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Abstract 
Background: The World Health Organisation recommends prioritised 
use of recently prequalified typhoid conjugate vaccines in countries 
with the highest incidence of typhoid fever. However, representative 
typhoid surveillance data are lacking in many low-income countries 
because of the costs and challenges of diagnostic clinical 
microbiology. Environmental surveillance (ES) of Salmonella Typhi in 
sewage and wastewater using molecular methods may offer a low-
cost alternative, but its performance in comparison with clinical 
surveillance has not been assessed. 
Methods: We developed a harmonised protocol for typhoid ES and its 
implementation in communities in India and Malawi where it will be 
compared with findings from hospital-based surveillance for typhoid 
fever. The protocol includes methods for ES site selection based on 
geospatial analysis, grab and trap sample collection at sewage and 
wastewater sites, and laboratory methods for sample processing, 
concentration and quantitative polymerase chain reaction (PCR) to 
detect Salmonella Typhi. The optimal locations for ES sites based on 
digital elevation models and mapping of sewage and river networks 
are described for each community and their suitability confirmed 
through field investigation. We will compare the prevalence and 
abundance of Salmonella Typhi in ES samples collected each month 
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over a 12-month period to the incidence of blood culture confirmed 
typhoid cases recorded at referral hospitals serving the study areas. 
Conclusions: If environmental detection of Salmonella Typhi 
correlates with the incidence of typhoid fever estimated through 
clinical surveillance, typhoid ES may be a powerful and low-cost tool to 
estimate the local burden of typhoid fever and support the 
introduction of typhoid conjugate vaccines. Typhoid ES could also 
allow the impact of vaccination to be assessed and rapidly identify 
circulation of drug resistant strains.

Keywords 
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Introduction
Typhoid fever is caused by the human-restricted pathogen Sal-
monella enterica subspecies enterica serovar Typhi (S. Typhi). 
Recent estimates suggest that approximately 11 million new 
typhoid infections occur annually, resulting in approximately  
117,000 deaths1. Incidence varies geographically with >90% 
of cases in south and southeast Asia and sub-Saharan Africa, 
where access to water, sanitation and hygiene (WASH) infra-
structure is limited2,3. Typhoid is especially prevalent in urban,  
low socio-economic settings where overcrowding and unhygienic 
living conditions are common4,5. Incidence is typically lower 
in rural areas, although recent findings in rural or peri-urban 
sites describe a higher burden than previously appreciated6,7. 
Whilst increasing access to safe drinking water, improved 
sanitation and antibiotics have helped reduce the incidence 
of typhoid fever, its persistence in low-income countries and 
the emergence of antibiotic resistance, including extensively  
resistant (XDR) strains, are a major concern8,9.

The isolation of S. Typhi by culture remains the gold stand-
ard method of detecting typhoid both in clinical practice and 
for the purposes of typhoid surveillance10. However, micro-
biological culture is time-consuming and resource intensive,  
and therefore has been difficult to sustain in low-and-middle-
income countries (LMICs) where typhoid fever is endemic11. 
Consequently, the Widal test, based on seroconversion to surface 
(O) and flagellin (H) antigens, is still commonly used to diagnose  
typhoid, despite its low sensitivity and specificity12,13. Cur-
rently there are no point-of-care diagnostics that are sufficiently  
accurate to replace blood culture14.

By the end of 2020, two Typhoid Conjugate Vaccines (TCV) 
had been prequalified by the World Health Organisation 
(WHO) and recommended for use to control typhoid fever  
with their introduction prioritised in countries with the highest 
incidence of typhoid disease or a high prevalence of antimicro-
bial resistant S. Typhi15. However, limited surveillance capac-
ity means that there is a shortage of reliable country-specific 
data on the burden of typhoid fever in LMICs. Therefore,  
alternative strategies are required to better understand the 
incidence and epidemiology of typhoid fever in resource 
poor areas, to inform future TCV roll-out and its likely cost- 
effectiveness16. One alternative to blood culture based febrile  
illness surveillance is to undertake environmental surveillance 
(ES) whereby pathogens circulating in a population are moni-
tored by testing environmental samples (sewage and wastewater) 
for their presence. ES is dependent on detecting disease-caus-
ing microbiological agents shed into the environment through 
urine or faeces regardless of the clinical manifestations experi-
enced by the patient. The primary advantage of ES is its relatively  
low cost and potential for high sensitivity, given the aggregation 
of faecal material from a large population sample. As a result, 
it is capable of detecting circulation of infection in the commu-
nity irrespective of access to healthcare, including subclinical  
(i.e. “silent”) disease transmission17.

