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Abstract

Background: Typhoid fever, or enteric fever, is a highly fatal infectious disease that affects over 9 million people worldwide
each year, resulting in more than 110,000 deaths. Reduction in the burden of typhoid in low-income countries is crucial for public
health and requires the implementation of feasible water, sanitation, and hygiene (WASH) interventions, especially in densely
populated urban slums.

Objective: In this study, conducted in Mirpur, Bangladesh, we aimed to assess the association between household WASH status
and typhoid risk in a training subpopulation of a large prospective cohort (n=98,087), and to evaluate the performance of a machine
learning algorithm in creating a composite WASH variable. Further, we investigated the protection associated with living in
households with improved WASH facilities and in clusters with increasing prevalence of such facilities during a 2-year follow-up
period.

Methods: We used a machine learning algorithm to create a dichotomous composite variable (“Better” and “Not Better”) based
on 3 WASH variables: private toilet facility, safe drinking water source, and presence of water filter. The algorithm was trained
using data from the training subpopulation and then validated in a distinct subpopulation (n=65,286) to assess its sensitivity and
specificity. Cox regression models were used to evaluate the protective effect of living in “Better” WASH households and in
clusters with increasing levels of “Better” WASH prevalence.

Results: We found that residence in households with improved WASH facilities was associated with a 38% reduction in typhoid
risk (adjusted hazard ratio=0.62, 95% CI 0.49-0.78; P<.001). This reduction was particularly pronounced in individuals younger
than 10 years at the first census participation, with an adjusted hazard ratio of 0.49 (95% CI 0.36-0.66; P<.001). Furthermore,
we observed an inverse relationship between the prevalence of “Better” WASH facilities in clusters and the incidence of typhoid,
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although this association was not statistically significant in the multivariable model. Specifically, the adjusted hazard of typhoid
decreased by 0.996 (95% CI 0.986-1.006) for each percent increase in the prevalence of “Better” WASH in the cluster (P=.39).

Conclusions: Our findings demonstrate that existing variations in household WASH are associated with differences in the risk
of typhoid in densely populated urban slums. This suggests that attainable improvements in WASH facilities can contribute to
enhanced typhoid control, especially in settings where major infrastructural improvements are challenging. These findings
underscore the importance of implementing and promoting comprehensive WASH interventions in low-income countries as a
means to reduce the burden of typhoid and improve public health outcomes in vulnerable populations.

(JMIR Public Health Surveill 2023;9:e41207) doi: 10.2196/41207
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Introduction

Typhoid fever, also known as enteric fever, is a deadly febrile
illness caused by the Salmonella enterica serovar Typhi
(Salmonella Typhi) [1,2]. Based on 2019 data, approximately
9 million people contract typhoid annually, leading to 110,000
deaths [3]. Common symptoms include persistent fever, fatigue,
headache, nausea, abdominal pain, and digestive issues, and
occasionally a rash [2,3]. Severe cases of typhoid fever can have
life-threatening complications and result in fatality [4]. The
effectiveness of treating typhoid has been compromised by the
growing resistance to various antibiotics [5,6]. To address this
challenge, the World Health Organization advocates for the use
of the typhoid conjugate vaccine (TCV) in children aged 6
months and older [3]. Nevertheless, the implementation of
vaccination programs alone will not be enough to effectively
control and eliminate the transmission of typhoid fever,
particularly in urban slum areas where water, sanitation, and
hygiene (WASH) facilities and practices are inadequate [7].

The primary mode of transmission for Salmonella Typhi is
through the fecal-oral route via consumption of food and water
that has been contaminated [2]. Consequently, inadequate access
to clean water, improved sanitary facilities, appropriate waste
management, and proper hand hygiene practices can contribute
to an increased risk of typhoid fever [7,8]. For instance,
successful elimination of typhoid fever in high-income countries
is primarily attributed to major improvements in WASH
facilities and practices [7,9]. However, substantial WASH
modernization requires major financial, capital, and political
commitment, and continues to be an unmet need in
resource-constrained settings where unsafe drinking water and
lack of sanitary facilities, augmented by unplanned urbanization,
significantly contribute to increased typhoid transmission
[10,11].

