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Abstract

Background: Estimates of the relative contribution of different pathogens to all-cause di-
arrhoea mortality are needed to inform global diarrhoea burden models and prioritize
interventions. We aimed to investigate and estimate heterogeneity in the case fatality
risk (CFR) of different diarrhoeal pathogens.

Methods: We conducted a systematic review and meta-analysis of studies that reported
cases and deaths for 15 enteric pathogens published between 1990 and 2019. The pri-
mary outcome was the pathogen-specific CFR stratified by age group, country-specific
under-5 mortality rate, setting, study year and rotavirus vaccine introduction status. We
developed fixed-effects and multilevel mixed-effects logistic regression models to esti-
mate the pooled CFR overall and for each pathogen, controlling for potential predictors
of heterogeneity.

Results: A total of 416 studies met review criteria and were included in the analysis. The
overall crude CFR for all pathogens was 0.65%, but there was considerable heterogeneity
between and within studies. The overall CFR estimated from a random-effects model
was 0.04% (95% CI: 0.026%-0.062%), whereas the pathogen-specific CFR estimates
ranged from 0% to 2.7%. When pathogens were included as predictors of the CFR in the
overall model, the highest and lowest odds ratios were found for enteropathogenic
Escherichia coli (EPEC) [odds ratio (OR) = 3.0, 95% CI: 1.28-7.07] and rotavirus (OR=0.23,
95% CI: 0.13-0.39), respectively.
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Conclusion: We provide comprehensive estimates of the CFR across different diarrhoeal
pathogens and highlight pathogens for which more studies are needed. The results moti-
vate the need for diarrhoeal interventions and could help prioritize pathogens for vaccine

development.
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* Reliable estimates of the relative contribution of different diarrhoeal pathogens to all-cause diarrhoea mortality are
needed to prioritize interventions and identify important pathogens to target for vaccine development.

¢ Qur results provide an updated and comprehensive estimate of the case fatality risk (CFR) across different diarrhoeal
pathogens and highlight pathogens for which more studies are needed to estimate their ‘true’ CFR, particularly those
with fewer studies and a higher CFR (including enteropathogenic Escherichia coli, enterotoxigenic E. coli and

* The estimated overall CFR of 0.65% is substantial, suggesting the need to develop more effective diarrhoeal control

Introduction

Despite an estimated 80% decline in diarrhoea mortality
between 1980 and 2015 among children in low-income
and middle-income countries,' globally in 2015, diarrhoea
still caused 1.3 million deaths across the age spectrum,
making it the fourth and ninth most common cause of
death among children <S5 years old and all ages, respec-
tively.” Thus, there is an urgent need to better understand
the factors and pathogens contributing to the diarrhoea
mortality burden.

Currently, there are two main models that are used to
estimate the global mortality associated with diarrhoeal
disease: the Maternal Child Epidemiology Estimation (for-
merly the Child Health Epidemiology Reference Group)
model*” and the Institute for Health Metrics and
Evaluation model.>” Between 2013 and 2019, the two
groups reported increasingly divergent mortality estimates
among children <3 years old, particularly for Shigella and
enterotoxigenic Escherichia coli (ETEC).*’ Such discrep-
ancies impact decisions around vaccine development, in-
troduction and use. Efforts are needed to fully understand
limitations and methodologies used to calculate the esti-
mates for both models.

A potential limitation of both models is that they as-
sume that the distribution of pathogens among inpatients
is a suitable proxy for the contribution of each pathogen to
overall diarrhoeal deaths. Thus, they implicitly assume the
same case fatality risk (CFR) for ‘hospitalizable’ patients
across all diarrhoeal pathogens.'® To improve estimates of

pathogen-specific diarrhoea mortality and prioritize patho-
gens for vaccine development, reliable estimates of the
overall and pathogen-specific CFR are required. In addi-
tion, identifying predictors of heterogeneity in the CFR
could inform regions or age strata for targeted interven-
tions in an effort to reduce diarrhoea mortality. We sought
to estimate the diarrhoea pathogen-specific CFR and to ex-
amine how various factors contribute to the risk of death
in order to improve our understanding of overall diarrhoea
mortality across the globe.