In recent years, ES has been used to support the Global Polio-
virus Eradication Initiative18,19. This has stimulated interest in 
the expanded application of ES for diverse pathogens including  

S. Typhi and more recently SARS-CoV-2 as a complemen-
tary approach to clinical and diagnostic surveillance20,21. Detec-
tion of S. Typhi in environmental samples has recently been 
used to investigate community transmission dynamics and risk  
factors for typhoid fever in Bangladesh22, Nepal23, Demo-
cratic Republic of Congo24, and Nigeria25. Retrospective analy-
sis of environmental samples following identified outbreaks of 
typhoid may provide valuable information regarding the scale  
and likely source of the infection26. Moreover, it has been pos-
tulated that prospective ES could be used to evaluate the 
impact of TCV introduction in the absence or in addition to 
blood culture surveillance and as a cost-effective approach to  
guide catch-up TCV vaccination programs27. However, the rela-
tionship between environmental detection and disease inci-
dence remains unclear as few studies have sought to conduct  
typhoid ES in communities with ongoing surveillance for  
typhoid cases.

Here we describe the protocol for a systematic approach to 
the design and implementation of typhoid ES, which will 
begin in India and Malawi in 2021. The performance of ES 
will be evaluated through comparison of the prevalence and  
quantity of S. Typhi detected in ES samples with typhoid 
fever incidence inferred from the number of culture-confirmed 
typhoid cases at local hospitals. This will indicate the utility of 
typhoid ES as an affordable tool to determine the incidence of  
typhoid fever in the community, and the need for vaccina-
tion and WASH interventions. We describe the study design for 
assessing the performance of typhoid ES; develop a protocol for 
the identification of suitable ES site locations using a remote, 
geographic information systems (GIS) based framework and  
local demographic data; outline field-based sample collec-
tion, handling, and processing protocols; describe the labora-
tory methods for direct detection of S. Typhi in ES grab and trap 
samples; and describe the statistical methods used to compare  
environmental and clinical surveillance.

Protocol
Study design
The locations for this study will be the central area of Vellore, 
India and the city of Blantyre, Malawi. Study boundaries 
are defined as those areas covered by hospital-based blood  
culture surveillance and planned healthcare utilisation surveys. In  
Vellore, this corresponds to the study area originally identified 
by the Surveillance of Enteric Fever in India (SEFI) program28 
and represents an area of 16 km2. In Blantyre, this includes 
the entire municipality, consisting of the central urban districts 
and surrounding areas, representing 214 km2. We will compare  
the prevalence and abundance of S. Typhi in ES samples 
between these study locations and within locations over time 
and space during a 12-month period. We will also assess the  
association between the prevalence and abundance of S. Typhi 
in ES samples and the incidence of culture-confirmed typhoid 
fever cases in ES site catchment populations as reported at local  
hospitals.

The estimated incidence of typhoid fever among children in 
Vellore during 2017-2020 was about twice that for Blantyre 
during a similar time period 2016-2018 (approximately  
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2% vs 1% per year of observation for children <15 years old)29. 
Pilot ES surveillance data from Vellore based on direct molecular 
detection methods using either grab samples (bag-mediated 
filtration) or trap samples (Moore swabs), detected S. Typhi 
in 14% of all samples. Similar data are not yet available from  
Blantyre. If typhoid ES is to give a reasonable indication of 
the incidence of typhoid fever, we might expect the preva-
lence of S. Typhi in ES samples in Blantyre to be about half that 
observed in Vellore (i.e., 5-7% vs 14%). To detect this difference  
in proportions with 80% power we would need to sample 
between 26 and 47 ES sites with monthly sample collection in 
each location, using a mixed-effects logistic regression model  
to allow for clustering of detection by site (the intraclass  
correlation coefficient in Vellore was 0.08 for the pilot data)30. 
We therefore decided to select 40 ES sites at each location 
and to sample every month. We will also compare the detection 
(yes/no) and abundance (genome copies) of S. Typhi at each site  
over time with the incidence of typhoid fever in the associated 
catchment populations using mixed-effects logistic and linear 
regression models, respectively. We did not conduct formal  
power calculations for these analyses because of uncertainty  
in underlying effect sizes and variance in study measurements.

ES site selection
The two study locations used for this project are not served 
by formal, centralised wastewater networks. Instead, waste 
material and sewage are deposited and transported via either 
an artificial open above-ground shallow drainage network  
(Vellore), or an urban freshwater river system that is con-
taminated directly or through emptying of the contents of pit 
latrines (Blantyre). Digital geospatially referenced datasets rep-
resenting the spatial distribution of the wastewater networks  
were used for the ES site selection process. Within a GIS-based 
framework, all wastewater confluence points (i.e., locations 
where 2 or more channels converge) present throughout the full 
extent of the 2 study areas were automatically identified and geo-
graphic coordinates were calculated and stored. Results were  
manually checked, and all duplicate or erroneous records 
were removed. The remaining locations represented the initial  
list of potential candidate ES sites for each study site.

