

illness by promoting vaccination and improved water, the subnational variation in diarrhoea or these key risk
sanitation, and hygiene (WASH) can similarly reduce factors across LMICs. Several isolated studies of sub
diarrhoeal burden®® Finally, appropriate treatment, such national variation in diarrhoe& childhood stunting*
as oral rehydration solution (ORS), the e cacy of which WASH,?> and ORS coveragé have shown striking
exceeds 90%, can substantially reduce death resulting variation at the spatial scale investigated. However,
from disease-associated dehydratiéht? without estimates designed to be comparable across
Distal determinants of diarrhoeal mortality, such as space and time, it is di cult to analyse such scattered
measurable indicators of child welfar& have been information as a cohesive body of knowledge.
geospatially mapped at the local level in Africa, including Reducing morbidity and mortality could be accom
under-5 mortality’* CGF and education levels of the plished by targeting regions with the highest mortality
broader population® Country-level assessment of theserate, or those with the greatest total number of deaths. At
determinants can mask subnational variation and provide the national scale, for example, Central African Republic
limited information with which to formulate policy.” was estimated to have the highest childhood mortality
Furthermore, mapping interventions such as malaria rate attributable to diarrhoea globally, at 6-9 deaths per
nets®and vaccine$ has shown the positive e ects of these 1000 children. Because of this country’s relatively small
strategies on reducing diseases. Subsequently, precispopulation, however, this rate translates to approximately
mapping of diarrhoea-related interventions, including 4156 children dying per yedt.By contrast, in Nigeria,
ORS coveragé and access to safe water and sanitationwhich has a much larger population than Central African
(Deshpande A, unpublished data), in addition to diarrhoea Republic, an estimated 100 children a year die from
incidence and death, provides in-depth analysis to aid indiarrhoea, but the mortality rate is less than half that of
the prevention of deaths associated with diarrhoea. Central African Republic (3-0 deaths per 1000 childref).
National trends in diarrhoeal burden are associatedA location within a country could have a relatively low
with (and in many cases driven by) national trends in risk of mortality but a su ciently large population so it is
risk factors associated with the protect, prevent, and treaa greater contributor to overall burden than other areas
strategy. Childhood stunting, poor sanitation access, andin that country. Thus, decisions aimed at optimum
low ORS coverage are risk factors most strongly assdburden reduction might overlook those at highest risk.
ciated with changes in diarrhoeal burdeh.To date, no Mapping both rates and counts can aid in the design of
comprehensive attempt has been made to quantify eitherintervention strategies that e ciently save lives while
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also highlighting entrenched geographical disparities in to survey clusters and 1954 subnational polygon
diarrhoeal burden. boundaries. We included surveys that asked if children
Here, we present an analysis of local variation inyounger than 5 years had diarrhoea, typically within the
diarrhoeal morbidity and mortality in children younger preceding 2 weeks. Potential bias attributable to seasonal
than 5 years across 94 LMICs between 2000 and 20Mariation in diarrhoea was addressed, as described in
We used Bayesian model-based geostatistics and aappendix 1 (p 5). Data were vetted for representativeness
extensive geolocated dataset (describing38327 diar at the national level and subnational level, as appropriate.
rhoea episodes across 032746 children) in combination Data inclusion, coverage, and validation are further
with methods from the Global Burden of Diseases, described in appendix 1 (pp 3, 9).
Injuries, and Risk Factors Study (GBD) 2017 to esti
mate posterior distributions of continuous continent- Spatial covariates
wide surfaces of diarrhoea prevalence, incidence, andVe compiled 15 covariates that were indexed at the
mortality.*? We then aggregated our estimates at secondsubnational level and could possibly be related to diarrhoea
administrative-level units (eg, districts in Uganda or prevalence, including access to roads, ratio of child
divisions in Kenya; henceforth referred to as units), to dependents (aged 0-14 years) to working-age adults (aged
identify regions with the most pronounced rate of 15-64 years), distance from rivers or lakes, night-time
burden reduction versus those that continue to havelights (time-varying covariate), elevation, population ratio
higher-than-average burden. We combined this analysisof women of maternal age to children, population (time-
with published estimates of subnational CGF variatién varying covariate), aridity (time-varying covariate), urban
and new estimates of subnational variation in WASH or rural (time-varying covariate), urban proportion of the
(Deshpande A, unpublished data) and ORSo break location (time-varying covariate), irrigation, number of
down diarrhoeal burden. Finally, through these linked people whose daily vitamin A needs could be met, preva
analyses, we identi ed regions most in need of tailored lence of under-5 stunting (time-varying covariate),
interventions to reduce the burden of this largely prevalence of under-5 wasting (time-varying covariate),

preventable disease. and diphtheria-tetanus-pertussis immunisation coverage
(time-varying covariate). We also included the Healthcare