The need for multidimensional interventions, which now include
vaccination using available TCVs, to prevent exposure to and
transmission of typhoid fever demands implementation of
feasible approaches to improving WASH, especially within
densely populated urban settings. The emphasis on
implementing practical enhancements in WASH is significant,
yet remains relevant until a comprehensive upgrade of WASH
practices and infrastructure is implemented in settings with high

typhoid burden. Addressing the problem of typhoid fever in
urban slums is particularly important as the highest burden has
been reported in these settings including the occurrence of
enhanced environmental transmission [12,13]. For example, in
urban slums in Bangladesh, a high burden of typhoid fever
(incidence of 200 per 100,000 person years of observation;
PYO) and paratyphoid fever (incidence of 40 per 100,000 PYO)
was reported [14]. The implementation of WASH practices has
the potential to yield critical benefits, including the reduction
of Salmonella Typhi transmission within communities. By
mitigating the prevalence of this bacterium, the burden of
bloodstream infections caused by Salmonella Typhi can be
diminished. As a result, the consumption of antibiotics may be
significantly reduced, contributing to the ongoing battle against
antimicrobial resistance.

Our earlier work demonstrated that existing improvements in
WASH facilities in a Kolkata slum were associated with reduced
risk of typhoid (hazard ratio [HR]=0.57, 95% CI
0.37-0.90; P=.015) [8]. In this work, we developed a decision
tree defining “Good” versus “Not Good” household WASH
using 4 variables: source of drinking water, hand washing with
soap, presence of flush toilet, and source of daily water use.
The decision tree successfully discriminated between households
at higher versus lower risk of typhoid (area under the curve
[AUC] of 58%, 95% CI 54-61; sensitivity of 90.4%, 95% CI
84.2-94.8; and specificity of 19.8%, 95.5 CI 19.3-20.3). Notably,
though, the data used for this analysis were accrued more than
20 years ago, possibly limiting their generalizability to
circumstances in impoverished urban slums with endemic
typhoid today.

Here we investigate whether existing improvements in WASH
in a contemporary slum in Dhaka were also associated with a
reduced risk of typhoid. We reexamined the hypothesis that
variations in household WASH already present in urban slums
can successfully predict the risk of typhoid fever. We test this
hypothesis using the data from prospective, population-based,
surveillance for typhoid fever in the control clusters of a cluster
randomized trial of TCV recently completed in urban slums of
Mirpur, Dhaka, Bangladesh [15].
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Methods

Cluster Randomized Trial on the Vi-Tetanus Toxoid
Vaccine
A cluster randomized trial (CRT) was conducted between May
2018 and March 2020 with the aim to evaluate the protection,
including herd protection, conferred by Vi-tetanus toxoid
conjugate vaccine (Vi-TT, Typbar-TCV, Bharat Biotech
International Limited) when administered in a mass vaccination
campaign. This participant- and observer-blinded CRT included
children 9 months to <16 years within a censused total
population of 205,760, where 150 clusters were randomized to
receive Vi-TT or Japanese encephalitis (JE) vaccines (control
clusters) in a 1:1 ratio. These clusters were approximately of
comparable geographic size with mean area of 0.02 (SD 0.01)

km2 and included contiguous households with approximately
equal total populations separated by natural borders wherever
possible [7]. Age-eligible, nonpregnant residents who provided
informed consent received a single dose of the assigned vaccine.
The CRT was implemented in the Mirpur area in Bangladesh
located in the north-east of Dhaka city. Mirpur is a densely

populated settlement with a total surface area of 58.66 km2 and
approximately 3.5 million residents, serving as a field study site
since 1987.

A baseline census was performed between February 14 and
March 25, 2018, to enumerate the entire population in this
study’s area, except nonpermanent residents and individuals
who planned to move out within a month. During the census,
individual- and household-level socioeconomic and demographic
data, details on water-sanitation-hygiene facilities and practices,
and geo-positioning coordinates of each household were
collected after obtaining informed consent. A “household” was
defined as persons sharing the same cooking pot. The census
was subsequently updated at approximately 6-month intervals
to capture all births, deaths, and migrations. At each census, 13
nonbinary variables characterizing household WASH were
collected. Because there were no significant differences between
the household WASH status at first census and the subsequent
updates by household, WASH characteristics at first census
participation were used for this analysis. Accordingly, WASH
variables collected during the baseline census were used to
characterize household WASH status for individuals present in
this study’s area during the baseline census; the date of
participation in the baseline census was taken as the start date
of follow-up. For individuals who moved into the clusters after
the baseline census and for births, the WASH variables collected
during the first census update after the onset of their first
participation were used to characterize household WASH status.
The date of migration in and the date of birth were considered
as the starting date of follow-up of these participants.

