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Abstract 

Background  Real-time disease surveillance is an important component of infection control in at-risk populations. 
However, data on cases or from lab testing is often not available in many low-resource settings. Rapid diagnostic tests 
(RDT), including immunochromatographic assays, may provide a low cost, expedited source of infection data.

Methods  We conducted a pilot survey-based prevalence mapping study of enteric infection in Camp 24 
of the camps for the forcibly displaced Rohingya population from Myanmar in Cox’s Bazar, Bangladesh. We randomly 
sampled the population and collected and tested stool from under-fives for eight pathogens using RDTs in January–
March 2021 and September–October 2021. A Bayesian geospatial statistical model allowing for imperfect sensitivity 
and specificity of the tests was adapted.

Results  We collected and tested 396 and 181 stools in the two data collection rounds. Corrected prevalence 
estimates ranged from 0.5% (Norovirus) to 27.4% (Giardia). Prevalence of Escherichia coli O157, Campylobacter, 
and Cryptosporidium were predicted to be higher in the high density area of the camp with relatively high probability 
(70–95%), while Adenovirus, Norovirus, and Rotavirus were lower in the areas with high water chlorination. Clustering 
of cases of Giardia and Shigella was also observed, although associated with relatively high uncertainty.

Conclusions  With an appropriate correction for diagnostic performance RDTs can be used to generate reliable 
prevalence estimates, maps, and well-calibrated uncertainty estimates at a significantly lower cost than lab-based 
studies, providing a useful approach for disease surveillance in these settings.
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Introduction
Real-time surveillance is an important component of 
preventative interventions against infectious disease 
epidemics. The identification of emerging disease clus-
ters can support the targeting of preventative measures 
to reduce disease transmission. Ratnayake et al.  [1], for 
example, review the use of case area-targeted interven-
tion (CATI) for cholera. In response to the early detec-
tion of a cluster, measures including chemoprophylaxis, 
water treatment and vaccination can be deployed to 
small areas.
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The identification of disease clusters typically relies 
on the statistical modelling of georeferenced and time-
stamped case data. The “Gold standard” case data is a 
large random sample of the population using PCR-based 
testing. However, PCR-based testing is expensive and 
requires laboratories with skilled technicians, which 
may be unavailable in many contexts. Alternative data 
sources with location and time information, such as hos-
pital admissions or use of electronic health services, can 
be used to monitor disease spread in a population and 
model changes in incidence [2, 3]. Again though, this 
information may not be routinely available in many low 
resource settings. In the absence of geolocated case data 
or PCR-based surveys, surveys using rapid diagnostic 
tests (RDTs) may present a useful alternative for real-
time disease surveillance.

RDTs are typically immunochromatographic assays 
that provide a visual response in the presence of specific 
antigens. These tests are relatively low cost, they can be 
administered by people with little training, and provide 
results in around 20 min (e.g [4–7]). The performance of 
diagnostic tests is generally reported in terms of its sensi-
tivity (the probability a person with the disease tests posi-
tive) and its specificity (the probability a person without 
the disease tests negative). With imperfect sensitivity and 
specificity, the crude test positive proportion is a biased 
estimator for the prevalence, and hence any derived 
measures like relative risk or odds ratios are also likely 
to be biased [8, 9]. However, one can allow for the sensi-
tivity and specificity in statistical analyses, which would 
produce unbiased estimators that appropriately reflect 
the additional uncertainty caused by the imperfect test 
[8, 10].

When used and modelled appropriately RDTs may 
therefore be a useful tool for monitoring infection in a 
population. Indeed, their uses may extend to other appli-
cations including as an outcome measure in evaluations 
of interventions. For example, water, sanitation, and 
hygiene (WASH) interventions have been the subject of 
many large-scale trials in recent years [11–14]. Almost 
without exception though, these studies have used self-
reported diarrhoea as their primary outcome. Diarrhoea 
is subject to many biases in its measurement and can be 
considered to have very poor “diagnostic performance” 
with respect to enteric infection, the transmission of 
which WASH interventions aim to prevent. PCR testing 
for enteric pathogens may be too costly or the infrastruc-
ture unavailable to include in such large trials. RDTs may 
therefore also provide a useful middle ground beyond 
surveillance applications.

In this study, we use RDTs to estimate and map the 
prevalence in the under-fives of several enteric pathogens 
at two time points in the camps for Forcibly Displaced 

Rohingya Population from Myanmar (FDRPM) in Cox’s 
Bazar, Bangladesh. These camps are typically densely 
populated and have inadequate WASH related facilities, 
leading to potentially high risk of diarrhoeal diseases. 
Our aim was to predict the prevalence of enteric infec-
tion of different pathogens and their spatial and temporal 
distribution in a FDRPM camp, and in so doing estab-
lish that RDTs could be used in such settings given the 
absence of previous research using them for this purpose, 
and develop the statistical methodology to incorporate 
uncertainty about the performance of the tests.

Methods
Study setting
We conducted our study in Camp 24 of the FDRPM 
Camps in Cox’s Bazar, Bangladesh. Figure  1 shows a 
map of the camp. The camp consists of a densely popu-
lated area in the North-East with lower density settle-
ments in the remaining area. WASH infrastructure has 
been slowly developed by several NGOs in the previous 
few years and generally consists of tube wells to provide 
water and improved latrines for sanitation.