Methods Access and Quality Inde¥, percentage of the population

De nitions with access to improved toilet types, and percentage of

Diarrhoea episodes were de ned as three or more loosethe population with access to improved water sources
stools over a 24-h periotDiarrhoea prevalence was de ned (as de ned by WHO and UNICEF's Joint Monitoring For theloint Monitoring
as the point prevalence of children younger than 5 yearsProgramme) as national-level time-varying covariateg:rogramme see
with diarrhoea. Incidence was de ned as the number of We Itered these covariates for multicolligarity in each MPs#/washdata.org/
cases of diarrhoea in children younger than 5 years pemodelling region (appendix 1 pp 5-6) using variance
child per year. Mortality was de ned as the number of in ation factor (VIF) analysis with a VIF threshold of 37
deaths among children younger than 5 years due toCovariate information, including plots of all covariates, is
diarrhoea per child per year. Rates per 1000 are presented idetailed in the appendix 1 (pp 25-26, 90-96).
the gures and represent prevalence, incidence, or
mortality rates per child multiplied by 1000). Diarrhoea Statistical analysis
burden is used throughout this Article to refer to the Geostatistical model
combined burden of prevalence, incidence, and mortality. Prevalence data were used as inputs to a Bayesian model-
based geostatistical framework. Briey, this framework
Data uses a spatially and temporally explicit hierarchical
We included 94 LMICs in our analysis; these countrieslogistic regression model to predict prevalence. Potential
were de ned according to the Socio-demographic Indexinteractions and non-linear relations between covariates
(SDI), which assesses development based on educatiorand diarrhoea prevalence were incorporated using a
fertility, and income? Where appropriate, we use stacked generalisation techniqu.Posterior distributions
designated ISO 3166-1 alpha-3 codes for countries. Owsf all parameters and hyperparameters were estimated
study complies with the Guidelines for Accurate and using R-INLA version 19.05.30.9008° Uncertainty was
Transparent Health Estimates Reporting (GATHER) calculated by taking 250 draws from the estimated posterior

recommendations (appendix 1 pp 84-85). joint distribution of the model, and each uncertainty see Oniine for appendix 1
interval (Ul) reported represents the 2.5th and 97-5th
Surveys percentiles of those draws. Models were run independently

We compiled 466 household surveys (including thein 14 geogrphically distinct modelling regions based on
Demographic and Health Survey [DHS], Multiple the GBD 2010 stud§, and one country-speci ¢ model in

Indicator Cluster Survey [MICS], and other country- India. Analyses were done using Reersion 3.5.0. Maps For more oR see
specic surveys) from 2000 to 2017 with geocodedwere produced using ArcGIS Desktop 10.6. Additionahttps:/-project.org
information from 207021 coordinates corresponding details are provided in appendix 1 (pp 6-8).
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Figure : Mapping of
diarrhoea incidence among
children younger than
5 years in low-income and
middle-income countries by
second administrative-level
unit, 2017
Estimated mean incidence rate
per 1000 children in 2017 (A).
Absolute deviation from mean
incidence rate by countr
in 2017 (B). Annualised
decrease in diarrhoea
incidence rate from 2000 t
2017 (C). Estimated mean
number of cases of diarrhoea
among children in 2017 (D).
All panels are aggregated
the second administrative
level unit. Maps re ect
administrative boundaries|
land cover, lakes
and population; grey-coloured
grid cells were classi ed &
barren or sparsely vegetate
and had fewer than ten peop
per x1 km grid cell, or were
not included in these
analyse¥:*
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Post estimation report. RCR had full access to all data in the study and

Estimated prevalence was converted into incidencehad nal responsibility for the decision to submit for

using an average duration of a diarrhoea episode ofpublication.