Freely available digital elevation data (Advanced Land Observ-
ing Satellite Digital Elevation Model (DEM) 12.5 m resolution) 
was obtained for each study area from the Alaska Satellite Facil-
ity (ASF) Distributed Active Archive Center (DAAC). Using  
the standardised AGREE watershed delineation approach31,32, 
whereby the DEMs are hydrologically reconditioned using the 
geospatially referenced network shapefiles (i.e. flow enforce-
ment via stream burning), new topographic datasets were cre-
ated and used to generate geographical catchment areas for 
each candidate ES site location. Candidate ES locations that  
generated catchments which did not capture areas contained 
within the study area boundaries were removed. Of those 
retained, a duplicate set of ‘digitally clipped’ catchments were  
produced whereby the full extents were geospatially inter-
sected with the specific study area boundaries. For the Vellore 
and Blantyre study locations respectively, the WorldPop33  
and High-Resolution Settlement Layer (HRSL) datasets were 

used to estimate catchment populations and calculate popula-
tion density estimates for both the full catchments and those 
spatially clipped to the study areas. Digital land use and human 
population datasets indicated key differences in the environ-
mental composition between the two study areas. Specifically,  
Vellore consists exclusively of medium to high population den-
sity urban environments, whilst the larger Blantyre study site 
exhibits a variety of land use types, including agricultural 
lands, natural grassland and forested areas in addition to both  
peri-urban and urban areas characterised by a wide range 
of residential settings (e.g., informal, traditional and perma-
nent dwellings). To harmonise the study design and improve  
consistency and comparability between the 2 locations, we 
only retained those candidate ES sites throughout the Blan-
tyre study area that produced catchments consisting mostly  
of medium and high population density urban areas. All other  
ES sites which did not meet this requirement were deleted.

Each study area was divided into an array of equal size rec-
tangular cells (i.e. fishnet) used to generate a sampling grid. 
Due to the differences in areal extents between the two study  
areas, different size grid networks were selected to ensure 
appropriate resolution for each location: 500 m and 75 m for 
Blantyre and Vellore, respectively. The number of candidate  
ES sites per grid cell was calculated and for each sample cell 
that contained multiple potential ES locations the downstream 
site was retained whilst all others were deleted. However, if two 
or more ES sites in the same grid cell were situated on different  
river streams or drainage network channels, therefore  
generating independent catchments, then both/all were retained.

Finally, to ensure that the finalised list of ES sites for each loca-
tion represented a wide range of catchment sizes, candidate 
ES sites were stratified by catchment population estimates and  
categorised into three approximately equal size groups (ter-
ciles) representing small, medium and large catchment popula-
tions. To maximise detection sensitivity, ES sites with the great-
est population density estimates for each catchment size category 
were identified and retained as priority ES sites. Once finalised,  
the full lists of priority candidate ES sites were visited by 
field-based teams to undertake detailed site descriptions and 
assess their overall suitability for inclusion in the study based 
on accessibility, perceived quality of sampling location (e.g.,  
adequate depth and flow of wastewater) and personnel safety 
concerns. Sites that were deemed unsuitable where removed. 
Of the suitable locations, a total of 40 sites for each study 
area were confirmed as the project ES sites. Where available,  
previously obtained data during initial pilot studies were used 
to help guide the decision-making process. During this itera-
tive review, it was considered important to retain broad spa-
tial coverage throughout both study areas and maintain a wide 
distribution of catchment sizes as determined by population  
estimates.

ES sample collection
Following the recommendations of the BMGF Typhoid Envi-
ronmental Surveillance Expert Advisory Committee (EAC),  
wastewater/sewage samples will be collected using two separate 
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collection procedures: trap sampling using Moore swabs 
(i.e., gauze pad) and grab samples with membrane filtration. 
Moore swabs made of hospital gauze will be prepared follow-
ing the protocol described by Sikorski and Levine34. Briefly,  
swabs will be constructed using lengths of cotton gauze 6” 
by 48” and folded lengthwise eight times to form an 8-ply 
square approx. 6”x 6”. Next, a length of twine/fishing line  
will be firmly tied around the centre of the swab. At field ES 
sites, swabs will be fixed in place using the twine/fishing line 
tied to a fixed object or stone and suspended in flowing waste-
water or sewage for 48-72 hours. Upon retrieval, Moore swabs,  
including their attachment line, will be placed in containers 
containing 450 ml of Universal Pre-Enrichment (UPE) broth 
(BD Difco, Fisher Scientific)35. For the grab samples, waste-
water/sewage samples will be collected using standard sample  
collection equipment (e.g., bucket and rope, long handled 
dipper or similar) used to fill a 1 litre container. Once col-
lected, all sample containers (Moore swab and grab samples)  
will be disinfected externally and placed in an ice box for 
immediate return to the laboratory within fourfour hours of 
retrieval. Sample containers will be labelled with sample ID, 
date, sample type (e.g., sewage or wastewater) and initials of  
personnel collecting the sample. All other sampling equip-
ment will be wiped down with disinfectant. Suitable per-
sonal protection equipment (PPE) (including gloves, lab coat,  
glasses, and face mask) will be donned upon arrival at the 
sampling site and GPS coordinates will be recorded using 
handheld GPS device. For each ES site visit, wastewater  
physicochemical properties will also be measured (includ-
ing temperature, pH, oxidative reduction potential (ORP), dis-
solved oxygen, total suspended solids (TDS), salinity and tur-
bidity) using the Aquaprobe AP-2000 water monitoring probe  
following a published protocol17. Briefly, in the first instance, 
the probe will undergo daily rapid calibration before visit-
ing the ES sites. Upon arrival at the ES site, and following gen-
eral health and safety protocols, the probe will be deployed  
into the river or sewage network according to manufactur-
er’s guidance, and observations will be automatically recorded 
and stored locally on the device for later retrieval. At least 2  
recordings will be taken during each site visit and the aver-
age of these values will be used for future statistical analysis. 
Finally, water monitoring probes will undergo quarterly (i.e.,  
every 3 months) full calibration as per manufacturers instruc-
tion. At the first visit field staff will also collect information 
on local infrastructure and ES site characteristics using an  
electronic questionnaire.

