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Background. Cholera has caused 7 global pandemics, including the current one which has been ongoing since 1961. A system-
atic review of risk factors for symptomatic cholera infection has not been previously published.

Methods. In accordance with PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines, we
performed a systematic review and meta-analysis of individual and household risk factors for symptomatic cholera infection.

Results. 'We identified 110 studies eligible for inclusion in qualitative synthesis. Factors associated with symptomatic cholera
that were eligible for meta-analysis included education less than secondary level (summary odds ratio [SOR], 2.64; 95% confi-
dence interval [CI], 1.41-4.92; I? = 8%), unimproved water source (SOR, 3.48; 95% CI, 2.18-5.54; I2 = 77%), open container water
storage (SOR, 2.03; 95% CI, 1.09-3.76; I = 62%), consumption of food outside the home (SOR, 2.76; 95% CI, 1.62-4.69; I* = 64%),
household contact with cholera (SOR, 2.91; 95% CI, 1.62-5.25; I’ = 89%), water treatment (SOR, 0.37; 95% CI, .21-.63; I? = 74%),
and handwashing (SOR, 0.29; 95% CI, .20-.43; I = 37%). Other notable associations with symptomatic infection included income/
wealth, blood group, gastric acidity, infant breastfeeding status, and human immunodeficiency virus infection.

Conclusions. 'We identified potential risk factors for symptomatic cholera infection including environmental characteristics,
socioeconomic factors, and intrinsic patient factors. Ultimately, a combination of interventional approaches targeting various groups

with risk-adapted intensities may prove to be the optimal strategy for cholera control.
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Cholera, the acute watery diarrheal illness caused by toxigenic
Vibrio cholerae, is endemic to the Indian subcontinent and has
caused 7 recorded global pandemics [1]. The seventh pandemic has
been ongoing since 1961 and has extended throughout Asia into
Africa, Europe, and the Americas. In 1855, John Snow first identi-
fied contaminated water as an individual risk factor for symptom-
atic cholera [2, 3]. Since then, many studies have explored other
potential risk factors in a variety of settings, and yet overall rates
of cholera have not measurably decreased, with the 172454 chol-
era cases reported in 2015 representing a fraction of the estimated
1.3-4.0 million annual cases worldwide [4, 5]. As the oral cholera
vaccine continues to be more widely used as a targeted tool for
cholera control [6], it will be important to consider if the evidence
that exists for groups and individuals at high risk for cholera is
being used to full capacity to inform implementation of this (and
other) interventions. In this systematic review and meta-analysis,
we thus sought to identify and summarize all known individual
and household risk factors for symptomatic cholera.
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METHODS

We conducted this study in accordance with PRISMA
(Preferred Reporting Items for Systematic Reviews and Meta-
Analyses) guidelines, which provide evidence-based recom-
mendations for conducting and reporting systematic reviews
and meta-analyses [7].

Eligibility Criteria

We searched for peer-reviewed articles assessing individual
or household risk factors for symptomatic cholera infection,
either with microbiologic confirmation or as defined by the
World Health Organization (WHO) case definition of chol-
era: a patient >5 years of age with acute watery diarrhea,
with or without vomiting, in an area with a known cholera
epidemic [8]. We considered studies focused on the follow-
ing to be beyond the scope of this review: subclinical chol-
era infection; neighborhood-, district-, or national-level
risk factors for cholera; risk factors for cholera severity or
mortality; and studies assessing protection from cholera
provided by oral cholera vaccine, the subject of a recent
meta-analysis [6].

Search Strategy

We searched PubMed, Embase, and the Cochrane Library using
the following terms: (“cholera” OR “Vibrio cholerae”) AND
(“risk” or “predict” or “risk factor”). We manually reviewed ref-
erence lists of related reviews and all included articles.

S154 « JID 2018:218 (Suppl3) « Richterman et al


mailto:arichterman@partners.org?subject=

Study Selection and Data Collection

After elimination of duplicate records, 2 reviewers inde-
pendently screened abstracts of all records for full-text review.
After screening, 2 reviewers independently applied eligibility
criteria to each full-text article and proceeded to data extraction
for eligible studies using a standardized form created for the
study (Supplementary Table 1). Disagreements were settled by
discussion among all authors.

Assessment of Bias

We assessed risk of bias within nonrandomized studies using
the Newcastle-Ottawa Scale [9]. There were no randomized
studies included in this review. We generated funnel plots and
visually inspected for publication bias.

Data Analysis

All included studies were summarized in a qualitative synthesis.
We considered a risk factor for meta-analysis if it was assessed
in an analogous way by >1 study, and included studies that
reported an effect measure, implemented a multivariable model,
and used community or household controls. We included effect
measures generated in multivariable models when available. We
generated summary odds ratios (SORs) using random effects
models and a generic inverse variance approach to allow for
inclusion of odds ratios controlled for measured confounders.
We assessed heterogeneity with the Cochran Q test and the I?
statistic.

We performed a prespecified sensitivity analysis for risk
factors included in meta-analysis by assessing for a subgroup
difference between studies with and without microbiologic con-
firmation of cholera infection. We also evaluated for a subgroup
difference between studies that took place in endemic settings
compared to epidemic settings.

Data were analyzed using Review Manager (RevMan) ver-
sion 5.3 (The Cochrane Collaboration, Copenhagen: Nordic
Cochrane Center).

RESULTS

Study Selection

The database search was performed on 18 January 2018 and
is summarized in Figure 1. After removal of 885 duplicates,
1352 abstracts were screened, yielding 160 full-text articles for
review. After applying inclusion and exclusion criteria, there
were 110 remaining articles for inclusion in the qualitative syn-
thesis (Supplementary Table 2) [10-119]. Of these, 32 studies
ultimately qualified to be included in meta-analysis for at least 1
potential risk factor for cholera.