Typhoid Fever Surveillance
Surveillance for typhoid fever started on February 26, 2018, in
all age groups using a common protocol across all 8 clinical
facilities (Mirpur Field Clinic; Suhrawardy Hospital; Radda
Barnen; Adhunik Hospital; Shishu hospital; Kurmitola General
Hospital; Kingston Hospital; Islami Bank Hospital) serving this
study’s population. Biweekly home visits of the entire

population were performed by community health workers to
promote care seeking of all household members for febrile
illnesses at one of this study’s facilities. Blood samples for
microbiological culture (3 mL for ≤17 years, and 5 mL for >17
years old) were collected for individuals presenting with history
of fever ≥2 days or with axillary temperature of ≥38 °C, and
clinical findings were systematically recorded by a study
physician. Identity cards distributed during the censuses enabled
identification of participants when presenting for febrile illness
related care and treatment. For individuals not having the
identification cards, computerized censuses on electronic tablets
available at each study site were used to confirm identity. Blood
specimens for culture were obtained and transported on the
same day of collection to laboratories at the icddr,b. Blood
cultures were monitored in an automated BacT/ALERT system,
and subculturing was done on MacConkey, chocolate, and blood
agar plates following a positive signal by the machine. Colony
morphology, microscopic examination of Gram stain,
biochemical tests, and slide agglutination tests were used for
identification of Salmonella isolates. Salmonella-specific
antisera including polyvalent O and O1, serogroup “O”
Salmonella antigens [D], and flagellar “H” antigens [d] (Denka
Sieken) were used for agglutination [16,17]. Treatment for
patients with typhoid fever was based on the physicians’
discretion, guided by antimicrobial susceptibility results. A
single febrile episode was considered for febrile visits with the
onset of fever ≤14 days after discharge for a previous febrile
visit. A home visit was performed within 14 days of discharge
for all participants with positive blood cultures to confirm that
the person whose name was given on the day of presentation
to the treatment center had indeed sought treatment on that date.
A typhoid fever episode was defined as a febrile episode with
a confirmed identity during which at least 1 blood culture
yielded S enterica serotype Typhi (Salmonella Typhi).

Variable Selection to Define “Better” Versus “Not
Better” WASH
As a first step, we partitioned each WASH variable collected
during the censuses into a binary variable defining “Better”
versus “Not Better” household WASH. The variables were
partitioned based on substantive judgment aligned with the local
context, and without prior knowledge of the typhoid incidence
rates in participants with different categories of these variables.
We then divided the households of total population in the JE
clusters (75 clusters) at random into 2 mutually exclusive
subpopulations: 98,087 (60%) of households constituting a
“training” subpopulation and the other 65,286 (40%) a
“validation” subpopulation. Variables associated with typhoid
risk in bivariate Cox regression models at P≤.20 in the training
subpopulation were selected for model development. Inclusion
of all 13 WASH variables regardless of associations of the
individual variables with the risk of typhoid, did not reveal any
improvement in model performance. Proportionality
assumptions for each variable were confirmed before inclusion
in the bivariate models.
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Development of the WASH Decision Tree to Predict
Typhoid in the Training Subpopulation
As described elsewhere, we developed a composite WASH
variable based on the selected candidate WASH variables to
predict typhoid risk using a recursive partitioning-based
algorithm in the training subpopulation [8,18]. In brief, we
developed a binary WASH rule that predicts typhoid fever risk
using individual WASH variables that were individually
associated with the risk of typhoid fever and then conjoined as
specified by the decision tree. Ultimately, the decision tree
represents a composite WASH rule based on a combination of
these WASH variables (Better versus Not Better WASH)
predicting a classification of no typhoid versus typhoid,
respectively. The decision tree then yielded several terminal
nodes predictive of “higher” or “lower” risk of typhoid fever,
which then served as alternative cutoffs used to create a
dichotomous composite rule for “higher” or “lower” risk of
typhoid, using the Youden index [12]. The WASH features in
the decision tree predictive of “higher” risk of typhoid in this
dichotomous typhoid variable then defined “Not Better” WASH
and the features predictive of “lower” risk of typhoid in the
dichotomous variable defined “Better” WASH.