4.2 days (appendix 1 p 9). We converted incidence

surfaces to mortality surfaces by multiplying the Results

incidence values by country-specic and year-speci c Our model produced estimates of local diarrhoea

case-fatality rates (which did not vary subnationally).prevalence, incidence, and mortality for 94 LMICs yearly

We calibrated our continuous prevalence estimates tofrom 2000 to 2017, showing subnational spatial and

those of prevalence, mortality, and incidence from temporal variation. A large variation in diarrhoeal burden

GBD 2017. However, we did not calibrate prevalence owas seen, both between and within countries, and striking

incidence in South Africa because of unreasonably lowdi erences in trends were noted over time by location.

estimates in this location in the GBD 2017 study. WeAlthough, in many countries, rates of diarrhoeal morbidity

then calculated population-weighted aggregations ofand mortality were disproportionally high in less-populated

the 250 draws of diarrhoea prevalence, mortality, andrural areas, the absolute burden of diarrhoeal mortality

incidence estimates at the country level, rst admin was typically concentrated in highly populated urban

istrative-level unit, and second administrative-level unit centres. By integrating these subnational estimates of

(hereafter referred to as unit). This calculation resulted mortality with similar estimates of leading risk factors,

in estimates for 24143 units within 94 countries. improvements in WASH (Deshpande A, unpublished

Geographical inequalities were quanti ed as the relative data) and prevention of CGF (relative to levels in 2000)

di erence between each unit and the respective countrywere estimated to avert 480 (95% Ul 3200-17000)

average. We also estimated inequality using the Giniand 24500 (17800-94®@00) childdeaths in 2017, respec

coe cient, # which summarises the distribution of tively. The full array of our model outputs is provided in For théull array of model

each indicator across the population, with a valueappendix 2 (pp 1-950), and online. outputs see https://preview.

of O representing perfect equality and 1 representing healthdata.org/lbd/diarrhoea

maximum inequality (appendix 1 p 12). Incidence of diarrhoea
In 2017, Yemen had the most units exceeding ve cases of

Counterfactual analyses using diarrhoea risk factors diarrhoea per child per year (124 units), with Afghanistan

Following the GAPPD framework, we did a post-hoc (16 units) the only other country with such high incidence

counterfactual analysis using subnational estimates of( gure 1A). It is unsurprising that Yemen had the most

risk factors according to GBD 2017, including reducing subnational units with high incidence, because the

prevalence of childhood stunting and childhood wasting country had had the highest national incidence of

(protect), access to improved sanitation and improveddiarrhoea globally, with 4-7 (95% Ul [4-0-5-7]) cases per

water (prevent), and increasing ORS coverage (treat)child per year. In 2017, the highest incidence of diarrhoea

Some known diarrhoea risk factors (eg, low coverage ofor sub-Saharan Africa was in Cameroon (4-8 [95% Ul

rotavirus vaccine, or no or partial breastfeeding) were2-9-7-4] cases per child per year in Mayo-Danay depart

not included because subnational estimates are currentlyment, Extréme-Nord); for Latin America the highest

not available for all 94 LMICs included in this study. incidence was in Guatemala (4-7 [3-7-5-8] cases per child

We used the counterfactual analysis to estimate theper year in San Antonio Suchitepéquez department,

number of deaths averted because of changes in CGFSuchitepéquez; and 4-4 [3-5-5-5] cases per child per year

See Online for appendix 2

and WASH risk factors (appendix 1 pp 61-62). in San Miguel Panan department, Suchitepéquez); and
for southeast Asia the highest incidence of diarrhoea was
Model validation in Papua New Guinea (35 [2:7-4-5] cases per child per

Models were validated using source-strati ed ve-fold year in Koroba-Kopiago district, Hela). Massive variation
cross validation. Holdout sets were created by combiningwithin regions is exempli ed in central Asia and south
randomised sets of second administrative unit cluster- Asia, where the highest incidence of diarrhoea by country
level datapoints. Model performance was summarisedspanned from 2506th to 2891st across all LMICs
by the bias (mean error), total variance (root-mean+(2-8[95% Ul 2.1-3-6] cases per child per year in Moskva
square error), 95% data coverage within predictiondistrict, Khatlon, Tajikistan; and 0-7 [0-4-1-3] cases per
intervals, and correlation between observed data anchild per year in A gabat district, A gabat, Turkmenistan;
predictions. When possible, estimates were comparedgure 1A). Maps of upper and lower bounds for the
against existing estimates. All validation proceduresuncertainty on incidence can be found in appendix 1 (p 47).
and corresponding results are provided in appendix 1 As with variation between countries, substantial

(p 9). variation was seen within most countries. 16 countries
had at least one unit with an estimated incidence of
Role of the funding source diarrhoea more than 1-0 case per child per year higher

The funder had no role in study design, data collection,than the national average (gure 1B). The district of
data analysis, data interpretation, or writing of the Darqad, Takhar, Afghanistan, had an incidence of
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