Demographics

The majority of studies were both age- and sex-matched analy-
ses, but a subset assessed risk for cholera based on these charac-
teristics. Fifteen studies assessed differential risk by age [13, 26,
32,33, 35, 47, 53, 70, 82, 85,97, 101, 104, 110, 118], 10 of which

implemented a multivariable model [26, 32, 33, 35, 82, 97, 101,
104, 110, 118]. Age was measured heterogeneously and findings
were mixed. Four studies found that younger patients were at
higher risk for cholera [26, 35, 101, 110], and 1 study found that
older children had higher risk than children <1 year old [32].
Other studies, however, found older people to be at higher risk
[33, 97], or no difference in risk based on age [82, 104, 118].
The role of sex was evaluated in 15 studies [13, 26, 32, 33, 35,
37, 43, 70, 72, 73, 90, 101, 104, 116, 118], of which 11 imple-
mented a multivariable model [32, 33, 35, 37, 72, 73, 90, 101,
104, 116, 118]. Seven of these studies met criteria for meta-anal-
ysis (Supplementary Figure 1) [35, 72, 73, 90, 101, 116, 118].
The SOR for risk of cholera for females was 1.22 (95% confi-
dence interval [CI], .71-2.12), with I? = 80% (Q test P < .0001).

Socioeconomic Factors

Seven studies directly assessed the relationship between income
and risk of cholera [13, 18, 32, 33, 39, 43, 116]. Three of these
implemented multivariable models: 2 found that people with
cholera were more likely to come from lower-income house-
holds compared to those with noncholera diarrhea [32, 33], and
1 found no difference in cholera risk by income [116].

Seven studies considered socioeconomic status as measured
by asset ownership or composite wealth index [17, 41, 49, 54,
70, 85, 90]. Four implemented a multivariable analysis [41, 49,
54, 90], of which 3 found lower socioeconomic status to be
independently associated with risk of cholera [49, 54, 90].

Eight studies evaluated household building materials [10, 32,
33,41, 43, 73,101, 110]. Seven of these implemented multivari-
able models [10, 32, 33, 41, 73, 101, 110], 5 of which found that
higher-quality housing was associated with lower risk of chol-
era [10, 32, 33, 101, 110]. One study found that risk of cholera
independently increased with population density surrounding
a household [101].

Fourteen studies explored the role of education [18, 26, 32, 33,
41, 43, 56, 65, 73, 82, 83, 85, 86, 101], of which 11 implemented
a multivariable model [26, 32, 33, 41, 56, 65, 73, 82, 83, 85, 86].
Four studies looked specifically at whether an individual had
some secondary education and met criteria for meta-analysis
(Figure 2) [65, 82, 83, 86]. The SOR for cholera with less than
some secondary education was 2.64 (95% CI, 1.41-4.92), with
P =8% (Q test P=.35).

There were mixed findings by 8 studies assessing the rela-
tionship between number of household members and risk of
cholera [18, 33, 49, 54, 73, 101, 116, 118]. Of the studies that
implemented multivariable models, 3 found higher risk with
more members [33, 54, 118], 1 found lower risk with more
members [49], and 3 found no association [73, 101, 116].

Four studies found no relationship between cholera and elec-
tricity in the household [70, 73, 86, 118], 3 found no relation-
ship with literacy [26, 41, 116], and 2 found no relationship with
household size [17, 43].
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Figure 1. Flow diagram summarizing literature search.

Water

Fifty-six studies evaluated risk of cholera based on source of
water, with many identifying a specific culprit [17-19, 21, 22,
25-27, 30, 32, 33, 36, 37, 41-43, 47, 50, 59-61, 63, 65, 66,
68, 70, 72-74, 76, 78, 79, 81-83, 85-88, 91, 92, 94, 95, 97,
101-108, 110, 113, 116, 118]. Thirty-one studies implemented
a multivariable model [19, 26, 27, 30, 32, 33, 36, 37, 41, 42,
60, 65, 66, 68, 72, 73, 78, 79, 82, 83, 86, 91, 92, 94, 95, 101,
104-106, 116, 118]. Of these, 20 measured the water source in

a way that could be classified as improved (piped household,
protected well or spring, or collected rainwater) or unim-
proved, and met criteria for meta-analysis (Figure 3) [19, 27,
30, 37, 41, 65, 66, 72, 73, 78, 82, 83, 86, 91, 94, 95, 101, 106,
116, 118]. The SOR for risk of cholera with an unimproved
water source was 3.48 (95% CI, 2.18-5.54), with I? = 77% (Q
test P < .00001). Of the 11 studies excluded from meta-anal-
ysis, 1 found a significant association but did not report an
effect measure [92], 6 used hospital controls [32, 33, 60, 68,

Cases Controls

Odds Ratio Odds Ratio
Study or Subgroup log[Odds Ratio] SE Total Total Weight IV, Random, 95% C1 = Out come IV, Random, 95% C1
Kone-Coulibaly 2010 1.2585 0.448 140 140 43.1% 3.52 [1.46, 8.47] Clinical —a—
O'Connor 2011 0 0.6811 49 98 20.3% 1.00 [.26, 3.80] Clinical . S
Nguyen 2014 0.755  0.7154 49 98 18.5% 2.13 [.52, 8.65] Clinical I
Nguyen 2017 1.5872  0.7235 60 240 18.1% 4.89 [1.18, 20.19] Culture-confirmed . —
Total (95% CI) 298 576 100.0% 2.64 [1.41, 4.92] -
Heterogeneity: Tau? = 0.03; Chi® = 3.26, df= 3 (P = .35); I’ = 8% F t t

Test for overall effect: = 3.05 (P =.002)

Figure 2.
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Less than Secondary Ed

Forest plot of studies included in meta-analysis assessing whether an individual having less than secondary education was associated with symptomatic cholera.