Methods

Search strategy and selection criteria

We conducted a systematic review to identify studies that
could be used to estimate the CFR for 15 enteric diarrhoeal
pathogens (identified as causes of diarrhoea in the Global
Enteric Multicenter Study'') using three databases (PubMed,
EMBASE and Cochrane). The 15 enteric pathogens included
seven bacteria [Aeromonas spp., Campylobacter spp., entero-
pathogenic Escherichia coli (EPEC), ETEC, Salmonella spp.,
Shigella spp. and Vibrio cholerae), five viruses (adenovirus,
astrovirus, norovirus, rotavirus and sapovirus), three para-
sites (Cryptosporidium spp., Entamoeba histolytica and
Giardia lamblia) and ‘other pathogens’ [including Shiga-
toxin-producing E. coli, enteroaggregative E. coli and E. coli
(type not specified)]; strains included and laboratory detec-
tion methods for each pathogen are listed in Supplementary
Table S1 (available as Supplementary data at IJE online).
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Table 1 The inclusion and exclusion criteria used for study selection

Criteria Study population

Study design

Publication requirements

Outcomes

Inclusion Persons of any age

Exclusion Non-human hosts

Studies within a specific
population (e.g. only
HIV-positive individuals
or malnourished

children)

Studies with primary data

Case studies

Modelling outputs

Conference abstracts or
poster presentations

No mortality or follow-
up data were presented

Articles written in
English, French,
Spanish, Polish and
Portuguese languages

Published between
1 January 1990 and
10 July 2019

Articles written in other
languages

Published before 1990 or
after 10 July 2019

CFR from diarrhoea
caused by any of the 15
pathogens of interest

Information about the
number of deaths was
included and/or follow-
up data were presented
for all participants

Selection methods did not
allow for CFR
calculation

Patients had diarrhoea
but a pathogen of
interest was not
detected

Diarrheal patients died
but a pathogen of
interest was not
detected

Studies of Salmonella
typhi/paratyphi and
invasive non-typhoidal
Salmonella

Studies that included <30
diarrheal patients (for
all pathogens)

Nosocomial studies

CFR, case fatality risk.

The review was restricted to studies that reported cases and
deaths published between 1990 and 2019; the search was
conducted on 10 July 2019. Inclusion and exclusion criteria
are presented in Table 1. The search strategy and the search
strings are detailed in the Supplementary Materials,
Section 1, whereas the data extraction protocol is presented
in the Supplementary Materials, Section 2; the full list of vari-
ables extracted is included in Supplementary Table S2 (all
available as Supplementary data at IJE online).

Risk of bias assessment

The risk of bias assessment was performed based on the
Cochrane risk of bias tool'” using three criteria
(Supplementary Table S3, available as Supplementary data
at IJE online): measurement bias (case definition and
whether a standardized laboratory test was used; see
Supplementary Table S1 and Supplementary Materials,
Section 2, available as Supplementary data at IJE online),

selection bias and attrition bias. For each eligible article,
the potential sources of bias were classified as low, unclear

and high risk of bias.

Statistical analysis

For each study and for strata within each study, we estimated
the crude CFR by dividing the number of deaths by the total
number of diarrhoea cases and calculating the corresponding
binomial 95% CI. We then combined information across stud-
ies using fixed-effects and random-effects binomial-normal
generalized linear models to estimate the CFR for each patho-
gen while controlling for age group (<1year, <$vyears,
>5years and other), country-specific under-5 mortality rate
(USMR) (very low, low or high), setting (hospital-based, com-
munity-based or other—studies of outbreaks or surveillance
databases/disease registries), study year and rotavirus vaccine
introduction status (before or after rotavirus vaccine introduc-
tion). We compared model-based estimates to the crude CFR.
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We investigated heterogeneity among studies using the I* sta-
tistic.'> We present estimates from both fixed-effects and
random-effects models to represent the population average
CFR (assuming studies are representative of the global popula-
tion mean despite any observed heterogeneity) and the
expected CFR if a new study were to be conducted, respec-
tively.'* Potential bias from small-studies effects was assessed
using funnel plots and Egger’s regression intercept test.'*