The prediction rule was designed to discriminate the risk of
typhoid fever in a dynamic population over the 2-year period
of postvaccination follow-up in the trial. The algorithm was
first evaluated in the training subpopulation assuming 1:1 ratio
for a default loss of function of the cost of false positive and
false negative classifications, with at least 300 observations at
each terminal node. Subsequently, the algorithm was cross
validated with estimation of the cross-validation error in 1 of
10 randomly assembled partitions of the training subpopulation.
The 10-fold cross-validation technique was employed with the
“rpart” package in the R software (R Foundation for Statistical
Computing). We first constructed a tree using the training data,
including terminal nodes. Then, we pruned the tree to obtain
the smallest tree with the lowest misclassification error. The
minimal complexity parameter was used to prune the model in
finding the optimal prediction rule providing the minimum error
with at least 2 terminal nodes in the tree. A receiver operating
characteristic (ROC) curve was used to define the AUC for
different cutoffs for dichotomizing the predictive rule, with the
optimal cutoff for typhoid prediction selected as that which
maximized the Youden Index, which includes sensitivity plus
specificity, in relation to the proportion of participants in the
terminal nodes developing typhoid fever [19].

Evaluation of the Composite WASH Variable in a
Validation Subpopulation and Prediction of Typhoid
Risk in the Total Population
To evaluate reproducibility of sensitivity and specificity of the
composite WASH variable developed in the training
subpopulation, we tested the variable in a distinct validation
subpopulation. After ascertaining concordance of sensitivity
(the proportion of participants developing typhoid fever who
lived in households with “Not Better” WASH) and specificity
(the proportion of participants not developing typhoid fever
who lived in households with “Better” WASH) in predicting
typhoid risk between the training and validation subpopulations,

we then evaluated the ability of the variable to predict typhoid
risk in the total population in the JE clusters.

Data Analysis
We constructed Cox proportional hazard regression models to
evaluate the association between household WASH status and
risk of typhoid in household inhabitants as a function of time
to the first typhoid episode. Follow-up of persons in the baseline
census began at the time of the census, and follow-up of those
entering later as births or in-migrants began on the date of entry
into the population. Follow-up was right censored by death,
outmigration, and the end of this study. Before inclusion in the
models, proportionality assumptions for all independent
variables were assessed by a bivariate Cox model. The models
were adjusted for randomization stratifying variables including
geographic ward, longer than median distance to this study’s
clinics, and number of eligible children residing in each cluster
at baseline. As well, other baseline covariates, including age in
years, number of participants in clusters, religion (Muslim), and
monthly household expenditure (in Bangladeshi taka), were
fitted as independent variables if they were associated with the
hazard of typhoid in bivariate Cox models at P<.15. The average
expenditure of households in a cluster was used as the monthly
expenditure of households with unspecified monthly
expenditure. The model coefficient for living in a “Better”
WASH household was exponentiated to estimate the HR of
typhoid fever, and the 95% CI for the HR was estimated using
a robust sandwich method to adjust for the design effect of the
clusters. Protection by Better WASH against typhoid fever was
assessed as [(1 – HR) × 100%)] with corresponding 95% interval
limits for percentage protection. We also used Cox models to
evaluate the protective association between the cluster
prevalence of “Better” WASH households and the risk of
typhoid in the total population during the follow-up period. The
“Better” WASH cluster prevalence during the 2 years follow-up
was calculated as the proportion of PYO contributed by
members of households with “Better” WASH in the cluster
divided by the total PYO for members of all households in the
same cluster. We also assessed the protective association
between increasing levels of “Better” WASH cluster prevalence,
expressed in Cox models dimensionally, and the risk of typhoid
after adjustment for the above-mentioned covariates. In these
models, “Better” WASH coverage of the cluster was assigned
as the “Better” WASH coverage datapoint for each resident in
the respective cluster.

The analysis was performed using the rpart package for decision
tree modelling, rpart.plot package for tree plotting, pROC
package for the ROC curve, survival package for the Cox model,
and dplyr package for data management under R Studio
analytical software (R Foundation for Statistical Computing)
[20-22]. The presence of collinearity in the multivariate models
was assessed by inspection of variance inflation factors, with
high variance inflation factors indicative of collinearity. For all
the statistical analyses, a P<.05 (2-tailed) was taken as the
margin of statistical significance.

Ethical Considerations
The trial has received ethical approval from the Research and
Ethical Review Committees of icddr,b (PR-17115), as well as
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the institutional review boards of Oxford University and the
University of Maryland. Informed written consent from all
participants was obtained, with parental or guardian consent for
those younger than the age of 16 years, and assent from
participants aged 11 years to younger than 16 years. The trial
was monitored by a local Data and Safety Monitoring Board
established by icddr,b, as well as an international Data and
Safety Monitoring Board established by the University of
Maryland. This study’s data are anonymous and were securely
stored in access-controlled cabinets. The trial has been registered
in the ISRCTN Registry under the identifier ISRCTN11643110.