The summary odds ratio was calculated using random effects models. Heterogeneity is described using the Cochran Qtest and the £ statistic. Abbreviations: Cl, confidence

interval; df, degrees of freedom; IV, inverse variance; SE, standard error.
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Cases Control 0dds Ratio 0dds Ratio
Study or Subgroup log[Odds Ratio] SE Total Total Weight IV, Rand 95% CD IV, Random, 95% C1
Clemens 1990 0.94 0.283 116 464 6.5% 2.56 [1.47, 4.46] Culture-confirmed
Koo 1996 1.335 0.5867 26 52 5.0% 3.80 [1.20, 12.00] Clinical
Rodrigues 1997 1.0919 0.3519 206 206 6.2% 2.98 [1.50, 5.94] Clinical —_—
Birmingham 1997 1.0296 0.5027 56 112 5.4% 2.80 [1.05, 7.50] Clinical —
Rodrigues 2000 1.1086 0.5707 221 221 5.1% 3.03 .99, 9.27] Clinical —
Reller 2001 2.3026 1.1216 113 113 2.8% 10.00 [1.11,90.10] Clinical
von Seidlein 2008 1.1939 0.6414 40 127 4.7% 3.30 [.94, 11.60] Chulture-confirmed 1
CDC 2009 0.5878 0.6781 42 81 4.5% 1.80 [.48, 6.80] Clinical S I
Shultz 2009 0.47 0.6571 90 170 4.6% 1.60 [.44, 5.80] Clinical -_—1T
Kone-Coulibaly 2010 2.832 0.3483 140 140 6.2% 16.98 [8.58, 33.60] Clinical —_—
Dunkle 2011 0.5128 0.5595 53 106 5.1% 1.67 [.56, 5.00] Clinical e
O'Connor 2011 1.2 528 1.253 49 98 2.4% 3.50 [.30, 40.80] Clinical
Mridha 2011 2.4932 0.5271 60 120 5.3% 12.10 [4.31, 34.00] Clinical _—
Mahamud 2012 0.3716 0.3926 93 93 6.0% 1.45 [.67, 3.13] Clinical -1
Nguyen 2014 2.2721 0.7686 49 98 4.1% 9.70 [2.15, 43.75] Clinical _—
De Guzman 2015 1.5602 0.4323 55 110 5.8% 4.76 [2.04, 11.11] Clinical I —
Uthappa 2015 3.4639 0.7523 138 138 4.2%  31.94[7.31, 139.54] Clinical — s 4
Matias 2017 -0.2107 0.5798 33 117 5.0% 0.81 [.26, 2.52] Chulture-confirmed —_—
Saha 2017 -0.1985 0.2627 228 80462 6.6% 0.82 [.49, 1.3 7] Chulture-confirmed e
Nguyen 2017 1.7716 0.6682 60 240 4.6% 5.88 [1.59, 21.79] Culture-confirmed
Total (95% CI) 1868 83268 100.0% 3.48 [2.18, 5.54] ’
Heterogeneity: Tau? = 0.79; Chi? = 83.23, df= 19 (P < .00001); I?=77% 0.02 0.1 1 10 50

Test for overall effect: <= 5.25 (P <.00001)

Figure 3.

Unimproved Water Source

Forest plot of studies included in meta-analysis assessing whether exposure to an unimproved water source was associated with symptomatic cholera. The sum-

mary odds ratio was calculated using random effects models. Heterogeneity is described using the Cochran Qtest and the / statistic. Abbreviations: Cl, confidence interval;

df, degrees of freedom; IV, inverse variance; SE, standard error.

104, 105], and 4 did not define water source in way compara-
ble to the others [26, 42, 79, 110].

Methods of water storage were assessed by 17 studies [17, 19,
21, 25, 35, 50, 54, 64, 79, 86, 88, 91, 92, 94, 95, 106, 112]. Of the
12 that included multivariable analyses [19, 35, 54, 64, 79, 86,
91, 92, 94, 95, 106, 112], 6 looked at storing water in a bucket
or open container and were eligible for meta-analysis (Figure 4)
[79, 86,91, 94, 95, 106]. The SOR for risk of cholera with storing
water in a bucket or open container was 2.03 (95% CI, 1.09-
3.76), with I = 62% (Q test P = .02).

Thirty-nine studies considered the relationship between risk
of cholera and household water treatment, typically in the form
of either chlorination or boiling [10, 13, 17, 20, 26, 27, 32-35,
37, 39-41, 47, 49, 50, 56, 64, 66, 72, 73, 79, 80, 82, 86, 88, 91,
92,96,101-103, 108, 112, 114-116, 119]. Twenty-seven of these
studies used a multivariable model [10, 26, 27, 32, 33, 35, 37,
40, 41, 49, 56, 64, 66, 72,73, 79, 80, 82, 86, 91, 92, 96, 101, 112,
115, 116, 119], 15 of which met criteria for meta-analysis after
stratification into type of water treatment (chlorination, boiling
water, or nonspecific) (Figure 5) [26, 27, 35, 41, 49, 64, 66, 72,
73,79, 82, 86, 101, 115, 116]. The overall SOR for cholera with
water treatment was 0.37 (95% CI, .21-.63), with I? = 74% (Q
test P <.00001). There was no significant difference between the
subgroups (P = .65). Of the 12 multivariable analyses excluded
from meta-analysis, 8 did not report an effect measure (3 found
a significant relationship between water treatment and cholera,
and 5 did not) [37, 40, 80, 91, 92, 96, 112, 119]. Three studies
directly assessed chlorine concentration in household water;
none found an association with cholera risk [25, 49, 86].