To estimate the overall and relative risk of death while
controlling for possible predictors as well as between-study
and within-study variation, we used multilevel mixed-effects
logistic regression models. A detailed description of the mod-
els, model code and how each predictor was categorized can
be found in Supplementary Materials, Sections 3—4 (available
as Supplementary data at IJE online). Data for all included
studies are provided in Supplementary Appendix 1 and com-
plete references for all included studies are provided in
Supplementary ~ Materials, Section 8 (available as
Supplementary data at IJE online). The statistical analyses
were conducted using the ‘metafor’ package in R.'®

Sensitivity analyses

To examine the robustness of our analysis, we performed
three different sensitivity analyses. First, we included data
from the Global Enteric Multicenter Study (GEMS). We
included case-only data from both the 3-year GEMS and
1-year GEMS-1A follow-up study. Second, we restricted
our analysis to only hospital-based studies of children
<Syears old. Finally, we included country-specific HIV
prevalence estimates as an additional predictor in our
model. We categorized the HIV prevalence into three cate-
gories (low, medium and high) based on tertile cut-points.

Results

A total of 7556 studies were identified based on the search
strategy, of which 416 studies met the criteria and were in-
cluded in the analysis. Figure 1 shows the flow diagram of
the study selection process. The PRISMA checklist is pro-
vided in Supplementary Appendix 2 (available as
Supplementary data at IJE online). We identified more
than twice as many studies for rotavirus (z=239) com-
pared with all other pathogens (Supplementary Figure S1,
available as Supplementary data at IJE online); the fewest
number of studies were identified for sapovirus (z="7) and
‘other’ pathogens (7 =35). There were a considerable num-
ber (n=96) of multi-pathogen studies included in the final
analysis. Studies from 108 countries were identified
(Supplementary Figure S2, available as Supplementary
data at IJE online). There is a clear disparity in the study
distribution, with 10% of studies conducted in India, and

only seven countries account for more than a third of the
studies.

The crude CFR for all diarrhoeal pathogens was 0.65%
(95% CI, 0.65-0.66%) with an I* value of 99% indicating
high heterogeneity across studies. The pathogen-specific
CFR showed substantial variation, ranging between 0%
for G. lamblia (95% CI: 0-0.03%) and E. histolytica
(95% CI: 0-1.35%) and 6.4% (95% CI: 5.46-7.41%) for
EPEC, and I” values ranging from 0% to 100% (Figure 2).
The pathogen-specific crude CFRs from case-only GEMS
data are provided in Supplementary Table S4 (available as
Supplementary data at IJE online). When the included
studies were restricted to hospital-based studies among
children <S5years old, the high heterogeneity remained
(I*=92%), with a wide variation across pathogens
(I*=0-99%) (Supplementary Table S5, available as
Supplementary data at IJE online). Generally, the esti-
mated CFRs for the bacterial pathogens were higher com-
pared with those for both viral and parasitic pathogens
[bacterial: 0.95% (95% CI: 0.94-0.96%); parasitic:
0.33% (95% CI: 0.27-0.39%) and viral: 0.11% (95% CI:
0.11-0.12%)]. Summary estimates of the crude CFR and
corresponding binomial 95% ClIs are shown in Figure 2,
whereas estimates of the CFR from the fixed-effects and
random-effects models are presented in Table 2. Most
studies reported zero deaths (Supplementary Materials,
Section 8, available as Supplementary data at IJE online);
hence, the estimated CFR from the random-effects models
tended to be lower than those from the fixed-effect models
(Table 2). The wide 95% prediction intervals from the
random-effects models indicate that the estimated CFR is
associated with a high degree of uncertainty, particularly
for pathogens with fewer studies (Table 2).

The study-specific funnel plots were asymmetrical for
some pathogens and overall (Supplementary Materials,
Section 7, available as Supplementary data at IJE online),
indicating potential small-studies effects. The regression
intercepts and P-values obtained from Egger’s tests are
provided in Supplementary Table S6 (available as
Supplementary data at IJE online). When we excluded
studies with zero deaths, only rotavirus indicated a poten-
tial for small-studies effects.