Sample
We aimed to include 400 households with a child 
between the age of 18 and 48 months in the study, with 
good dispersion across the area of the camp. We lacked 
a complete census for the camp that could identify eli-
gible households. We therefore drew a sample from all 
households in the camp. Each sampled household was 
then visited and if they had a child under 5 years of age, 
we proceeded with the consent and interviewing pro-
cess. The camp is divided into “blocks” and each residen-
tial location in each block is assigned a sequential “door 
number”, starting at one. We obtained the total number 
of households in each block and then sampled from the 
door numbers proportional to the block size. Based on 
previous work in the area we estimated that approxi-
mately one third of households would have a child under 
the age of five and the response rate would be close to 
100%. We conducted two rounds of the survey in Janu-
ary–March 2021 (Round 1) and September–October 
2021 (Round 2). We therefore sampled 1200 households 
to obtain a sample of 400 in round 1. We aimed to revisit 
the same participating households in round 2.

Survey and stool sampling
Household survey
At each participating household, we sought consent from 
the primary caregiver of the children under five. We then 
conducted a short survey capturing basic demographic 
and socioeconomic background data using the Open 
Data Kit software on tablet devices, including age, sex, 
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Fig. 1  Map of Camp 24. The camp shows the structures in the camp reflecting the high density in the North-East of the camp. The boundary 
is indicated in red, the roads are brown, and water is blue
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level of education, time in Bangladesh, and water and 
sanitation facilities. We also captured the GPS location of 
the household in the camp.

Stool testing
A random child under five was sampled and the car-
egiver was provided with a plastic container with a bar-
code identifier for the child’s stool. The fieldworkers then 
returned the next day to collect the stool. A sample of the 
drinking water from the household was also collected 
from the container they normally used for testing the 
concentration of chlorine. The stool was taken to a field 
office in the camp. We used ProFlow tests produced by 
Pro-Lab Diagnostics, Wirral, United Kingdom for a set of 
eight pathogens listed in Table 1. Results from the tests 
were recorded in a survey form and linked to the house-
hold ID. The field worker also recorded whether the stool 
was diarrhoea or not.

Data and analysis
Sensitivity and specificity
As stated, we planned to account for the uncertainty due 
to the performance of the diagnostic tests in our statis-
tical analysis. Table  1 provides estimates of test perfor-
mance in terms of the sensitivity and specificity for each 
test based on values reported in the literature. All of the 
tests had high reported sensitivity, however specificity 
was more variable.

Covariates
We included two spatially-referenced covariates in our 
statistical model. First, we used the density of structures 
on the map (Fig. 1) as a proxy for population density. Sec-
ond, we used the estimated level of water chlorination 
in parts per million (ppm). From each surveyed house-
hold’s water sample we tested the chlorine levels, these 
data were then smoothed over the area for each survey 
round using kernel density smoothing. Figure  2 shows 
the covariates within the boundary of the camp.

Inclusion of covariates can improve predictions and 
reduce uncertainty [3, 23]. We note that the parameters 
in geospatial statistical models may be biased and diffi-
cult to interpret [24, 25], and so we do not aim to provide 
inference on the “effects” of either of the included covari-
ates beyond their relative comparisons of their magni-
tudes in predicting the outcome.

Statistical model
A technical description of the methods is provided in the 
Supplementary Information. In brief, we specified a bino-
mial geospatial statistical model. For a location s in our 
area of interest at time t = 1,2 we observe the outcome of 
the test for person i = 1, . . . ,N  as y(si, t) where:

For each location and time we define the linear 
predictor:

where x(s, t) are the spatially and temporally referenced 
covariates (Fig. 2) and Z(s, t) is a smooth latent process 
over the area of interest, which we describe below. If we 
ignore the diagnostic performance of the tests then the 
model would have p(si, t) = h−1(µ (si, t)) where h−1(.) is 
the inverse-logit function. We refer to this as the “uncor-
rected model”.

To take into account the sensitivity and specificity, the 
probability in the model should reflect the probability of 
testing positive, rather than the probability of having the 
disease. The test positive probability is:

where Sens is the sensitivity and Spec is the specificity. 
We refer to this as the “corrected model”.

Prior distributions
The standard geospatial statistical model formula-
tion specifies a Gaussian process prior for the term 

y(si, t) ∼ Bernoulli(p(si, t))

µ (si, t) = x(si, t)β + Z(si, t)

p(si, t) = (1− Spec)+ (Sens + Spec − 1) ∗ h−1(µ (si, t))

Table 1  Summary of used rapid diagnostic tests and their reported sensitivity and specificity in the literature

Pathogen Reported sensitivity 
range (%)

Prior Reported specificity 
range  (%)

Prior References

E. coli O157 80–98 Beta(18,2) 95–100 Beta(98,2) [6]

Cryptosporidium 50–100 Beta(15,5) 90–100 Beta(95,5) [7, 15]

Giardia 50–95 Beta(15,5) 90–100 Beta(95,5) [7, 15]

Shigella 80–95 Beta(18,2) 95–100 Beta(98,2) [16]

Campylobacter 80–90 Beta(17,3) 95–100 Beta(98,2) [17, 18]

Rotavirus 75–100 Beta(17,3) 98–100 Beta(99,1) [4, 5]

Norovirus 90–100 Beta(19,1) 99–100 Beta(99,1) [5, 19]

Adenovirus 90–100 Beta(19,1) 98–100 Beta(99,1) [20–22]
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Z(s, t) . We use an accurate approximation to a Gauss-
ian process prior to improve computational time and 
stability, given the number and complexity of mod-
els, with an exponential covariance function [26, 
27]. We use an auto-regressive specification with a 

single autoregressive parameter ρ to allow for temporal 
correlation.