Distance to a water source was assessed in 5 studies which
implemented multivariable models [10, 27, 30, 32, 33]. Three
studies found that increased distance from a water source was
associated with cholera risk [10, 32, 33], 1 found the opposite
[27], and 1 study found that proximity to a contaminated river
was associated with increased cholera risk [30].

Two studies found no relationship between availability of
water and risk of cholera [26, 85].

Food

Reported exposure to a specific food was commonly assessed.
In particular, the role of seafood was evaluated in 23 studies [10,
15,17, 19, 21, 23, 42, 43, 46, 47, 56, 60, 63, 69, 70, 74, 83, 95, 109,
112, 113, 118, 119]. Implicated seafood items in multivariable
analyses included raw or partially cooked seafood [56, 119],
crabs or shellfish [83, 95], dried fish [10], and seafood salad
[42]. Thirty studies looked at other types of food exposures [13,
17,19, 21, 40, 42, 47, 54, 55, 60, 61, 66, 69, 70, 72, 75, 80, 82, 83,
86, 87, 94, 95, 97, 105, 109, 111, 112, 114, 118]. Notable among
these were 6 multivariable analyses with mixed results on veg-
etable exposure; some found a significant relationship between
cholera and raw vegetable exposure [40, 75, 80], others did not
[83,105], and 1 study found steamed vegetables to be associated
with reduced risk of cholera [82].

Twenty-four studies assessed risk of cholera with exposure
to food from street vendors or outside the home [26, 35, 41, 49,
56, 57, 66, 68, 70,72, 73,78, 79, 83-85, 88, 91, 92, 103, 109, 115,
118, 119]. Seventeen studies implemented multivariable mod-
els [35, 41, 49, 56, 66, 68, 72, 73, 78, 79, 83, 91, 92, 109, 115,
118, 119], and 12 could be summarized using meta-analysis
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Cases Control

Odds Ratio

Odds Ratio

Study or Subgroup log[Odds Ratio] SE Total Total Weight IV, Random,95% Cl Outcome IV, Random, 95% C1
Rodrigues 1997 1.0332  0.4029 206 206 19.2% 2.81[1.28,6.19]  Clinical hd
Rodrigues 2000 1.5539  0.4488 221 221 17.9% 4.73 [1.96, 11.40]  Clinical -
Reller 2001 ~1.204  0.7679 113 113 10.5% 0.30 .07, 1.35]  Clinical - - 1
Mugoya 2008 1.335 0.5867 34 68 14.2% 3.80 [1.20, 12.00]  Culture-confirmed A
Shultz 2009 0.7129  0.3437 90 170 21.1% 2.04 [1.04,4.00]  Clinical -
O'Connor 2011 0.0953 04767 49 98 17.1% 1.10 [.43,2.80]  Clinical o

Total (95% Cl) 713 876 100.0% 2.03 [1.09, 3.76] -

Heterogeneity: Tau® = 0.35; Chi? = 13.04, df =5 (P = .02); I°=62%

Test for overall effect: J = 2.24 (P =.02)

Figure 4.
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Open Container Storage

Forest plot of studies included in meta-analysis assessing whether water storage with an open container or bucket was associated with symptomatic cholera.

The summary odds ratio was calculated using random effects models. Heterogeneity is described using the Cochran Q test and the / statistic. Abbreviations: Cl, confidence

interval; df, degrees of freedom; IV, inverse variance; SE, standard error.

(Supplementary Figure 2) [35, 41, 49, 66, 72, 73, 78, 79, 83,
109, 115, 118]. The SOR of cholera risk with exposure to street
vendor food or food from outside the home was 2.76 (95% CI,
1.62-4.69), with I = 64% (Q test P = .0008). Of the 5 controlled
studies not eligible for meta-analysis, 3 did not report an effect
measure [91, 92, 119].

There were mixed results when looking at cholera risk based
on hot meal preparation or exposure to leftover food [27, 35,
41, 60, 65, 66, 75, 76, 80, 83, 88, 91, 92, 106, 109, 113, 118]. Of
the 14 studies that used multivariable models, 4 found increased
risk of cholera with a cold meal whereas 2 found no difference
in risk [27, 35, 65, 83, 91, 118], and 3 found increased risk of

cholera with leftover food whereas 2 found no difference in risk
[41, 60, 66, 75, 80, 92, 106, 109].

The possible protective role of breastfeeding in the setting
of cholera was first noted in 1979, when bottle-fed children in
a matched case-control study had significantly higher risk of
cholera [50]. This relationship has been further explored [30,
32, 43, 89], including by 2 multivariable analyses that confirm
the association between breastfeeding status and reduced risk
of cholera [30, 32].

One study found that retinol deficiency was associated with
a higher likelihood of developing symptomatic disease among
people growing V. cholerae in their stool [53], and another found