Pathogen-specific fixed-effects models showed a high
variability in the CFR across the different predictors for
some of the important pathogens (Figure 3); variability in
the CFR across the predictors was qualitatively similar for
the random-effects models (Supplementary Figure S4,
available as Supplementary data at IJE online). A higher
CFR was estimated among infants <1year of age for
Salmonella, Shigella and ETEC, whereas a slightly higher
CFR for those aged >3 years was estimated for cholera and
Campylobacter (Figure 3A). The CFR was lowest in the
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y
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(n =3068)

Y
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(n=1300)

Y
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(n=416)

Duplicates excluded

(n=4479)

Duplicates excluded

(n=9)

Records excluded because they
- did not meet the inclusion criteria

(n=1768)

Records excluded
(n=884)

n=354: no mortality data
n=122; conference abstract or poster presentation
> n=111: no pathogen of interest detected
n=66:
n=36: missing full text
n=33: sample size smaller than 30
n=28§: data from modelling outputs
n=26: non-primary data
n=23: no diarrheal cases reported
n=22: could not calculate CFR
n=15: studies within specific population (HIV positive
individuals and malnourished children)
n=15: nosocomial studies
n=14: duplicate
n=6: population has dary teric infection other
than HIV
n=6: no stool samples
n=>5: non-human study
n=2: case study

Figure 1 Flowchart of the study selection process. In total, there were 901 individual observations for the 416 studies; some studies had multiple
observations for different pathogens and/or age categories. There was substantial variation in the number of studies for each predictor category

(Supplementary Figure S3, available as Supplementary data at /JE online).

very low USMR strata and highest in the high USMR
strata for all pathogens except cholera and ETEC
(Figure 3B). There was no clear pattern in the estimated
CFR for different study settings across pathogens
(Figure 3C), although a slightly higher CFR was estimated
for community-based studies for the viral pathogens (rota-
virus and norovirus) and for hospital-based studies for the
bacterial pathogens (cholera, Salmonella and ETEC). The
estimated CFR was lower after rotavirus vaccine introduc-
tion for all pathogens except norovirus (Figure 3D), al-
though this mostly reflected a decline in the CFR over time
rather than the specific impact of rotavirus vaccine intro-
duction  (Supplementary Figure S5, available as

Supplementary data at IJE online). Results for pathogen-
specific multilevel mixed-effects models (across the six
pathogens with >50 studies) showed a similar influence
for the various predictors (Supplementary Table S7, avail-
able as Supplementary data at IJE online).

The results from the overall multilevel mixed-effects
model are shown in Figure 4. Compared with Salmonella
(reference pathogen), the CFR was estimated to be sub-
stantially higher for EPEC and substantially lower for rota-
virus. The estimated CFR was slightly higher among
infants <1 year of age and slightly lower among children
and adults >S5 years old. Our model revealed a strong gra-
dient across USMR strata, with the estimated CFR for the
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pathogens

Aeromonas
Gampylobacter
Cholera

EPEC

ETEC
Salmonella
Shigella
Adenovirus
Astrovirus
Norovirus
Rotavirus
Sapovirus
Cryptosporidium
Entamoeba
Giardia lamblia
Other pathogens

Overall

# of studies deaths/cases 2 (%)
14 2417 29

56 821/388399 85

n 38275/3588295 100

23 1552435 83
15 19/625 59
63 1075/382262 94
61 1437/47620 97
33 18/12113 50
20 712067 49
52 1794/1 160095 97

239 744/1190086 84

7 §1/3044 0
22 118/24108 94
10 /280 0
24 0713278 62
5 7112967 44

416 44623/6818091 99

—
el
e
———
1 ! 1 |
0.01 0.02 0.03 0.04

CFR

0.08

Figure 2 Summary of crude case fatality risk estimate and associated binomial confidence intervals for each pathogen and overall. The total number
of studies, cases and deaths for each pathogen is indicated, along with the pathogen-specific and overall # measure of heterogeneity. The ‘other

pathogens’ include Shiga toxin-producing Escherichia coli, enteroaggregative E. coliand E. coli (type not specified).