For the model parameters we specify weakly informa-
tive prior distributions, which provide a degree of regu-
larisation and computational stability by limiting the 

Fig. 2  Spatially-referenced covariates in Camp 24: building density (top) and spatially-smoothed levels of chlorine in the drinking water supply 
in both survey rounds (bottom)
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parameters to a plausible range while not being informa-
tive within this range.

For the sensitivity and specificity we reviewed previ-
ous studies on the performance of RDTs for the different 
pathogens and specified Beta prior distributions on this 
basis. The distributions we used are reported in Table 1.

Results
Prevalence of enteric pathogens
In total we surveyed and collected stools from 396 infants 
in round 1 and 181 infants in round 2. Table 2 reports the 
estimated camp-wide prevalence of the different patho-
gens. Across both rounds, 62% of infants tested posi-
tive for at least one pathogen, with 34% testing positive 
for two or more. The most common pathogens in both 
rounds were Campylobacter, Giardia, and Cryptosporid-
ium, all with prevalence over 10% in both rounds of the 
study. Table 3 reports the proportion of those who tested 
positive who reported an episode of diarrhoea in the pre-
ceding 24 h. In all cases only a small minority of test posi-
tives had had diarrhoea.

Geospatial mapping
Figures 3, 4 and 5 show the geospatial model outputs for 
Campylobacter, Giardia, and Adenovirus, respectively 
(all other outputs are shown in the Supplementary Infor-
mation). For Campylobacter (Fig. 3) there is evidence of 
raised prevalence in the North–West of the camp where 
the settlement density and water chlorination is high-
est, with predicted prevalence 10% points higher than 
other areas of the camp. The probability that preva-
lence was above 25% was 60% and 70% in rounds 1 and 
2, respectively. For Giardia (Fig.  4), there was evidence 
of clustering of cases in different locations unexplained 
by observed covariates, particularly in round 2. There 

was a high probability that the prevalence of Adenovirus 
(Fig. 5) was lower in the chlorinated areas.

Table  4 reports the model parameters: chlorine was 
highly predictive of lower prevalence of for all the viruses 
and Shigella. Comparing all the pathogens tested, all 
three viruses and Shigella displayed a high probability 
of reduced prevalence in the area with higher levels of 
water chlorination. The opposite relationship was pre-
dicted for E. coli, Campylobacter, and to a lesser extent 
Cryptosporidium.

Model outputs from uncorrected models were quali-
tatively similar to the corrected model. The uncorrected 
models suggested higher certainty around the presence of 
high prevalence areas than the uncorrected models. For 
example, in round 2 for Giardia, the clustering appears 
more certain with lower probability of high prevalence in 
the area around the high prevalence area. Similarly, the 
credible intervals of the parameters were narrower in the 
uncorrected models (Table 4).

Table 2  Estimated prevalence of the pathogens from an uncorrected estimator and an estimator corrected for the sensitivity and 
specificity of the RDTs

Pathogen Round

1 (Jan-Mar 2021) 2 (Sep-Oct 2021)

Uncorrected Corrected Uncorrected Corrected

E. coli  O157 1.7 (0.8, 2.9) 1.1 (0.1, 2.6) 2.7 (1.1, 4.9) 1.9 (0.2, 4.5)

Cryptosporidium 14.8 (11.9, 17.8) 14.1 (9.4, 18.6) 14.2 (10.2, 18.5) 13.0 (7.9, 18.4)

Giardia 19.4 (16.1, 22.7) 18.6 (10.8, 26.4) 26.8 (21.7, 32.2) 27.4 (18.3, 37.8)

Shigella 5.5 (3.8, 7.5) 5.3 (2.4, 8.3) 2.2 (0.8, 4.3) 1.8 (0.2, 4.3)

Campylobacter 22.1 (18.7, 25.6) 22.3 (14.9, 30.4) 20.7 (15.9, 25.4) 19.7 (11.2, 28.8)

Rotavirus 3.0 (1.8, 4.5) 2.3 (0.4, 4.2) 1.6 (0.4, 3.4) 1.2 (0.1, 3.1)

Norovirus 1.3 (0.5, 2.3) 0.9 (0.1, 2.0) 0.5 (0.0, 1.6) 0.5 (0.0, 1.6)

Adenovirus 1.2 (0.5, 2.3) 0.9 (0.1, 2.0) 0.5 (0.0, 1.7) 0.6 (0.0, 1.7)

Table 3  Proportion of those who test positive for each 
pathogen whose stool was diarrhoea

Pathogen Round 1 Round 2

Test 
positive, 
n

Reporting 
diarrhoea 
(%)