Blood culture surveillance
Information on the number, age, and place of residence for 
blood culture confirmed typhoid cases recorded at hospitals 
serving the study communities during the study period will 
be extracted from hospital electronic records. In Vellore, the  
Christian Medical College (CMC) hospital, a 1,721-bed tertiary 
care centre, and its two satellite facilities, the Low-Cost Effec-
tive Care Unit and the Community Health and Development  
(CHAD) hospital, serve the study area along with the govern-
ment-run Pentland Hospital. According to routine standard of 
care, age-appropriate blood volumes will be obtained from  

those hospitalised with an acute febrile illness and culture 
for S. Typhi done using the automated BacT/ALERT system  
(bioMérieux, France) at the CMC Vellore microbiology  
department.

In Blantyre, the Queen Elizabeth Central Hospital (QECH) 
serves the study area and surrounding districts. Following routine 
standard of care, blood will be sampled from paediatric patients  
presenting with non-specific febrile illness, who test negative 
for malaria, are severely ill with suspected sepsis, or fail ini-
tial malaria treatment and remain febrile, and from all febrile 
adult patients admitted. Age-appropriate blood volumes will be  
obtained and culture for S. Typhi done using the automated  
BacT/ALERT system (bioMérieux, France).

Bottles that flag as positive after incubation will have Gram 
stain done and Gram-negative bacilli will be identified using 
API biochemical testing (bioMérieux, France). Salmonellae,  
including S. Typhi will be typed using agglutination with  
serotype-specific antisera according to the White-Kauffman-Le  
Minor scheme36.

ES laboratory methods
On arrival at the laboratory, Moore swabs will be incubated 
at 37°C for 24 hours in the containers of UPE to enrich bacte-
ria trapped in the swab. 40 ml will be filtered in two aliquots 
of 20 ml under a vacuum and the filter discs cut into strips and  
stored at -20°C until DNA extraction. Grab samples for mem-
brane filtration will be pre-filtered using a coffee filter, then fil-
tered under a vacuum using up to five filter discs (0.45 µm) which 
will then be eluted using 10 ml Ringer’s lactate solution. 1 ml  
of the Ringers lactate solution will then be centrifuged, and 
the resulting pellet stored at -20°C until DNA extraction. 
These methods have shown to work adequately for processing  
Moore swabs and grab samples and for downstream detection of 
S. Typhi35.

DNA extraction will be carried out using the QIAamp PowerFecal 
Pro kit (Qiagen) following the manufacturer’s protocol, eluted 
into 50 µl, and stored at -20°C. A commercially available  
spike-in control will be used to assess success of DNA extrac-
tion and polymerase chain reaction (PCR) inhibition (qPCR 
DNA Extraction and Inhibition Control, Eurogentec). The quan-
titative (q)PCR targets three genes in the S. Typhi genome: 
staG, ttr, and tviB. Of these, staG and tviB in combination have  
been shown to detect S. Typhi37,38, whilst ttr should give a posi-
tive result for all Salmonella species37. Primers and probes tar-
geting HF183, a frequently used marker gene derived from 
Bacteroides 16S rRNA, have been selected for use as a posi-
tive control to detect human faecal contamination of the  
samples39. Primer and probe sequences to be used in this study are 
detailed in Table 1.