Table 2 Estimated case fatality risk (CFR) (deaths per 1000 cases) from fixed-effects and random-effects binomial-normal models

for each pathogen and overall. For the random-effect models, we included a random effect for each study rather than each ob-

servation. Effect estimates from the sensitivity analysis including Global Enteric Multicenter Study (GEMS) data are also

presented
Pathogen Fixed-effects model estimated =~ Random-effects model estimated Random-effects model estimated 95%
CFR (deaths per 1000 cases) CFR (deaths per 1000 cases) (95% prediction interval (deaths per 1000

(95% CI) CI) cases)

Aeromonas 8 (1.05, 21.56) 0 (0, 1000) (0, 1000)

Campylobacter 2. 11 (1.97,2.27) 0.01 (0, 1.96) (0,427.11)

Cholera 10.67 (10.56, 0.77) 11.41(8.47,15.35) (1.12,106.27)

EPEC 63.66 (54.21, 74.61) 0.347 (0, 67.99) (0, 940.32)

ETEC 30.4 (18.77,48.87) 3. 51 (0.14, 80.82) (0, 815.14)

Salmonella 2.81(2.65,2.99) 4(0.07,2.23) (0,202.66)

Shigella 30.18 (28.66, 31.77) 2. 03 (0.69, 5.92) (0,467.87)

Adenovirus 1.49 (0.92, 2.34) 0.54 (0.03, 8.99) (0, 68.49)

Astrovirus 3.39 (1.54, 7.41) 0 (0, 1000) (0, 1000)

Norovirus 1.55 (1.48,1.62) 0. 25 (0.03, 1.95) (0, 108.66)

Rotavirus 0.63 (0.58, 0.67) 1(0.043, 0.22) (0, 35.06)

Sapovirus 26.61(20.33, 34.76) 26. 61 (20.33, 34.76) (20.33, 34.76)

Cryptosporidium 4.89 (4.05, 5.91) 1(1.02, 1.029) (0, 750.19)

Entamoeba 0 (0, 1000) - -
0(

Giardia lamblia

Other pathogens

Overall (all diarrheal pathogens)

Overall (all diarrheal pathogens)
including GEMS data

0, 1000)
26 (19, 35)

6.54 (6.48, 6.61)

6.59 (6.53, 6.65)

0.4 (0.26, 0.62)
0.74 (0.52, 1.05)

(0,175.37)
(0, 186.15)

EPEC, enteropathogenic Escherichia coli; ETEC, enterotoxigenic Escherichia coli.
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low and high categories about 2-fold and 6-fold higher, re-
spectively, compared with the very low (reference) category.
The estimated CFR from community-based and other stud-
ies was slightly lower than hospital-based studies. The esti-
mated CFR for studies carried out after rotavirus vaccine
introduction was slightly lower than pre-vaccination, but
most of the decline in the CFR was associated with study
year. By study decade relative to 1978-1989 (reference), the
OR was 0.40 (95% CI: 0.17-0.94) for 1990-1999, 0.15
(95% CI: 0.07-0.33) for 2000-2009 and 0.26 (95% CIL:
0.11-0.60) for 2010-2019.

Compared with the main analysis, the sensitivity analy-
sis including the GEMS data revealed a comparable overall
effect size (Table 2) and similar trends in the associations
across the predictors (Supplementary Figure 6, available as
Supplementary data at IJE online). Also, similar associa-
tions were seen in the subgroup analysis limited to
children <Syears old
(Supplementary Figure 7, available as Supplementary data

hospital-based  studies  of
at IJE online). When HIV prevalence was included as an
additional predictor in the model, the associations were
again similar, but the CFR was estimated to be ~4-fold
higher in high HIV prevalence settings (Supplementary
Figure 8, available as Supplementary data at IJE online).
Overall, 45.2% of studies were classified as having a
low risk of bias for all the criteria assessed, whereas 21.0%
of studies were high risk and 33.8% of studies had an
unclear risk. The major source of risk was measurement
bias (case definition: 32.7% and whether standardized lab-
oratory test was used: 40.6%) (Figure 5). Most of the stud-
ies (85.6%) were classified as unclear risk of attrition bias
since the maximum follow-up time was not specified
(Figure 5). The risk of bias for individual studies is

High risk —

provided in Supplementary Appendix 3 (available as
Supplementary data at IJE online).

Discussion

Our analyses highlight the extent to which estimated
diarrhoea-specific CFRs vary across pathogens. Overall,
the CFR was <1%, but there were considerable differences
in the estimated CFR across pathogens and, in addition,
considerable heterogeneity between studies that could not
be fully explained by any of the covariates we examined,
including age group, country USMR, study setting (hospi-
tal-based or community-based), rotavirus vaccine intro-
duction status and study year. The pathogen-specific and
overall models showed differences in the strength and di-
rection of associations between CFRs and the explanatory
variables used in the regression analyses. By comprehen-
sively examining associations across all (major) diarrhoeal
pathogens, we are able to compare and contrast predictors
of the CFR for different pathogens, unlike studies that only
focus on a single pathogen.