Results

Assembly and Characteristics of Training and
Validation Subpopulations
A total of 103,064 individuals living in 25,478 households
within the control clusters for the trial were enumerated during

the baseline census. In these households, 51,211 (49.7%)
individuals were men, and the mean age was 26.8 (SD 17.3)
years. During the 2 years of follow-up, 57,091 persons migrated
into this study’s area, 3218 were born, and 43,034 migrated out
of this study’s area or died, making the population residing in
the JE clusters at the last census 120,339 persons, and the
population ever followed in these clusters during the 2 years
163,373 persons (Figure 1). The training subpopulation
comprised 98,087 individuals with a mean age 25.9 (SD 17.3)
years, while the validation subpopulation included 65,286
individuals with a mean age 25.9 (SD 17.3) years (Table 1).
Men were 48,638 (49.6%) in the training subpopulation and
32,496 (49.8%) in the validation subpopulation. During the
2-years of follow-up, a total of 435 first episodes of typhoid
cases were detected, yielding an incidence of 209/100,000 PYO
in the total population residing in the control clusters. The
numbers of typhoid cases in the training and validation
subpopulations were 260 and 175, respectively.

Figure 1. CONSORT (Consolidated Standards of Reporting Trials) diagram of population dynamics during April 15, 2018, and March 15, 2020. JE:
Japanese encephalitis; N: number; S Typhi: Salmonella enterica serovar Typhi.
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Table 1. Baseline characteristics of the total, training, and validation populations in the control clusters of the Vi-TTa cluster randomized trial, Dhaka,
Bangladesh.

Validation setTraining setFull setCharacteristics

25.9 (17.3)25.9 (17.3)25.9 (17.3)Age (years), mean (SD)

32,496 (49.8)48,638 (49.6)81,134 (49.7)Gender: men, n (%)

64,587 (98.9)97,004 (98.9)161,591 (98.9)Religion: Muslim, n (%)

17,454.6 (10,670.3)17,397.5 (7793)17,420.3 (9053.2)Monthly expenditure (BDTb)c, mean (SD)

27683 (42.4)41155 (42)68838 (42.1)Toilet facility: private, n (%)

3187 (4.9)4617 (4.7)7804 (4.8)Adult toilet: flush toilet, n (%)

420 (0.6)580 (0.6)1000 (0.6)Child toilet: flush toilet, n (%)

25,409 (38.9)37,854 (38.6)63,263 (38.7)Source of drinking water: private tap, well, or pump; water vendor, n (%)

48,731 (74.6)73,527 (75)122,258 (74.8)Treated drinking water, n (%)

175 (0.3)300 (0.3)475 (0.3)Treated cleaning water, n (%)

48,576 (74.4)73,019 (74.4)121,595 (74.4)WASHd before meals, n (%)

63,692 (97.6)95,698 (97.6)159,390 (97.6)Hand wash after defecation, n (%)

63,577 (97.4)95,616 (97.5)159,193 (97.5)Handwashing water available in HHe, n (%)

64,458 (98.7)96,985 (98.9)161,443 (98.8)Handwashing soap available in HH, n (%)

62,052 (95)93,406 (95.2)155,458 (95.2)Waste disposal place: fixed disposal, n (%)

43,357 (66.4)64,772 (66)108,129 (66.2)Distance to drinking water source: shorter than median distance, n (%)

7643 (11.7)11,628 (11.9)19,271 (11.8)Water filter available in HH, n (%)

aVi-TT: Vi-tetanus toxoid.
bBDT: Bangladeshi taka; currency conversion rate: US $1 = BDT 110.48
cIn total, 75 households had missing household expenditures, which were then substituted with the average household expenditure.
dWASH: waster, sanitation, and hygiene.
eHH: household.

Model Development, Training, and Validation
In the training subpopulation, having a private toilet (HR 0.57,
95% CI 0.43-0.77; P<.001); a safe source of drinking water,
defined as a private tap, private well, bottled water, or water
vendor (HR 0.65, 95% CI 0.49-0.87; P=.003); and availability

of a water filter in the household during observation (HR 0.73,
95% CI 0.45-1.18; P=.20) were associated with typhoid risk
among members of the household (Table 2). These 3 variables
were used to build a binary composite prediction rule defining
“Better” versus “Not Better” household WASH using the
recursive partitioning algorithm (Figure 2).
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Table 2. Bivariate associations of binary WASHa variables with typhoid risk in the training subpopulation of the control clusters of the Vi-TTb cluster
randomized trial, Dhaka, Bangladesh.