Test 
positive, 
n

Reporting 
diarrhoea 
(%)

E. coli  O157 6 0 4 25

Cryptosporidium 58 0 25 4

Giardia 76 0 48 6

Shigella 21 5 3 0

Campylobacter 87 3 37 8

Rotavirus 11 0 2 0

Norovirus 4 25 0 0

Adenovirus 16 6 6 0
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Fig. 3  Campylobacter  (corrected). From left to right, from top row to bottom row: log odds ratio describing the latent risk in round 1, predicted 
prevalence in round 1, log odds ratio in round 2, predicted prevalence in round 2, the probability the odds ratio exceeded 1.5 in round 1, 
the probability the prevalence exceeded 8% in round 1, and the bottom row is the respective probabilities for round 2
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Fig. 4  Giardia (corrected). From left to right, from top row to bottom row: log odds ratio describing the latent risk in round 1, predicted prevalence 
in round 1, log odds ratio in round 2, predicted prevalence in round 2, the probability the odds ratio exceeded 1.5 in round 1, the probability 
the prevalence exceeded 30% in round 1, and the bottom row is the respective probabilities for round 2
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Fig. 5  Adenovirus (corrected). From left to right, from top row to bottom row: log odds ratio describing the latent risk in round 1, predicted 
prevalence in round 1, log odds ratio in round 2, predicted prevalence in round 2, the probability the odds ratio exceeded 1.5 in round 1, 
the probability the prevalence exceeded 2% in round 1, and the bottom row is the respective probabilities for round 2
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Discussion
Use of RDTs
We used RDTs to survey and map the prevalence of eight 
enteric pathogens in a FDRPM camp in Bangladesh. 
The motivation for using RDTs is that they have a lower 
price, can expedite results, can be used in the field with 
relatively little training, and obviate the need to transport 
samples. In previous work in Cox’s Bazar, we collected 
stool samples in the same manner, but then froze them 
and shipped them to a laboratory in Dhaka where we 
then used an appropriate lab-based methods to identify 
pathogens [28]. We estimated the cost per sample was at 
least 80% lower with the RDTs than in our earlier study. 
The field workers in the current study were recruited 
locally and provided with training and the appropriate 
materials, which further provided a useful link between 
the research and the population. Thus, in terms of feasi-
bility, the RDTs were successful.

Correction and effects
The epistemic cost of using RDTs to collect epidemio-
logical outcomes is the large increase in classification 
error owing to the imperfect sensitivity and specificity. 
Our statistical approach incorporated terms for these 

parameters to allow for the additional uncertainty follow-
ing previous work in this area [8, 9]. Our results showed 
that ignoring the error would result in overconfidence 
and bias in the results, both in terms of the crude preva-
lence and its spatial and temporal distribution. However, 
meaningful and interpretable results could be obtained 
from our corrected models. A key weakness of this study 
is that we did not have a Gold standard, from which we 
could estimate the “true” spatial distribution of cases and 
compare to our results. However, the cost to obtain suf-
ficient samples to estimate these geospatial models was 
prohibitive. We aimed to use all available evidence on the 
sensitivity and specificity of the tests to inform our priors 
for the parameters in the model.

Prevalence of pathogens and distribution
Our overall prevalence estimates were highly compara-
ble to our previous study in this camp where PCR-based 
methods were used [28]. Our results suggest that recent 
efforts in the camp to chlorinate the water were success-
ful in reducing the prevalence of particularly viruses. 
However, E.coli, Campylobacter, and Cryptosporidium 
were predicted to have higher prevalence in the high den-
sity region of the camp. Two mechanisms might explain 

Table 4  Posterior mean and 95% credible interval of model a parameters from both the uncorrected and corrected models

Parameter Pathogen

 E. coli O157  Cryptosporidium  Giardia  Shigella  Campylobacter  Rotavirus  Norovirus  Adenovirus 

Uncorrected 

 Intercept − 4.62 (− 6.39, 
− 3.15)

− 1.59 (− 2.28, − 0.89) − 1.39 (− 2.15, 
− 0.56)

− 3.78 (− 5.06, 
− 2.56)

− 1.48 (− 2.18, 
− 0.71)

− 4.03 (− 5.58, 
− 2.61)

− 6.80 (− 9.80, 
− 4.18)

− 2.85 (− 3.92, 
− 1.83)

 Population 
density 

0.04 (− 0.45, 
0.60)

− 0.20 (− 0.40, 0.00) − 0.04 (− 0.23, 
0.15)

0.42 (0.03, 0.82) 0.03 (− 0.16, 0.21) 0.14 (− 0.33, 
0.65)

0.69 (− 0.15, 
1.60)

− 0.05 (− 0.37, 
0.30)

 Chlorine 0.23 (− 0.41, 
0.85)

0.24 (− 0.06, 0.54) 0.24 (− 0.17, 
0.66)

− 0.61 (− 1.11, 
− 0.11)

0.06 (− 0.29, 0.36) − 0.22 (− 0.83, 
0.37)

− 0.46 (− 1.38, 
0.45)

− 0.28 (− 0.75, 
0.16)