Cases Control 0Odds Ratio 0Odds Ratio
Study or Subgroup log[Odds Ratio] SE Total Total Weight IV, Rand 95% C1 O IV, Random, 95% C1
Boiling Water
Cardenas 1993 0.1823  0.5605 32 38 7.4% 1.20 [.40, 3.60]  Culture-confirmed B L
Koo 1996 ~0.2231  0.4413 26 52 8.4% 0.80 [.34, 1.90] Clinical I
Uthappa 2015 3.5066  0.7481 138 138 6.0% 0.03 [.01,.13]  Clinical —_——
Nguyen 2017 0.9632  0.4768 60 240 8.1% 0.38 [.15,.97]  Culture-confirmed o —
Subtotal (95% CI) 256 468  29.9% 0.35 [.10, 1.30] e
Heterogeneity: Tau? = 1.43; Chi® = 17.97, df = 3 (P = .0004); I = 83%
Test for overall effect: = 1.57 (P=.12)
Chlorinating Water
CDC 2009 1.6094 0.6387 42 81 6.8% 5.00 [1.43,17.48] Clinical —
Cummings 2012 —~1.3505  0.4399 99 99 8.4% 0.26 [.11,.61] Clinical _—
Grandesso (Gonaives study) 2014 -1.204 0.6143 90 180 7.0% 0.30 [.09, 1.00]  Culture-confirmed .
Subtotal (95% CI) 231 360 22.2% 0.71 [.12, 4.20] e ==
Heterogeneity: Tau® = 2.16; Chi® = 15.84, df = 2 (P=.0004); I* = 87%
Test for overall effect: = 0.38 (P=.70)
Treating water (non-specific)
Kirk 2005 -2.0794  1.0128 53 53 4.4% 0.13 [.02,.91] Clinical _—
Mugoya 2008 -1.5892  0.5708 34 68 7.3% 0.20 [.07,.62]  Culture-confirmed e —
O'Connor 2011 -1.6094  0.6392 49 98 6.8% 0.20 [.06,.70]  Clinical —_—
Dunkle 2011 -0.9163  0.5161 53 106 7.8% 0.40 [.15,1.10]  Clinical —
Mahamud 2012 -1.3863  0.6495 93 93 6.7% 0.25 [.07,.89]  Clinical —_—
Saha 2017 02877 0.1968 228 80462  10.2% 0.75[.51, 1.10] * Culture-confirmed —
Matias 2017 294079  0.9418 33 117 4.7% 0.09 [.01,.57] Culture-confirmed — ———————a———
Subtotal (95% CI) 543 80997 47.9% 0.29 [.15, .56] <>
Heterogeneity: Tau® = 0.43; Chi® = 15.28, df= 6 (P = .02); I’=61%
Test for overall effect: < = 3.68 (P =.0002)
Total (95% CI) 1030 81825 100.0% 0.37 [.21, .63] <>
Heterogeneity: Tau? = 0.70; Chi® = 49.28, df = 13 (P < .00001); I? = 74% + + + +

0.01 0.1 1 10 100

Test for overall effect: <= 3.67 (P =.0002)
Test for subgroup differences: Chi’ = 0.87, df= 2 (P = .65); I = 0%

Figure 5.

Water treatment

Forest plot of studies included in meta-analysis assessing whether water treatment was associated with symptomatic cholera. Studies were stratified by whether

they assessed chlorination, boiling, or nonspecific report of water treatment. The summary odds ratio was calculated using random effects models. Heterogeneity is described
using the Cochran Qtest and the F statistic. Abbreviations: Cl, confidence interval; df, degrees of freedom; IV, inverse variance; SE, standard error.
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that prior retinol supplementation was associated with risk of
cholera in children, hypothesized by the authors to reflect an
underlying deficiency [32].

No studies evaluated risk of cholera based on access to food
or food security, although one multivariable analysis found
dietary diversity to be associated with a reduced risk of cholera
[41]. No studies assessed nutritional status and risk of cholera.

Latrines

Access to a flush toilet, latrine, or open defecation was included
as a potential risk factor in 27 studies [10, 18, 20, 27, 32, 33, 35,
37, 39, 41, 43, 49, 54, 64, 73, 79, 82, 85-87, 90, 94, 97, 101-103,
107]. Of these, 18 implemented a multivariable model, with
mixed results [10, 27, 32, 33, 35, 37, 41, 49, 54, 64, 73, 79, 82, 86,
90, 94, 97, 101]. Seven studies found no significant difference in
cholera risk with access to a latrine [35, 37, 41, 49, 79, 86, 90],
2 found increased risk with latrines [54, 73], 2 found increased
risk with open defecation whereas 1 found no significant differ-
ence [10, 27, 97], and 4 found decreased risk with a flush toilet
while 2 found no difference [32, 33, 64, 82, 94, 101].

Six studies assessed whether sharing a latrine was a risk factor
for cholera [40, 43, 70, 72, 106, 118]. Four of these were mul-
tivariable analyses [40, 72, 106, 118], of which 2 found that a
communal latrine was associated with risk of cholera [72, 106].

Cholera Contacts and Proximity to Other Cases

The risk of cholera with a household contact with cholera was
evaluated in 25 studies [20, 26, 32, 33, 35, 45, 47, 49, 51, 56, 57,
61, 63, 65, 72, 73, 75, 82, 83, 87, 96, 97, 105, 107, 110]. Fifteen
studies of household contact included a multivariable model
[26, 32, 33, 35, 49, 56, 65, 72, 73, 75, 82, 83, 96, 97, 105], of
which 9 were eligible for meta-analysis (Figure 6) [35, 49, 65,
72,73,75, 82,83, 96]. The SOR of cholera with a household con-
tact with cholera was 2.91 (95% CI, 1.62-5.25), with I? = 81%
(Q test P < .00001). The 6 studies excluded from meta-analysis
used hospital or clinic controls with either noncholera diarrhea
or without diarrhea [26, 32, 33, 56, 97, 105], and all reported

an association between cholera and a household contact with
cholera.

Two studies looked specifically at sharing a latrine with a per-
son with cholera; 1 found a significantly increased risk and 1
found no significant association [49, 105].

Two studies found that individuals living in close proximity
to other cases had the greatest risk of cholera [38, 71].

Hygiene

Hand hygiene was assessed in a number of ways, including
handwashing before eating [20, 27, 54, 56, 60, 64, 79, 87, 94,
97, 102, 106, 109, 116], handwashing after defecation [20, 27,
35, 37, 40, 65, 79, 102, 106, 110], nonspecific handwashing [25,
39-41,49, 61,72, 73,78, 86, 88, 91], and presence of soap in the
home [54, 64, 72, 94, 97, 113, 119]. The vast majority of studies
measuring handwashing relied on self-report. Sixteen studies,
stratified by type of hand hygiene measured, met criteria for
meta-analysis (Figure 7) [27, 40, 41, 49, 54, 64, 65,72, 73,78, 86,
91, 94, 106, 109, 116]. The SOR of cholera with hand hygiene
was 0.29 (95% CI, .20-.43), with I? = 49% (Q test P = .01), with
no significant difference between the subgroups (P = .95). Three
other studies that included handwashing after defecation in
multivariable analyses but did not report effect measures found
no significant association with cholera [35, 37, 79].