Reactions can be carried out in a multiplex or as single reactions 
and will be carried out in a final volume of 25 µl using Takyon 
Low ROX Probe 2x MasterMix (Eurogentec). Primers and 
probes will be included at a final concentration of 0.5µM and  
0.1µM respectively for tviB, staG and HF183, and ttr  
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primers and probe at 0.25µM and 0.5µM. Cycling conditions for 
all qPCR reactions will be as follows: 50°C for 2 minutes then  
95°C for 15 minutes followed by 40 cycles of 95°C for 30s, 60°C 
for 30s and 72°C for 30s. In Vellore, qPCR will be performed 
on a Quantstudio 7 Flex or 12K Flex (Applied Biosystems) 
depending on availability. In Blantyre, qPCR will be performed 
on a Quantstudio 7 Flex (Applied Biosystems). The Ct  
values for each gene target will be assessed to decide whether 
a sample is positive for S. Typhi. A standard curve for each tar-
get will be produced by running a qPCR on a dilution series 
of gBlocks Gene Fragment DNA standards (IDT) in water;  
this will also allow determination of Ct cut-off values for deter-
mining a positive result. Samples that are positive for all three 
gene targets will be considered positive for S. Typhi, and further 
characterised through next-generation sequencing (most likely  
amplicon-based sequencing using nanopore sequencing).

Statistical analysis
ES samples will be defined as positive for S. Typhi if all three 
gene targets are positive by qPCR. If ttr is positive and only 
one of tviB or staG is positive in the multiplex, the sample  
will be repeated using a singleplex reaction for the negative 
target. If after singleplex repeats all three are positive, then  
the sample will be considered positive. In the primary analy-
sis, we will compare the prevalence of S. Typhi positive ES 
samples between Vellore and Blantyre using a mixed-effects 
logistic regression model with a random effect on the intercept  
by ES site to allow for repeated measures. In addition, in 
each location, mixed-effects logistic regression and bino-
mial regression will be used to investigate the association of  
S. Typhi detection with the number of blood culture confirmed 

hospitalised typhoid cases reported among residents within 
the catchment area. ES site characteristics and other factors 
that may affect S. Typhi detection will also be analysed in these 
regression models, including the physicochemical properties of  
the wastewater/sewage, local infrastructure, climate variables, 
catchment population size and characteristics. All data analy-
sis will be carried out in R Studio (version 2022.07.01) utilising  
the R statistical language version 4.2.

In exploratory analyses, we will attempt to correct age-specific 
clinical case data for the probability that a typhoid case seeks 
care at one of the participating hospitals, the proportion of  
suspected typhoid fever cases that receive a culture and the 
sensitivity of blood culture given the volumes collected, 
following the approach described in29. The age-specific  
probability of seeking health care will be based on health-
care utilisation surveys that ask parents/caregivers about actual 
or hypothetical use of healthcare facilities for febrile illness 
episodes for children aged 0-4, 5-14 and 15+ years. These  
surveys are ongoing in each location through independent 
research activities and those taking place most proximal to 
the study period will be selected for analysis. Individual risk  
factors for typhoid given a febrile illness episode will be used 
to estimate the probability of healthcare seeking for febrile  
typhoid cases specifically.

We will also conduct exploratory analyses of the spatial  
distribution of S. Typhi detection, looking for hotspots for  
transmission and their association with local population  
characteristics. All geospatial and geostatistical analysis will be 
carried out in ArcMap v10.7.

Table 1. Sequences for the primers and probes to be used in this study. Fluorescent dyes and 
quenchers on the probes are in bold.

Target Primer/probe name Sequence (5’-3’) Reference

staG

staG_F CGC GAA GTC AGA GTC GAC ATA G

39staG_R AAG ACC TCA ACG CCG ATC AC

staG_P [TAMRA]-CA TTT GTT CTG GAG CAG GCT GAC GG-[BHQ2]

tviB

tviB_F TGT GGT AAA GGA ACT CGG TAA A

38tviB_R GAC TTC CGA TAC CGG GAT AAT G

tviB_P [JOE]-TG GAT GCC GAA GAG GTA AGA CGA GA-[BHQ1]

ttr

ttr_F CTC ACC AGG AGA TTA CAA CAT GG

38ttr_R AGC TCA GAC CAA AAG TGA CCA TC

ttr_P [FAM]-CA CCG ACG GCG AGA CCG ACT TT-[BHQ1]

HF183

HF183_F ATC ATG AGT TCA CAT GTC CG

40HF183_R CTT CCT CTC AGA ACC CCT ATC C

HF183_P [FAM]-CT AAT GGA ACG CAT CCC-[BHQ1]
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Ethics
Ethical approval for the collection and testing of ES sam-
ples in India was obtained from the Christian Medical Col-
lege Institutional Review Board (CMC IRB Min No. 11170). In  
Malawi a waiver for full ethical review was given based on 
the sample collection being environmental rather than directly 
from humans (COMREC P.07/20/3089). Similarly, an ethi-
cal waiver for ES sample collection was given by the Joint  
Research Compliance Office at Imperial College London. 
Local ethical approval for the healthcare utilisation surveys 
was granted prior to this study in both India, from the CMC 
IRB (Min No. 13489), and Malawi from the College of Medical  
Research Committee (COMREC, Blantyre, Malawi - P.08/14/ 
1617) and the Liverpool School of Topical Medicine Research  
Ethics Committee (LSTM 14.042).