Our results should be interpreted with caution when
attempting to rank diarrhoeal pathogens by the estimated
CFR due to disparities in the number of studies for each
pathogen (ranging from 5 to 239) and the potential for
small-studies effects. For example, although the highest
CFR was estimated for EPEC, there was considerable het-
erogeneity (I>=83%) among the 23 studies that contrib-
uted to this estimate. Most studies with non-zero deaths
were conducted in higher mortality settings (e.g. for EPEC,
three out of the five studies with non-zero deaths were con-
ducted in high USMR settings) or conducted only among
children <35 years of age (e.g. for EPEC, four out of the five

Low risk E=X=X1
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Selection |-
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Figure 5 Summary of the risk of bias assessment for all included studies. Unfilled: high risk, lightly shaded: low risk and heavily shaded: unclear.
Standardized lab test refers to whether studies employed standard laboratory tests.
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studies with non-zero deaths were conducted among chil-
dren <Syears of age). Studies conducted in these settings
are usually associated with higher CFRs.®!”'® Second,
pathogens represented by a smaller number of studies may
be at higher risk of small-studies bias (i.e. studies reporting
a higher number of deaths may be more likely to be pub-
lished), such that the high overall estimated CFR may be
due to a few isolated studies with high CFR (e.g. EPEC had
five studies with non-zero deaths out of the 23 studies).
Nevertheless, for multi-pathogen studies involving EPEC
and other diarrhoeal pathogens with a non-zero CFR, the
estimated CFR for EPEC was either first or second high-
est.””! Pathogens with low estimated CFRs also had
fewer studies, e.g. G. lamblia (24) and E. histolytica (10).
However, most of these studies were conducted in very
low USMR countries (G. lamblia: 75% and E. bistolytica:
50%) and were not limited to children <5 years old (e.g.
88% of G. lamblia and 67% of E. bhistolytica observations
were for the ‘other’ age category, which typically included
individuals of all ages or only adults). More studies are re-
quired for pathogens such as EPEC, ETEC and sapovirus,
for which a limited number of studies suggest a higher
CFR, to better quantify their relative contribution to over-
all diarrhoea deaths.

The estimated CFR for rotavirus was substantially
lower than that of other diarrhoeal pathogens [odds ratio
(OR)=0.23, P <0.0001 compared with Salmonella]. This
may in part be driven by the large number of studies for ro-
tavirus, including many from countries with a very low
U5SMR (46%), and 82% of observations with zero deaths.
It may also be because rotavirus diarrhoea can be effec-

tively treated with oral rehydration solution (ORS),**%

as
indicated by the lower CFR among hospital-based studies
compared with community-based studies for rotavirus.
Substantial declines in diarrhoeal mortality have been ob-
served following the introduction of rotavirus vaccines in
numerous countries, which suggests that rotavirus is a sub-
stantial contributor to diarrhoeal deaths.”**® Many of
these deaths may occur among infants and children with
poor access to healthcare facilities, which could lead to un-
derestimation of the CFR for rotavirus in typical study
populations.

The widely available predictors we examined could ex-
plain some but not all of the variability in the estimated
CFR across pathogens. The CFR was consistently higher in
studies conducted in high USMR countries, which could
indicate poorer access to healthcare in these settings. The
CFR was slightly higher for hospital-based studies relative
to community-based studies overall. However, the CFR
was higher in community-based studies for viral pathogens
(rotavirus and norovirus), which may reflect their acute
presentation, such that most deaths occur among

individuals whose access to healthcare is limited or
delayed. The overall CFR also tended to be slightly higher
among infants <1 year old. This is consistent with a previ-
ous systematic review”” and may result from infants having
a less fully developed immune systems or being more prone
to dehydration. In contrast, the results for cholera showed
a slightly higher CFR among those aged >3 years. Most of
these studies were conducted in cholera-endemic set-

28-30 indicating that cholera mortality occurs among

tings,
older age groups in endemic regions. However, this could
be due to differences in cholera case definitions by age.>! A
similar high CFR has been found among adults >60 years
old for Shigella® and all-cause diarrhoea.*”