Of 4 studies evaluating the role of bathing in unsafe water, 2
found increased risk of cholera and 2 found no significant asso-
ciation [10, 19, 82, 109]. One multivariable analysis found no
significant association between washing utensils with unsafe
water and cholera risk [96].

Attending a Gathering or Funeral

Fourteen included studies evaluated risk of cholera after attend-
ing a large gathering or funeral [10, 27, 51, 56, 63, 65, 79, 83, 96,
97,105,107, 112, 116]. Seven of these met criteria for meta-anal-
ysis (Supplementary Figure 3) [27, 65, 79, 83, 96, 105, 116]. The
SOR of cholera after attending a large gathering or funeral was
2.42 (95% CI, 1.43-4.09), with I? = 38% (Q test P = .14).

Cases Controls Odds Ratio Odds Ratio
Study or Subgroup log[Odds Ratio] SE Total Total Weight IV, Random, 95% Cl Qut come IV, Random, 95% Cl1
Kone-Coulibaly 2010 2.7498  0.4872 140 140 9.8% 15.64 [6.02, 40.64] Clinical —_—
Rosewell 2011 1.5686  0.5238 43 43 9.4% 4.80 [1.72, 13.40] Clinical
Mahamud 2012 0.5933 0.313 93 93 11.5% 1.81 [.98, 3.34] Clinical —
Cummings 2012 1.8976  0.4368 99 99 10.3% 6.67 [2.83, 15.70] Clinical _—
Grandesso (Carrefour study) 2014 0.9933 0.393 90 180 10.7% 2.70 [1.25,5.83] Culture-confirmed AT
Grandesso (Gonaives study) 2014 0.0953 0.3178 90 180 11.5% 1.10 [.59, 2.05] Culture-confirmed -1
Nguyen 2014 0.7975  0.5559 49 98 9.1% 2.22 [.75, 6.60] Clinical I -
Moradi 2016 0.01 0.2163 229 458 12.3% 1.01 [.66, 1.54] Culture-confirmed =
Matias 2017 0.27 0.5821 33 117 8.8% 1.31 .42, 4.10] Culture-confirmed B -
Nguyen 2017 2.6189  0.8164 60 240 6.7% 13.72 [2.77,67.97] Culture-confirmed —_
Total (95% CI) 926 1648 100.0% 2.91 [1.62, 5.25] o
Heterogeneity: Tau® = 0.69; Chi® = 48.54, df = 9 (P < .00001); I*= 81% 0.01 0.1 1 10 100

Test for overall effect: Z = 3.55 (P =.0004)

Figure 6.

Household Contact

Forest plot of studies included in meta-analysis assessing whether presence of a household contact with cholera was associated with symptomatic cholera.

The summary odds ratio was calculated using random effects models. Heterogeneity is described using the Cochran Qtest and the /? statistic. Abbreviations: Cl, confidence

interval; df, degrees of freedom; IV, inverse variance; SE, standard error.
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Cases Controls Odds Ratio Odds Ratio
Study or Subgroup log [Odds Ratio] SE Total Total Weight IV, Random, 95% Cl1 Total IV, Random, 95% Cl1
Washing hands (. pecific)
Reller 2011 ~1.6094 0.6737 113 113 5.0% 0.20[.25,.75]  Clinical
O'Connor 2011 0.5108 0.4467 49 98 7.5% 0.60 [.25, 1.44]  Clinical —_—
Mridha 2011 ~2.8134 0.5314 60 120 6.5% 0.06 [.02,.17]  Clinical S
Dunkle 2011 ~1.6094 0.7674 53 106 4.3% 0.20 [.04,.90]  Clinical —
Mahamud 2012 1.3863 0.5326 93 93 6.5% 0.25.09,.71]  Clinical —_—
Grandesso (Gonaives study) 2014 0.9163 0.3537 90 180 8.8% 0.40 [.20,.80]  Culture-confirmed —_—
Grandesso (Carrefour study) 2014 ~0.6931 0.4189 90 180 7.9% 0.50 [.22, 1.14]  Culture-confirmed —r
Matias 2017 ~0.7985 0.5743 33 117 6.0% 0.45 [.15,1.39]  Culture-confirmed —_—
Subtotal (9 5% CI) 581 1007 52.6% 0.29 [.18, .49] ’
Heterogeneity: Tau? = 0.28; Chi® = 14.87, df= 7 (P = .04); I*= 53%
Test for overall effect: J = 4.63 (P <.00001)
Washing hands before eating
St Louis 1990 —1.5141 0.8483 35 70 3.7% 0.22 [.04,1.16]  Clinical =T
Kirk 2005 1.6094 0.8698 53 53 3.6% 0.20 [.04, 1.10]  Clinical —_—
Shultz 2009 0.5306 1165 7 90 170 2.3% 1.70 [.17,16.70]  Clinical —_—
CDC 2009 ~0.2624 0.3945 42 81 8.3% 0.77 [.36, 1.67]  Clinical —
Uthappa 2015 ~2.0402 0.586 138 138 5.9% 0.13 [.04, .41]  Clinical I
Subtotal (9 5% CI) 358 512 23.8% 0.35 [.14, .90] B =
Heterogeneity: Tau? = 0.59; Chi® = 9.09, df = 4 (P= .06); I = 56%
Test for overall effect: = 2.19 (P =.03)
Washing hands after defecation
Kone-Coulibaly 2010 1.273 0.4814 140 140 7.1% 0.28 [.11,.72] Clinical —_—
Subtotal (9 5% CI) 140 140 7.1% 0.28 [.11, .72] =
Heterogeneity: Not applicable
Test for overall effect: {'= 2.64 (P =.008)
Soap in the house
Hatch 1994 ~1.204 0.7481 48 441 4.4% 0.30 [.07, 1.30] Clinical —_—
Rodrigues (men) 1997 0.1398 0.7994 90 90 4.1% 1.15 [.24,5.51]  Clinical S—r—
Rodrigues (women) 1997 -2.8134 0.9418 116 116 3.2% 0.06 [.01,.38]  Clinical —
Dubois 2006 —2.3026 0.7073 71 71 4.8% 0.10 .02, .40]  Clinical —
Subtotal (9 5% CI) 325 718 16.5% 0.22 [.06, .76] i
Heterogeneity: Tau? = 0.96; Chi” = 7.60, df= 3 (P= .06); I°= 61%
Test for overall effect: = 2.40 (P = .02)
Total (95% CI) 1404 2377 100.0% 0.29 [.20, .43] <
Heterogeneity: Tau? = 0.31; Chi® = 33.22, df= 17 (P= .01); I’ = 49% t + + i
Test for overall effect: J = 6.25 (P <.00001) 0.01 0.1 1 10 100
Test for subgroup difference: Chi’ = 0.37, df= 3 (P=.95); I’ = 0% Hand hygiene