 Length scale 1.58 (0.12, 3.72) 1.72 (0.17, 3.68) 0.81 (0.07, 2.68) 1.36 (0.08, 3.38) 1.48 (0.16, 3.68) 1.68 (0.20, 3.63) 1.50 (0.10, 3.59) 1.58 (0.09, 3.74)

 Autoregres-
sive param-
eter 

0.03 (− 0.87, 
0.88)

0.02 (− 0.87, 0.86) 0.10 (− 0.80, 
0.89)

− 0.05 (− 0.88, 
0.85)

0.10 (− 0.82, 0.90) − 0.01 (− 0.86, 
0.85)

0.03 (− 0.85, 
0.89)

0.06 (− 0.82, 
0.89)

Corrected 

 Intercept − 6.66 (− 11.40, 
− 3.38)

− 1.63 (− 2.54, − 0.77) − 1.49 (− 2.91, 
− 0.20)

− 4.70 (− 7.77, 
− 2.55)

− 1.68 (− 2.88, 
− 0.40)

− 6.17 (− 10.92, 
− 2.96)

− 7.48 (− 11.94, 
− 3.94)

− 5.52 (− 11.08, 
− 1.94)

 Population 
density 

− 0.55 (− 1.99, 
0.83)

− 0.23 (− 0.49, 0.00) − 0.04 (− 0.34, 
0.24)

0.58 (− 0.11, 
1.41)

0.07 (− 0.22, 0.36) − 0.24 (− 1.61, 
0.85)

− 0.17 (− 1.75, 
1.16)

− 0.42 (− 1.68, 
0.68)

 Chlorine 0.01 (− 1.64, 
1.61)

0.27 (− 0.11, 0.66) 0.34 (− 0.21, 
0.94)

− 0.88 (− 1.92, 
− 0.05)

0.09 (− 0.33, 0.51) − 0.39 (− 1.79, 
1.00)

− 0.41 (− 1.85, 
0.97)

− 0.47 (− 1.76, 
0.92)

 Length scale 1.53 (0.12, 3.65) 1.66 (0.12, 3.64) 0.82 (0.10, 2.65) 1.47 (0.10, 3.58) 1.42 (0.15, 3.65) 1.53 (0.11, 3.61) 1.45 (0.09, 3.57) 1.45 (0.06, 3.50)

 Autoregres-
sive param-
eter 

0.00 (− 0.88, 
0.86)

0.04 (− 0.83, 0.89) 0.03 (− 0.83, 
0.87)

− 0.04 (− 0.89, 
0.86)

0.09 (− 0.85, 0.92) 0.00 (− 0.87, 
0.89)

− 0.01 (− 0.88, 
0.86)

− 0.01 (− 0.85, 
0.86)

 Sensitivity 0.85 (0.70, 0.96) 0.90 (0.76, 0.98) 0.74
(0.56, 0.88)

0.85 (0.69, 0.96) 0.73 (0.55, 0.88) 0.95 (0.85, 1.00) 0.95 (0.86, 1.00) 0.90 (0.78, 0.98)

 Specificity 0.98 (0.97, 0.99) 0.98 (0.94, 1.00) 0.94 (0.89, 0.98) 0.99 (0.97, 1.00) 0.94 (0.88, 0.98) 0.98 (0.97, 1.00) 0.99 (0.99, 1.00) 0.97 (0.95, 0.99)
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these observations. First, transmission may be linked 
to food or environmental contamination, facilitated by 
higher population densities, rather than water. Second, 
they may be resistant to lower levels of chlorination. 
Cryptosporidium is known to be highly chlorine tolerant 
[29, 30]. One recent study suggested that Campylobacter 
isolates can survive or be revived from exposure to rela-
tively high concentrations of chlorine [31], and similar 
observations have been made for various strains of E.coli 
[32, 33]. Our highest recorded value for chlorine was 3 
ppm.

Limitations
There were other limitations to our study. Our fieldwork 
was significantly affected by COVID-19. We aimed to 
conduct a survey at the heights of both the wet and dry 
seasons, as the prevalence of viruses and bacteria vary 
[28]. However, this was not possible and the two rounds 
of our survey took place in relatively similar climates. 
We also aimed to follow up with the same households 
in rounds 1 and 2 to consider intra-person comparisons 
and facilitate sampling in round 2. However, many of the 
infants could not be re-located in round 2 due to signifi-
cant movement of people within and between camps due 
to on-going programs to relocate the FDRPMs.

Diarrhoeal disease
Our results also suggest that the carriage rate of all the 
organisms was much higher than the rate of sympto-
matic diarrhoeal illness. The vast majority of test positive 
stools were not liquid or watery. Many studies evaluat-
ing WASH interventions have used self-reported diar-
rhoea as an outcome. In previous work, we have shown 
how diarrhoea is poorly associated with enteric infection, 
irrespective of how diarrhoea is measured [28]. We argue 
that diarrhoea itself can be seen as an imperfect test of 
enteric infection, albeit with much poorer diagnostic per-
formance than the RDTs we used in this study. The diag-
nostic error associated with diarrhoea is unknown and is 
likely to vary from place to place, meaning an appropriate 
correction cannot be made, leading to bias in estimators 
of prevalence and hence the effectiveness of interven-
tions using these measures. One of the arguments for 
using self-reported diarrhoea is that it is cheap to collect, 
meaning large samples can be obtained, and it does not 
require access to expensive specialist labs, equipment, 
and personnel, which are often not available in resource-
poor contexts. In this study, we have demonstrated that 
RDTs can provide a useful middle-ground, facilitating the 
collection of data on the prevalence of enteric pathogens 
while being low cost and possible to use in difficult or 
isolated environments.