Hazard ratio (HRc)dNoYesVariables

P valuegHR
(95%

CI)g

IR/100,000
PY

PYCasesnIRf/100,000 PYPYeCasesn

<.0010.57
(0.43-
0.77)

25867,38117456,93214957,7188641,155Toilet facility: pri-
vate

.911.07
(0.35-
3.30)

20911,887624993,4701776223114617Adult toilet: flush
toilet

.481.65
(0.41-
6.69)

207124,35025897,5072677492580Child toilet: flush
toilet

.0030.65
(0.49-
0.87)

24472,88217860,23315752,2168237,854Source of drinking
water: private tap,
well, or pump; wa-
ter vendor

.570.91
(0.65-
1.27)

23532,7487724,56019892,35018373,527Treated drinking
water

.891.13
(0.22-
5.78)

208124,67825997,7872384201300Treated cleaning
water

.331.15
(0.87-
1.52)

21232,5146925,06820692,58419173,019Hand wash before
meals

.470.82
(0.48-
1.40)

295305192389206122,04825195,698Hand wash after
defecation

.910.94
(0.33-
2.70)

272331292424206121,73625195,616Handwashing wa-
ter available in

HHh

.5371.3
(0.56-
3.03)

199150831102208123,59025796,985Handwashing soap
available in HH

.370.77
(0.43-
1.37)

3176309204681202118,78924093,406Waste disposal
place: fixed dispos-
al

.461.11
(0.85-
1.45)

20341,9238533,31521083,17517564,772Distance to drink-
ing water source:
shorter than medi-
an distance

.200.73
(0.45-
1.18)

216109,13223686,45915015,9662411,628Water filter avail-
able in HH

aWASH: water, sanitation, and hygiene.
bVi-TT: Vi-tetanus toxoid.
cHR: hazard ratio.
dEstimated from extended Cox proportional hazards model.
ePY: person years.
fIR: incidence rate.
gCalculated using robust SE assuming risk of typhoid is correlated within clusters.
hHH: household.
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Figure 2. Decision tree defining “Better” and “Not Better” household WASH using 3 binary WASH variables collected at first census. The figures
within the parentheses in the final boxes of the decision tree indicate the proportion of individuals who tested positive for typhoid fever. Out of 40,329
households, 18 (0.0446%) experienced 2 typhoid episodes. Among these, 13 out of 28,230 (0.046%) were from households categorized as Not Better
WASH, while 5 out of 12,099 (0.0413%) were from households categorized as Better WASH. WASH: water, sanitation, and hygiene.

Performance of the Composite WASH Variable
Predicting Typhoid Fever
The decision tree is shown in Figure 2. The dominant bifurcation
for the prediction of typhoid in the tree was having a private
toilet. In the training subpopulation, an optimal cutoff value of
0.0025 maximized the Youden index using the ROC curve, with
an AUC of 56% (95% CI 53-59; Figure 3). With this threshold,

the rule had a sensitivity of 74.6% (95% CI 68.9-80.0) and
specificity of 34.7% (95% CI 34.4-35.0). Applying this rule to
the validation subpopulation yielded comparable characteristics
to those observed in the training subpopulation with a sensitivity
and specificity of 74.9% (95% CI 67.8-81.1) and 35.2% (95%
CI 34.9-35.6), respectively. The positive and negative predictive
values were 0.3% (95% CI 0.26-0.35) and 99.8% (95% CI
99.7-99.9), respectively.

Figure 3. Receiver operator characteristic curve used to define the best cut off value to classify households as having “Better” versus “Not Better”
WASH. AUC=56% (95% CI 53-59); best cutoff using the Youden index is 0.0025. AUC: area under the receiver operator characteristic curve; FPR:
false positive rate; ROC: receiver operator characteristic; TPR, true positive rate; WASH: water, sanitation, and hygiene.