Figure 7.

Forest plot of studies included in meta-analysis assessing whether handwashing was associated with symptomatic cholera. Studies were stratified by whether

they assessed handwashing before eating, nonspecific handwashing, or presence of soap in the household. The summary odds ratio was calculated using random effects
models. Heterogeneity is described using the Cochran @ test and the F statistic. Abbreviations: Cl, confidence interval; df, degrees of freedom; IV, inverse variance; SE,

standard error.

Blood Type and Genetic Risk

Multiple studies found higher risk of symptomatic chol-
era among patients with blood group O [16, 28, 29, 48, 53],
although those with blood group O appear to have lower risk
of initial colonization by V. cholerae [52]. Among people with
blood group A or B, the Lewis blood group Le(a*™b~) was associ-
ated with symptomatic cholera in 1 study [14].

One study further explored the role of genetics in the risk of
symptomatic cholera [62]. In a genome-wide association study,
the authors noted evidence of natural selection in a Bengali
population on genes in the NF-kB signaling pathway, which is
implicated in proinflammatory response to V. cholera lipopoly-
saccharide. They went on to conduct a case-control study, find-
ing that these genes were strongly associated with susceptibility
to symptomatic cholera.

Gastric Acidity

Decreased gastric acid levels have been implicated as a risk
factor for cholera infection in several ways. In an experimental
trial of cholera inoculation, buffering gastric acid led to a lower

required infectious dose of V. cholerae, from 10® organisms to
10* [58]. Observational studies have found lower gastric acid
levels in symptomatic cholera compared to noncholera diarrhea
both during and after infection [44, 99, 117]. In one multivari-
able model, a positive Helicobacter pylori immunoglobulin G
was associated with risk of cholera [31]. One study found higher
risk of cholera among those who have had gastric surgery,
although another did not [15, 69]. Antacid use was associated
with cholera risk in 1 study, but not in 2 others where antacid
use was low [69, 73, 111].

Four multivariable analyses assessed use of acidic additives to
food. Three of these reported an effect measure and were candi-
dates for meta-analysis (Supplementary Figure 4) [94, 95, 109].
The summary odds ratio of cholera with not using the acidic
additive was 7.49 (95% CI, 2.10-26.68), with I = 72% (Q test
P=.03).

Human Immunodeficiency Virus
Two case-control studies, 1 using hospital controls and 1 with
community controls, found an increased risk of cholera among
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people with human immunodeficiency virus (HIV) infection
[104, 118].

Prior Infection and Natural Immunity

A trial of experimental inoculation of volunteers with V. chol-
erae O1 demonstrated natural immunity to clinical infection
when rechallenged 3 years later [67]. A case-control study in
Bangladesh found a reduced risk of subsequent V. cholerae
O1 infection with prior V. cholerae O1 infection, but no sig-
nificant protection for V. cholerae 0139 or cross-protection
between serogroups [12]. In 2 studies, higher baseline vib-
riocidal titers were associated with protection from clinical
infection of V. cholerae O1 in household contacts of cholera
cases, but not for V. cholerae 0139 [77, 100]. Another study
found that vibriocidal titers did not predict risk of asymp-
tomatic vs symptomatic illness among cholera household
contacts with a positive stool culture for cholera, although
lipopolysaccharide-specific antibodies were higher in symp-
tomatic patients [53].

Sensitivity Analysis

There were no significant subgroup differences for any of the
variables included in meta-analysis when stratifying by whether
studies used microbiologic confirmation of cholera cases or a
clinical case definition, or whether the studies took place in an
endemic setting or an epidemic setting.

Bias

A summary of bias within studies can be found in Supplementary
Table 3. Funnel plots were generated for all variables included in
meta-analysis (Supplementary Figures 5-14). Visual inspection
of the funnel plots suggested the presence of publication bias for
the following variables: sex, improved water source, water stor-
age, water treatment, street vendors, attendance of a gathering/
funeral, and household contact with cholera.

DISCUSSION

This systematic review of 110 studies and >22000 people with
cholera identified factors associated with symptomatic infection
related to water, sanitation, and hygiene (collectively referred
to as WASH), other sources of exposure, socioeconomic status,
and intrinsic patient characteristics.