Acknowledgements
Not applicable.

Author contributions
SIW conceived the idea for the study with support from MSI and RTTR. SIW, 
MSI, RTTR, and RJL designed the study, which was led in Cox’s Bazar by MSI, 
AKB, MAA, ASGF and BA. SIW conducted the data analysis and produced 
the first draft of the manuscript. All authors reviewed, revised, and approved 
subsequent versions of the manuscript.

Funding
The project was supported by a grant from the GCRF Accelerator fund at 
the University of Warwick. SIW was also supported in part by MRC grant MR/
V038591/1. RJL was supported in part by NIHR ARC West Midlands.

Availability of data and materials
Given that the data contain precise location information on study participants, 
we have not made these data freely available, but we will provide the data 
and code to reproduce the analyses upon reasonable request.

Declarations

Ethics approval and consent to participate
Ethics approvals were granted by the Biomedical Science Research Ethics 
Committee at the University of Warwick, Coventry, UK and the Research Ethics 
Committee at the International Centre for Diarrhoeal Disease Research, Bang-
ladesh, Dhaka, Bangladesh.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 13 April 2022   Accepted: 5 September 2024

References
	1.	 Ratnayake R, Finger F, Azman AS, Lantagne D, Funk S, Edmunds WJ, et al. 

Highly targeted spatiotemporal interventions against cholera epidemics, 
2000–19: a scoping review. Lancet Infect Dis. 2020. https://​doi.​org/​10.​
1016/​S1473-​3099(20)​30479-5.

	2.	 Watson SI, Diggle PJ, Chipeta MG, Lilford RJ. Spatiotemporal analysis of 
the first wave of COVID-19 hospitalisations in Birmingham, UK. BMJ Open. 
2021;11:e050574. https://​doi.​org/​10.​1136/​bmjop​en-​2021-​050574.

	3.	 Diggle P, Morris S, Elliott P, Shaddick G. Regression modelling of disease 
risk in relation to Point sources. J R Stat Soc Ser Stat Soc. 1997;160(Part 
3):491–505.

	4.	 Kaplon J, Fremy C, Pillet S, Mendes Martins L, Ambert-Balay K, Aho SL, 
et al. Diagnostic accuracy of seven commercial assays for rapid detection 
of group A rotavirus antigens. J Clin Microbiol. 2015;53:3670–3. https://​
doi.​org/​10.​1128/​JCM.​01984-​15.

	5.	 Khamrin P, Tran DN, Chan-it W, Thongprachum A, Okitsu S, Maneekarn N, 
et al. Comparison of the rapid methods for screening of group A rotavirus 
in stool samples. J Trop Pediatr. 2011;57:375–7. https://​doi.​org/​10.​1093/​
tropej/​fmq101.

	6.	 Mackenzie AM, Lebel P, Orrbine E, Rowe PC, Hyde L, Chan F, et al. Sensi-
tivities and specificities of premier E. coli O157 and premier EHEC enzyme 
immunoassays for diagnosis of infection with verotxin (Shiga-like toxin)-
producing Escherichia coli. The SYNSORB Pk Study investigators. J Clin 
Microbiol. 1998;36:1608–11. https://​doi.​org/​10.​1128/​JCM.​36.6.​1608-​1611.​
1998.

	7.	 Bitilinyu-Bangoh J, Voskuijl W, Thitiri J, Menting S, Verhaar N, Mwalekwa 
L, et al. Performance of three rapid diagnostic tests for the detection of 
Cryptosporidium spp. and Giardia Duodenalis in children with severe 
acute malnutrition and diarrhoea. Infect Dis Poverty. 2019;8:96. https://​
doi.​org/​10.​1186/​s40249-​019-​0609-6.

https://doi.org/10.1016/S1473-3099(20)30479-5
https://doi.org/10.1016/S1473-3099(20)30479-5
https://doi.org/10.1136/bmjopen-2021-050574
https://doi.org/10.1128/JCM.01984-15
https://doi.org/10.1128/JCM.01984-15
https://doi.org/10.1093/tropej/fmq101
https://doi.org/10.1093/tropej/fmq101
https://doi.org/10.1128/JCM.36.6.1608-1611.1998
https://doi.org/10.1128/JCM.36.6.1608-1611.1998
https://doi.org/10.1186/s40249-019-0609-6
https://doi.org/10.1186/s40249-019-0609-6


Page 12 of 12Watson et al. Conflict and Health           (2024) 18:62 

	8.	 Diggle PJ. Estimating prevalence using an imperfect test. Epidemiol Res 
Int. 2011;2011:1–5. https://​doi.​org/​10.​1155/​2011/​608719.

	9.	 Greenland S. Basic methods for sensitivity analysis of biases. Int J Epide-
miol. 1996;25:1107–16. https://​doi.​org/​10.​1093/​ije/​25.6.​1107-a.