Our results indicate that the CFR from diarrhoea has
decreased over time. This may be partly due to improve-
ments in water, sanitation and hygiene (WASH) infrastruc-
ture and socio-economic development (leading to
reductions in childhood malnutrition) leading to a reduc-

33735 25 well as

tion in the severity of diarrhoeal episodes,
the increased use of ORS and zinc for treatment of diar-
rhoea.”***” In addition, improvements in healthcare qual-
ity and access over time could have contributed to
reductions in the CFR.*® Further reductions in the CFR of
diarrhoea overall and for non-rotavirus pathogens also oc-
curred following the introduction of rotavirus vaccination,
suggesting that preventing rotavirus gastroenteritis may
have added benefits of decreasing vulnerability to severe
disease caused by other diarrhoeal pathogens, although
most reductions were modest. However, our estimates of
the impact of rotavirus vaccine introduction may be biased
due to misclassification. We assumed all studies carried out
after rotavirus vaccine introduction in the country were
post rotavirus vaccine introduction, but some of these stud-
ies may have been carried out within unvaccinated popula-
tions (e.g. older age groups).

When we included GEMS data in a sensitivity analysis,
the crude CFR was similar (systematic review data:
0.65%; with GEMS data: 0.66%) and the overall trends
remained similar across the different predictors, suggesting
that adding more data may not substantially change the
strength of the associations. The crude estimated CFR is
within the range of the crude CFR estimates from both
GEMS and GEMSIA case-only data.>* When we limited
the analysis to hospital-based studies of children <35 years
old, the results were also similar: the highest and lowest
odds ratios were found for EPEC and rotavirus, respec-
tively. However, the estimated CFRs were slightly higher
in the hospital-based subgroup compared with the overall
model, which likely reflects the greater severity of hospital-
ized cases and higher risk of diarrhoea mortality among

children.
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The risk of bias assessment revealed an overall low risk
of bias for nearly half of all included studies. However, a
potential limitation in our analysis is that most of the stud-
ies did not indicate follow-up time, and there was a wide
disparity in the follow-up time (between 1day and
15 months) for studies that did, leading to possible attrition
bias. Studies with shorter follow-up time may miss a signif-
icant number of deaths, leading to underestimation of the
CFR. Nearly half of deaths in the GEMS study occurred
>14 days after enrolment.?” Furthermore, studies may be
likely to miss deaths that occur outside of health facilities
(e.g. in the home). Variation in pathogen detection meth-
ods and improvements in the sensitivity over time can also
present additional biases in the analysis. This underscores
the value of studies such as the Child Health and Mortality
Prevention Surveillance (CHAMPS) network, which seek
to characterize the multiple causes of deaths occurring in
communities through minimally invasive tissue samples,
advanced diagnostics and verbal autopsies.*°

Model-based estimates of mortality caused by different
diarrhoeal pathogens assume that deaths caused by each
pathogen are proportional to the distribution of pathogens
among severe and/or hospitalized cases.>”” Thus, the mod-
els implicitly assume that the CFR is the same for all diar-
rhoeal pathogens after accounting for severity leading to
hospitalization. Our analysis suggests that there may be
additional variability in the CFR for different diarrhoeal
pathogens. Global burden models could account for differ-
ences in the risk of death among severe cases by multiply-
ing pathogen prevalence among hospitalized or severe
cases by estimates of the OR for the risk of death from
each pathogen based on this study, which may help to im-
prove estimates of global mortality caused by different
pathogens.

To our knowledge, this is the first study to estimate the
CFR across multiple diarrhoeal pathogens. Our estimated
overall CFR of 0.65% is substantial, suggesting the need to
scale up and sustain ongoing control strategies. In addi-
tion, our results highlight the existence of marked hetero-
geneity in the estimated CFR both within and between
studies and across pathogens. Our results not only provide
an updated and comprehensive estimate of the CFR across
different diarrhoeal pathogens, but also highlight patho-
gens for which more studies are needed, particularly those
with fewer studies and a higher CFR (including EPEC,
ETEC and sapovirus). Our results could also help prioritize
vaccine development and pathogen-specific interventions.
Developing vaccines for important diarrhoeal pathogens,
as well as WASH and nutritional interventions, will help to
reduce the overall diarrhoea burden and may have benefits
that extend beyond reductions in mortality.
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