Initial results
Site selection
The geographic distribution of both candidate and field-based 
confirmed ES sites for the Blantyre and Vellore study areas 
is shown in Figure 1A and Figure 1B, respectively, and sum-
mary statistics for both the full and spatially intersected  
catchments are presented in Table 2. For Blantyre, an ini-
tial list of 93 unique priority candidate locations were identi-
fied using the GIS-based site selection approach. Candidate ES 
sites were relatively well distributed throughout the study area; 
however, the majority were located throughout the northern  
and eastern quarters of Blantyre, consistent with the distri-
bution of densely populated areas served by the Mudi and 
Lukhubula rivers which drain to the southwest and northwest,  
respectively. Hydrological modelling indicates that catchments 
for candidate ES site ranged from approx. 0.1 km2 to 21.2 km2 

(mean: 5.1 km2). Moreover, catchment population estimates var-
ied between approx. 400 to over 107,000, stratified into three 
equal number groups (terciles; n31): small <9,000; medium  
9,000 – 35,000; and large >35,000. Mean population density 
for all 93 catchments was 8,161 inhabitants/km2 (range: 3,550 
– 30,268 inhabitants/km2), remaining relatively consistent 
between the population stratified groups with estimates of 9,086  
inhabitants/km2, 8,056 inhabitants/km2 and 7,340 inhabitants/km2 
for the small, medium and large population terciles, respec-
tively. Most of the ES sites catchments overlapped with the 
study area, such that the mean extent and population of the full  
catchments and those clipped to the study area were similar.

For Vellore, a total of 98 candidate ES site locations were ini-
tially identified. The bulk of the sites were located within 
the study boundary and spatially consistent with those areas  
better served by the artificial open drainage sewer network. 
Overall, the mean area for the full unprocessed catchments  
was 22.5 km2, however, this masks significant variability 
and a highly skewed distribution of catchment sizes ranging 
from <1 km2 to 175 km2 (median 0.81 km2) with many catch-
ments extending well beyond the study boundary. Similarly,  
catchment population estimates varied considerably from <50 
to over 280,000. Using the tercile stratification, small medium 
and large class catchments were based on approximate popu-
lation thresholds of <1,300, 1,300 – 22,000 and >22,000,  
respectively. Catchment extent and population metrics were 
significantly altered when using the processed catchments 
that spatially intersected with the study boundary. Using these 
data, the maximum catchment size was 15.6 km2 (approx. 
94% of the study area), representing an estimated population  
of approximately 111,750. Moreover, mean population  

Figure 1. Geographic distribution of ES sites for Blantyre, Malawi (A) and Vellore, India (B). Candidate and confirmed ES sites are shown 
as grey and red dots, respectively. Blue lines represent the spatial distribution of waste water networks. Maps were plotted using QGIS 
3.10 using base map tiles sourced from CartoDB (using data by OpenStreetMap made available under the Creative Commons Attribution  
(CC BY) 4.0 license).
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density estimates using the cropped catchment extents remained 
relatively consistent, ranging from 6,863 inhabitants/km2 to 
5,534 inhabitants/km2 for small and large category catchments,  
respectively. These refinements were not required for Blantyre  
as the entire urban area was selected as described above.

Candidate ES site locations underwent a significant review  
process and following field-based site investigations and 
detailed discussions between study partners in each study loca-
tion, the proposed lists of candidate sites were used to identity  
and confirm the 40 ES sites to be retained for the study. ES  
sites confirmed for inclusion in the study are presented in  
Figure 1A and Figure 1B shown as red dots.

Discussion
The support for widespread TCV introduction by the WHO Stra-
tegic Advisory Group of Experts (SAGE) on immunisation40 
and approval of funding by Gavi offer hope in the fight  
to reduce morbidity and mortality from typhoid fever. Intro-
duction of TCV into a country’s vaccine schedule should be 
informed by country-specific data on the baseline burden of 
typhoid. However, these data are typically lacking because of  
limited implementation of hospital-based blood culture sur-
veillance or of community-based surveillance for acute febrile 
illness. Moreover, these surveillance methods may lack  
sensitivity in communities with a high uptake of effective anti-
biotics or where formal healthcare is not always sought. ES 
may therefore offer a low-cost, sensitive alternative or supple-
ment to clinical surveillance, providing critical information  
on the burden of typhoid that will support TCV introduction41. 

However, few studies have investigated typhoid ES and there-
fore, uncertainties regarding how best to effectively design  
and implement such a surveillance strategy remain.