Prediction of Typhoid Incidence by Household WASH
Status in the Total Population
We next applied the WASH prediction rule to the overall
population residing in the control clusters to predict typhoid
risk. The incidence of typhoid fever in all age groups living in

“Better” WASH households was 139/100,000 PYO compared
to 252/100,000 PYO in those living in “Not Better” WASH
households, a reduction in typhoid risk of 38% (95% CI 22-51;
P<.001) after adjusting for covariates. The reduction in typhoid
risk was largely attributed to the protection associated with
living in “Better” WASH households among children <10 years

JMIR Public Health Surveill 2023 | vol. 9 | e41207 | p. 8https://publichealth.jmir.org/2023/1/e41207
(page number not for citation purposes)

Tadesse et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


old (adjusted hazard ratio [aHR] 0.49, 95% CI 0.36-0.66;
P<.001). Protective associations were aHR 0.35 (95% CI
0.20-0.61; P<.001) in children 2-4 years old, and aHR 0.58
(95% CI 0.36-0.92; P=.02) in 5-9 years old (Table 3 and Figure
S1 in Multimedia Appendix 1).

The level of “Better” WASH cluster prevalence appeared
inversely related to the log incidence of typhoid (Figure 4).
However, the association between an increasing prevalence of
“Better” WASH households in a cluster and typhoid risk was

not significant in the adjusted multivariable model (aHR 0.996;
95% CI 0.986-1.006; P=.39) for each percent increase in the
prevalence of “Better WASH” households in the cluster. The
linear “Better” WASH cluster prevalence exhibited collinearity
with household WASH status in the multivariable model, which
precluded simultaneous estimation of the protective effects
associated with living in “Better” WASH households and those
associated with living in clusters with increasing prevalence of
“Better” WASH households.

Table 3. Individual-level protection against typhoid associated with “Better” household WASHa in the total population residing in the control clusters

of the Vi-TTb cluster randomized trial, Dhaka, Bangladesh, stratified by age at onset of follow-up.

Hazard ratio (HRc)d“Not Better” WASH“Better” WASHYears

P valuehAdjusted

HRh,i
P valuehCrude HRhIR/100,000

PY
PYCasesNIRg/100,000

PY
PYfCasesne

<.0010.62 (0.49-
0.78)

<.0010.56
(0.44,0.71)

252129,088325106,40413979,32611056,969All

.210.65 (0.32-
1.28)

.080.54
(0.28,1.06)

62472114569793353883133356<2 years

<.0010.35 (0.20-
0.61)

<.0010.35
(0.22,0.57)

1174791993643840744241831312-4 years

.020.58 (0.36-
0.92)

.030.57
(0.35,0.94)

66712,58684981936770862648945-9 years

.770.92 (0.53-
1.59)

.660.88
(0.5,1.56)

31312,123389265275727820499710-14
years

.310.79 (0.50-
1.24)

.250.76
(0.48,1.21)

7389,2506573,9035856,6553340,591>15 years

aWASH: water, sanitation, and hygiene.
bVi-TT: Vi-tetanus toxoid.
cHR: hazard ratio.
dHazard ratios are estimated from extended Cox proportional hazards model.
en: number; 100K: 100,000.
fPY: person years.
gIR: incidence rate.
hP values and CI are calculated using robust SE assuming risk of typhoid is correlated within clusters.
iHazard ratio adjusted for the stratifying variables for randomization, including geographic ward, longer distance to study clinics than median distance,
number of eligible children at baseline, and other baseline covariates age, Muslim religion; total monthly income; number of participants in a cluster.
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Figure 4. Increasing levels of “Better” WASH cluster prevalence and the risk of typhoid in the total population residing in the control clusters of the
Vi-TT cluster randomized trial. Out of 40,329 households, 28,230 (70%) were categorized as “Not Better” WASH households, and the remaining 12,099
(30%) fell under the “Better” WASH category. PY: person years; Vi-TT: Vi-tetanus toxoid; WASH: water, sanitation, and hygiene.

Discussion

We developed a composite WASH variable for a poor urban
population in Dhaka using a machine learning approach, where
3 binary WASH variables associated with typhoid risk were
combined to discriminate “Better” versus “Not Better”
household WASH status. The variable predicted the risk of
typhoid fever after adjusting for confounding variables including
household socioeconomic status, with individuals in households
with “Better” WASH having a 38% lower risk of typhoid than
those in households with “Not Better” WASH, a reduction in
risk that appeared primarily attributable to reduced risk in
children younger than the age of 10 years. The higher risk
reduction in the younger age group with improved WASH
practices can be potentially explained by the elevated incidence
of typhoid among this demographic [23,24]. Further, there may
be other behavioral disparities between adults and children,
such as children primarily staying at home and adults being
more frequently outdoors for work-related activities, which
could contribute to this discrepancy.