	10.	 Neuhaus JM. Bias and efficiency loss due to misclassified responses in 
binary regression. Biometrika. 1999.

	11.	 Cumming O, Arnold BF, Ban R, Clasen T, Esteves Mills J, Freeman MC, 
et al. The implications of three major new trials for the effect of water, 
sanitation and hygiene on childhood diarrhea and stunting: a con-
sensus statement. BMC Med. 2019;17:173. https://​doi.​org/​10.​1186/​
s12916-​019-​1410-x.

	12.	 Ashraf S, Islam M, Unicomb L, Rahman M, Winch PJ, Arnold BF, et al. Effect 
of improved water quality, sanitation, hygiene and nutrition interventions 
on respiratory illness in young children in rural Bangladesh: a multi-arm 
cluster-randomized controlled trial. Am J Trop Med Hyg. 2020;102:1124–
30. https://​doi.​org/​10.​4269/​ajtmh.​19-​0769.

	13.	 Luby SP, Rahman M, Arnold BF, Unicomb L, Ashraf S, Winch PJ, et al. Effects 
of water quality, sanitation, handwashing, and nutritional interventions 
on diarrhoea and child growth in rural Bangladesh: a cluster randomised 
controlled trial. Lancet Glob Heal. 2018;6:e302–15. https://​doi.​org/​10.​
1016/​S2214-​109X(17)​30490-4.

	14.	 Null C, Stewart CP, Pickering AJ, Dentz HN, Arnold BF, Arnold CD, et al. 
Effects of water quality, sanitation, handwashing, and nutritional 
interventions on diarrhoea and child growth in rural Kenya: a cluster-
randomised controlled trial. Lancet Glob Heal. 2018;6:e316–29. https://​
doi.​org/​10.​1016/​S2214-​109X(18)​30005-6.

	15.	 Minak J, Kabir M, Mahmud I, Liu Y, Liu L, Haque R, et al. Evaluation of rapid 
antigen point-of-care tests for detection of giardia and cryptosporidium 
species in human fecal specimens. J Clin Microbiol. 2012;50:154–6. 
https://​doi.​org/​10.​1128/​JCM.​01194-​11.

	16.	 Haddar C, Begaud E, Maslin J, Germani Y. Tests de diagnostic rapide des 
shigelloses. Bull La Société Pathol Exot. 2017;110:1–8. https://​doi.​org/​10.​
1007/​s13149-​016-​0538-6.

	17.	 Fitzgerald C, Patrick M, Gonzalez A, Akin J, Polage CR, Wymore K, et al. 
Multicenter evaluation of clinical diagnostic methods for detec-
tion and isolation of Campylobacter spp. from Stool. J Clin Microbiol. 
2016;54:1209–15. https://​doi.​org/​10.​1128/​JCM.​01925-​15.

	18.	 Bessède E, Asselineau J, Perez P, Valdenaire G, Richer O, Lehours P, et al. 
Evaluation of the diagnostic accuracy of two Immunochromatographic 
tests detecting Campylobacter in stools and their role in Campylobacter 
infection diagnosis. J Clin Microbiol. 2018;56:e01567–17. https://​doi.​org/​
10.​1128/​JCM.​01567-​17.

	19.	 Kim HS, Hyun J, Kim J-S, Song W, Kang HJ, Lee KM. Evaluation of the SD 
bioline norovirus rapid immunochromatography test using fecal speci-
mens from Korean gastroenteritis patients. J Virol Methods. 2012;186:94–
8. https://​doi.​org/​10.​1016/j.​jviro​met.​2012.​08.​014.

	20.	 Sambursky R, Trattler W, Tauber S, Starr C, Friedberg M, Boland T, et al. 
Sensitivity and specificity of the AdenoPlus test for diagnosing adenoviral 
conjunctivitis. JAMA Ophthalmol. 2013;131:17. https://​doi.​org/​10.​1001/​
2013.​jamao​phtha​lmol.​513.

	21.	 Goto E. Performance evaluation of detecting adenovirus by using 
rapid diagnostic kits among Japanese people. J Infect Chemother. 
2012;18:361–9. https://​doi.​org/​10.​1007/​s10156-​011-​0346-7.

	22.	 Shimizu H, Li L, Mitamura K, Okuyama K, Hirai Y. Evaluation of immuno-
chromatography based rapid detection kit of rotavirus and adenovirus. 
J Jpn Assoc Infect Dis. 2001;75:1040–6. https://​doi.​org/​10.​11150/​kanse​
nshog​akuza​sshi1​970.​75.​1040.

	23.	 Diggle PJ, Giorgi E. Model-based geostatistics for prevalence mapping in 
low-resource settings. J Am Stat Assoc. 2016;111:1096–120. https://​doi.​
org/​10.​1080/​01621​459.​2015.​11231​58.

	24.	 Hodges JS, Reich BJ. Adding spatially-correlated errors can mess up the 
fixed effect you love. Am Stat. 2010;64:325–34. https://​doi.​org/​10.​1198/​
tast.​2010.​10052.

	25.	 Reich BJ, Hodges JS, Zadnik V. Effects of residual smoothing on the 
posterior of the fixed effects in disease-mapping models. Biometrics. 
2006;62:1197–206. https://​doi.​org/​10.​1111/j.​1541-​0420.​2006.​00617.x.