To address these gaps, we describe the design of a study to 
detect S. Typhi in environmental samples and correlate these 
findings with contemporaneous hospital-based blood culture  
surveillance serving the same communities over a 12-month 
period. This will provide timely information to help ascertain 
the technical feasibility and reproducibility of typhoid ES and 
its utility in determining the local incidence of typhoid fever. It  
will also inform our understanding of the spatiotemporal pat-
terns of S. Typhi transmission within the community and the  
optimal ES site characteristics for S. Typhi detection.

The relatively low cost and scalability of ES means it can also 
be expanded to cover large geographic areas that include a 
range of settings (i.e., rural, urban and peri-urban) therefore  
allowing decision-makers to better understand the epidemiology 
of infection and develop and deploy an optimum region- 
specific vaccination programme. Specifically, such information 
could allow for the more appropriate distribution of TCV  
relative to the spatial burden of typhoid fever. ES could also 
be deployed in the event of a suspected outbreak of typhoid 
fever and used to locate high risk areas for targeted vaccina-
tion. Finally, ES may also be valuable in evaluating the impact  
of TCV following its roll out by monitoring potential reduc-
tions in S. Typhi prevalence or abundance in environmental  
samples.

Table 2. Summary area and population statistics for ES catchments by tercile in Blantyre and Vellore for the full 
catchments and those overlapping the study area.

Blantyre

Full catchments Catchments intersecting the study area

Small Medium Large Small Medium Large

N 31 31 31 31 31 31

Mean Population 
(range)

4,998
(381 - 8,246)

17,164
(9,109 - 31,255)

72,707
(38,438 - 107,606)

4,878
(381 - 8,062)

16,813
(8,180 - 30,477)

70,419
(38,002 - 106,902)

Mean Catchment 
Area (km2) 0.68 2.65 12.26 0.65 2.11 11.93

Vellore

Full catchments Catchments intersecting the study area

Small Medium Large Small Medium Large

N 33 33 32 33 33 32

Mean Population
(range)

553
(36 - 1,239)

7,520
(1,442 - 21,917)

95,127
(22,561 - 286,324)

480
(13 - 1,239)

2,445
(63 - 7,140)

26,117
(3,379 - 111,754)

Mean Catchment 
Area (km2) 0.09 1.65 69.44 0.05 0.41 4.37
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The use of ES for S. Typhi surveillance may be comple-
mented by serological data, with S. Typhi haemolysin E  
(HlyE) specific antibodies showing promise as a marker for 
recent disease incidence in the community42. Whilst not specifi-
cally planned as part of this study, discussions are ongoing for 
serological surveys for S. Typhi and potentially other antigens 
in Vellore and Blantyre. This may allow comparison between  
typhoid ES, clinical and serological surveillance, providing  
insight into the advantages and disadvantages of each approach.

In preparing the current study protocol, several important con-
siderations were made. Firstly, we develop a representative 
site selection strategy that ensures the findings of the ES can  
be effectively compared with the incidence of typhoid fever 
estimated from healthcare utilisation surveys and the number 
of cases reported by local hospitals serving the community. 
Secondly, the study design sought to maximise the compara-
bility of results between countries by standardising the meth-
odological approach. Thirdly, we aimed to generate an easily  
reproducible approach to be adopted as a standardised pro-
cedure for future studies. This was particularly important as 
we plan to expand the proposed study to include a third study  
site in the Asante Akim North district, Ghana.

We believe that the design of this prospective study has sev-
eral strengths. First, we anticipate that the inclusion of two 
distinct, yet comparable study sites characterised by differ-
ing environmental conditions will provide an opportunity to  
elucidate potential differences or similarities in the distribu-
tion and abundance of S. Typhi and performance of ES between 
these settings. Second, in ensuring the broad geographic dis-
tribution of ES sites at each study area, therefore captur-
ing a wide range of microenvironments, we will be able to  
investigate how different ES site and catchment characteris-
tics might correlate with the detection of S. Typhi. We also 
acknowledge that the proposed study may be affected by sev-
eral limitations. First, upon the initial commencement of the  
study, the program of ES will be geographically restricted 
to two locations and temporally limited to just one year of 
active surveillance. Moreover, due to the ongoing global coro-
navirus disease 2019 (COVID-19) pandemic, we recognise  
that healthcare utilisation patterns within the study areas are 
likely to be impacted during the study period. Regarding the  
Vellore study location, due to the relatively coarse spatial 
resolution of the DEM used during the hydrological model-
ling process, coupled with the high level of detail in the waste-
water network, there is some uncertainty in the drainage  
catchments, and therefore population metric estimates, for the 
proposed ES site locations. However, we anticipate that the col-
lection of ancillary data (such as local hydrology) during the 
initial phase of the study, will allow us to refine the catchment  
modelling process and improve predictive accuracy of catch-
ment wide population estimates. Finally, we recognise that 
despite significant advancements in molecular detection meth-
ods, there remain uncertainties regarding its sensitivity to detect  
S. Typhi in ES samples26. For example, molecular detection 
from complex environmental samples is often hampered by 

relatively low sensitivity and specificity34 and therefore may  
yield false-negative results, thus prompting an underestimation  
of S. Typhi in the environmental samples43.