Use of an unimproved water source conferred >3-fold
increase in the odds of cholera in meta-analysis, highlighting
the importance of a safe water source in cholera control. There
was significant heterogeneity between the effects of water source
on cholera risk among studies included in meta-analysis, prob-
ably reflecting differing degrees of contamination or exposure
in different water sources. Use of an open container or bucket
for water storage was also significantly associated with cholera,
potentially through higher risk of water contamination. Water
treatment, either by chlorination or boiling, was associated

with lower risk of cholera. There was substantial heterogene-
ity among studies assessing water treatment, possibly reflecting
differences in practice or reporting.

While access to adequate sanitation is likely to minimize risk
of water supply contamination, use of latrines did not convinc-
ingly impact an individual’s risk of cholera, with the majority of
well-controlled studies assessing individual latrine use finding
no association with risk of cholera. Access to and use of hygiene
measures, sanitation infrastructure, and sharing may impact
cholera risk with latrine use, although none of this was defin-
itively evident from the available information.

Handwashing, either before meals or generally, had a simi-
lar effect measure for decreased cholera risk as water treatment.
This finding is consistent with a recent systematic review of the
use of handwashing for prevention of diarrhea more gener-
ally [120]. Handwashing after defecation did not convincingly
reduce cholera risk for the handwashing person, with 3 of 4
multivariable analyses assessing this variable finding no rela-
tionship but not reporting an effect measure. The majority of
studies assessing handwashing relied on self-report rather than
direct observation, introducing reporting and social desirabil-
ity bias, such that the findings, while fitting with public health
principles, should be interpreted with caution in terms of their
specific usefulness to interrupt cholera epidemics. More specific
microbiological studies may be needed to better understand the
impact of handwashing on the interruption of cholera epidem-
ics. Notably, despite the range of WASH factors that are associ-
ated with symptomatic cholera infection by such self-reported
studies, a recent systematic review of WASH interventions
found that it is not clear which interventions have impact in any
given context [121].

Other non-water-related sources of exposure were also
implicated in the risk of cholera. Food items, and seafood in
particular, were associated with cholera in a number of studies.
More generally, eating street food was associated with a 5-fold
increase in the odds of cholera in meta-analysis, indicating that
interventions with street vendors may be an important pathway
to interrupt transmission during an outbreak, although current
programmatic guidelines on how to address this are nonspecific
[122]. Similarly, attending a large gathering or funeral during
an outbreak was associated with cholera risk, and these gath-
erings may serve as a focus for ongoing cholera transmission.
Additionally, having a household contact with cholera was asso-
ciated with significantly increased risk of cholera in well-con-
trolled studies. There was considerable heterogeneity between
studies assessing both street vendor food and a household con-
tact with cholera, indicating that these factors likely vary by
setting. For example, local practices surrounding caring for an
ill household contact, type of street food, and vendor practices
may alter the magnitude of association between these factors
and cholera risk.
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Several socioeconomic factors were independently associated
with risk of cholera. Both direct income and composite wealth
were closely linked to cholera risk in all multivariable analyses
assessing these variables. Education (in particular, less than
secondary education) was associated with cholera risk. Taken
together, these findings strongly point to the need to explore
how poverty reduction, social support, and educational infra-
structure could be used as interventions with a goal of cholera
control.

Some intrinsic patient factors were also associated with chol-
era risk. Several genetic features, related to blood group O and
genes in the NF-kB pathway, are associated with increased risk
of symptomatic cholera, and appear to have contributed to
natural selection in parts of Asia. Risk of cholera by age var-
ied substantially between studies and may reflect differences in
populations living in epidemic vs endemic areas, where natural
immunity may play a role. Breastfeeding infants showed evi-
dence of protection from cholera, probably as a result of passive
immunity from breast milk and reduced likelihood of direct
exposure. Reduced gastric acidity, from H. pylori infection or
otherwise, decreased the required infectious dose of cholera,
thus increasing the risk of symptomatic infection. Finally, HIV
infection may increase risk of cholera, although there are only 2
studies assessing this association and both were at high risk for
selection bias.

There was evidence of publication bias for some variables
included in meta-analysis, including sex, water source, water
treatment, water storage, street vendor food exposure, attend-
ing a large gathering or funeral, and household cholera con-
tacts. The summary effect measures for these risk factors may
thus be biased away from the null because negative associations
are less likely to be reported or published. In some cases, stud-
ies that would have otherwise been eligible for meta-analysis
did not report an effect measure. While generally there were
relatively equal numbers of these studies reporting a null or
significant association in one direction or the other, this may
have introduced some bias into the resulting summary effect
measures. We hypothesized that there might be differential risk
associated with some variables when stratifying by whether or
not cases were culture-confirmed, but this was not the case for
any assessed risk factor included in meta-analysis. Regional
differences may also contribute to heterogeneity in risk factors,
although we did not find any differences based on epidemic or
endemic setting in particular.

In sum, we identified potential risk factors for symptomatic
cholera infection ranging from environmental characteristics
directly impacting exposure risk, to socioeconomic factors such
as wealth or education, to intrinsic patient factors such as spe-
cific genetic features or gastric acidity. Many of these potential
risk factors can and have been intervened upon in cholera con-
trol efforts [122], although the relative efficacy and effective-
ness of interventions targeting these factors as public health

interventions remains a key gap in the literature [121]. Future
studies should deepen our understanding of specific risk fac-
tors in water, sanitation, personal hygiene, and food hygiene,
so that public health campaigns can go beyond generic advice
often known as “key messages” and get deeper into specific
recommendations that are known to reduce the risk of chol-
era. Additionally, our findings suggest that some high-risk
groups (eg, people living with HIV) may warrant special atten-
tion during the cholera response. Ultimately, a combination of
interventional approaches that target various groups with risk-
adapted intensities may prove to be the most effective strategy.
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Supplementary materials are available at The Journal of Infectious Diseases
online. Consisting of data provided by the authors to benefit the reader, the
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