The WASH variables defining the composite household WASH
rule in this analysis are somewhat different from those found
to predict the risk of typhoid in an earlier analysis in Kolkata
[8], except for quality of drinking water, which contributed to
the definition of the composite WASH variable in both analyses.
These differences are, however, anticipated owing to the
differences between the 2 settings including sociocultural
characteristics, data collection time, and the different data
instruments used for characterizing WASH in the 2 studies.
Furthermore, both studies were primarily designed to evaluate
typhoid vaccine protection, and neither study attempted in-depth
characterization of WASH with the data collection instruments,
so component criteria of the composite variables are very likely

to be markers of WASH facilities and practices, rather than the
specific facilities and practices per se that account for a reduced
risk of typhoid. However, associations with typhoid in both
settings were independent of socioeconomic status, underscoring
that it was likely that better WASH rather than greater affluence
was responsible for the protective associations with typhoid.

Some limitations should be noted while interpreting the results.
First, as noted earlier, we used WASH variables collected as
part of the randomized clinical trial of vaccines and were not
ascertained for determination of the balance of the randomized
intervention arms rather than as in a specific study of WASH.
Second, our initial dichotomization of WASH variables in the
population was based on perceived clinical and public health
significance, although such judgements were made without
knowledge of typhoid outcomes. Third, our creation of a
composite WASH variable for households in a dichotomous
fashion was done to create a simplified assessment of household
level WASH and cluster prevalence of “Better” WASH, but
this could have led to a potential loss of information on certain
WASH variables, which might make our analysis conservative.
An additional factor potentially influencing data validity is the
Hawthorne effect, arising from alterations in observed behaviors.

Despite these limitations, our analysis has several strengths.
First, typhoid incidence data used in this analysis were collected
using a prospective cohort with comprehensive surveillance of
typhoid fever with repeated censuses and WASH assessments
that allowed analysis of a dynamic cohort in a highly mobile
population. The intensified community engagement and
proactive house-to-house visits by community health workers
have played a role in ensuring that the proportion of participants
across all age groups who refrained from seeking care for febrile
episodes did not result in notable variations in care-seeking
practices. Second, the detailed demarcation of the clusters using

JMIR Public Health Surveill 2023 | vol. 9 | e41207 | p. 10https://publichealth.jmir.org/2023/1/e41207
(page number not for citation purposes)

Tadesse et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


natural structures, when possible, enabled unambiguous
estimates of the “Better” WASH coverage in the clusters [6].
Third, external validation of the WASH prediction rule using
a separate validation subpopulation revealed similar levels of
sensitivity and specificity, suggesting that the prediction of
typhoid by the composite variable was not exaggerated by
overfitting the rule to the data used for derivation.

Simplified prediction rules, like the one presented in our study,
offer great potential for various stakeholders involved in
combating typhoid fever, including public health decision
makers, researchers, and clinicians. These rules highlight the
effectiveness of existing WASH adaptations, which can be
implemented by most urban slum households to reduce
susceptibility to typhoid in such environments. They can also
be used to guide vaccine roll-out in high-risk populations and
for community engagement initiatives aimed at increasing
awareness of typhoid risk. Since the WASH data was collected
from a diverse urban slum in Dhaka, the results can be
extrapolated to other slums in Dhaka and similar regions with
high typhoid burdens. Although further investigation is needed
to address implementation barriers of “Better” WASH

parameters, well-designed risk communication strategies can
facilitate the adoption of such adaptations [25]. While not
directly related to the clinical diagnosis and treatment of
individual typhoid cases, WASH interventions play a crucial
role in the broader strategy by potentially reducing antibiotic
resistance. By decreasing antibiotic usage, these interventions
contribute to preserving the efficacy of antibiotics, thus
expanding the range of treatment options available for
combating typhoid fever.

In conclusion, our findings suggest that improvements in WASH
that already exist in this slum population without specific
external intervention are associated with a reduced risk of
typhoid and lend optimism to the notion that simple and
inexpensive improvements of WASH to protect against typhoid
are possible. Research to develop and evaluate such
interventions should be pursued. As well, it will be important
to assess how better existing WASH interacted with and perhaps
modified protection by Vi-TT typhoid vaccine tested in this
CRT. We are carrying out these analyses and will report them
in future publications.
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Abbreviations
aHR: adjusted hazard ratio
AUC: area under the curve
CRT: cluster randomized trial
HR: hazard ratio
JE: Japanese encephalitis
PYO: person years of observation
ROC: receiver operating characteristic
TCV: typhoid conjugate vaccine
Vi-TT: Vi-tetanus toxoid
WASH: water, sanitation, and hygiene
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