	26.	 Solin A, Särkkä S. Hilbert space methods for reduced-rank Gaussian pro-
cess regression. Stat Comput. 2020;30:419–46. https://​doi.​org/​10.​1007/​
s11222-​019-​09886-w.

	27.	 Riutort-Mayol G, Bürkner P-C, Andersen MR, Solin A, Vehtari A. Practical 
Hilbert space approximate Bayesian Gaussian processes for probabilistic 
programming. 2020. http://​arxiv.​org/​abs/​2004.​11408

	28.	 Rego R, Watson S, Alam MAU, Abdullah SA, Yunus M, Alam IT, et al. A 
comparison of traditional diarrhoea measurement methods with micro-
biological and biochemical indicators: a cross-sectional observational 
study in the Cox’s Bazar displaced persons camp. EClinicalMedicine. 
2021;42:101205. https://​doi.​org/​10.​1016/j.​eclinm.​2021.​101205.

	29.	 Shields JM, Hill VR, Arrowood MJ, Beach MJ. Inactivation of Cryptosporid-
ium parvum under chlorinated recreational water conditions. J Water 
Health. 2008;6:513–20. https://​doi.​org/​10.​2166/​wh.​2008.​068.

	30.	 Carpenter C, Fayer R, Trout J, Beach MJ. Chlorine disinfection of recrea-
tional water for Cryptosporidium parvum. Emerg Infect Dis. 1999;5:579–84. 
https://​doi.​org/​10.​3201/​eid05​04.​990425.

	31.	 Muhandiramlage GK, McWhorter AR, Chousalkar KK. Chlorine induces 
physiological and morphological changes on chicken meat campylobac-
ter isolates. Front Microbiol. 2020;11:503.

	32.	 Luo L-W, Wu Y-H, Yu T, Wang Y-H, Chen G-Q, Tong X, et al. Evaluating 
method and potential risks of chlorine-resistant bacteria (CRB): a review. 
Water Res. 2021;188:116474. https://​doi.​org/​10.​1016/j.​watres.​2020.​
116474.

	33.	 Saby S, Leroy P, Block JC. Escherichia coli resistance to chlorine and 
glutathione synthesis in response to oxygenation and starvation. Appl 
Environ Microbiol. 1999;65:5600–3. https://​doi.​org/​10.​1128/​AEM.​65.​12.​
5600-​5603.​1999.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1155/2011/608719
https://doi.org/10.1093/ije/25.6.1107-a
https://doi.org/10.1186/s12916-019-1410-x
https://doi.org/10.1186/s12916-019-1410-x
https://doi.org/10.4269/ajtmh.19-0769
https://doi.org/10.1016/S2214-109X(17)30490-4
https://doi.org/10.1016/S2214-109X(17)30490-4
https://doi.org/10.1016/S2214-109X(18)30005-6
https://doi.org/10.1016/S2214-109X(18)30005-6
https://doi.org/10.1128/JCM.01194-11
https://doi.org/10.1007/s13149-016-0538-6
https://doi.org/10.1007/s13149-016-0538-6
https://doi.org/10.1128/JCM.01925-15
https://doi.org/10.1128/JCM.01567-17
https://doi.org/10.1128/JCM.01567-17
https://doi.org/10.1016/j.jviromet.2012.08.014
https://doi.org/10.1001/2013.jamaophthalmol.513
https://doi.org/10.1001/2013.jamaophthalmol.513
https://doi.org/10.1007/s10156-011-0346-7
https://doi.org/10.11150/kansenshogakuzasshi1970.75.1040
https://doi.org/10.11150/kansenshogakuzasshi1970.75.1040
https://doi.org/10.1080/01621459.2015.1123158
https://doi.org/10.1080/01621459.2015.1123158
https://doi.org/10.1198/tast.2010.10052
https://doi.org/10.1198/tast.2010.10052
https://doi.org/10.1111/j.1541-0420.2006.00617.x
https://doi.org/10.1007/s11222-019-09886-w
https://doi.org/10.1007/s11222-019-09886-w
http://arxiv.org/abs/2004.11408
https://doi.org/10.1016/j.eclinm.2021.101205
https://doi.org/10.2166/wh.2008.068
https://doi.org/10.3201/eid0504.990425
https://doi.org/10.1016/j.watres.2020.116474
https://doi.org/10.1016/j.watres.2020.116474
https://doi.org/10.1128/AEM.65.12.5600-5603.1999
https://doi.org/10.1128/AEM.65.12.5600-5603.1999

	Low cost and real-time surveillance of enteric infection and diarrhoeal disease using rapid diagnostic tests in Cox’s Bazar, Bangladesh
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Study setting

	Sample
	Survey and stool sampling
	Household survey
	Stool testing

	Data and analysis
	Sensitivity and specificity
	Covariates

	Statistical model
	Prior distributions

	Results
	Prevalence of enteric pathogens
	Geospatial mapping

	Discussion
	Use of RDTs
	Correction and effects
	Prevalence of pathogens and distribution
	Limitations
	Diarrhoeal disease

	Acknowledgements
	References