Whilst active acute febrile illness surveillance with microbio-
logical confirmation by culture remains the gold standard for 
estimation of the burden of typhoid fever in a community, such 
approaches are time and resource demanding. Well designed and  
sensitive ES of S. Typhi may offer a practical and relatively low-
cost alternative that could rapidly generate vital information 
regarding the prevalence of infection. This information could be 
used by national technical advisory groups and others to deter-
mine the likely benefits of TCV introduction and to monitor  
the impact of vaccination or WASH interventions to tackle  
typhoid fever.

Dissemination
Once data have been collected, we will complete statistical 
analyses as outlined above and disseminate our results through 
scientific publication in open access, peer-reviewed journals.  
Associated data will be made available at the time of publication.

Study status
ES sample collection has taken place between April 2021 
and April 2022 in both Vellore and Blantyre. All laboratory  
procedures have now been completed and statistical analysis is 
underway (17 November 2022).

Data availability
Underlying data
No underlying data are associated with this article.

Extended data
figshare: Environmental Surveillance Site Evaluation  
Questionnaire, https://doi.org/10.6084/m9.figshare.2167950844

figshare: Environmental Surveillance Site Locations,  
https://doi.org/10.6084/m9.figshare.2167950545

figshare: Geospatially referenced GIS data (Blantyre,  
Malawi), https://doi.org/10.6084/m9.figshare.2167965846

Figshare: Geospatially referenced GIS data (Vellore, India),  
https://doi.org/10.6084/m9.figshare.2167966147

Data are available under the terms of the Creative Commons  
Attribution 4.0 International license (CC-BY 4.0).

The raw digital elevation model (DEM) data used for the 
hydrological modelling approach and catchment delineation  
were obtained from the Alaska Satellite Facility using the 
link: https://search.asf.alaska.edu/#/. Access to the available 
data requires free user registration. Once registered, users can  
define a geographic study area of interest and search for rel-
evant datasets for download. For this study, we selected the 
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ALSO PALSAR dataset and used the search filter function to  
select the Hi-Res Terrain Corrected dataset available in GeoTIFF 
format.

Acknowledgments
An earlier version of this article can be found on medRxiv  
(https://doi.org/10.1101/2021.05.21.21257547)

References

1. Stanaway JD, Reiner RC, Blacker BF, et al.: The global burden of typhoid and 
paratyphoid fevers: a systematic analysis for the Global Burden of Disease 
Study 2017. Lancet Infect Dis. 2019; 19(4): 369–381.  
PubMed Abstract | Publisher Full Text | Free Full Text 

2. Appiah GD, Chung A, Bentsi-Enchill AD, et al.: Typhoid Outbreaks, 1989-2018: 
Implications for Prevention and Control. Am J Trop Med Hyg. 2020; 102(6): 
1296–1305.  
PubMed Abstract | Publisher Full Text | Free Full Text 

3. Kim JH, Im J, Parajulee P, et al.: A Systematic Review of Typhoid Fever 
Occurrence in Africa. Clin Infect Dis. 2019; 69(Suppl 6): S492–498.  
PubMed Abstract | Publisher Full Text | Free Full Text 

4. Im J, Islam MT, Ahmmed F, et al.: Can Existing Improvements of Water, 
Sanitation, and Hygiene (WASH) in Urban Slums Reduce the Burden of 
Typhoid Fever in These Settings? Clin Infect Dis. 2020; 72(11): e720–e726. 
PubMed Abstract | Publisher Full Text 

5. Mirembe BB, Mazeri S, Callaby R, et al.: Temporal, spatial and household 
dynamics of Typhoid fever in Kasese district, Uganda. PLoS One. 2019; 14(4): 
e0214650.  
PubMed Abstract | Publisher Full Text | Free Full Text 

6. Awol RN, Reda DY, Gidebo DD: Prevalence of Salmonella enterica serovar 
Typhi infection, its associated factors and antimicrobial susceptibility 
patterns among febrile patients at Adare general hospital, Hawassa, 
southern Ethiopia. BMC Infect Dis. 2021; 21(1): 30.  
PubMed Abstract | Publisher Full Text | Free Full Text 

7. Acosta-Alonzo CB, Erovenko I V, Lancaster A, et al.: High endemic levels of 
typhoid fever in rural areas of Ghana may stem from optimal voluntary 
vaccination behaviour. Proc R Soc A Math Phys Eng Sci. 2020; 476(2241): 
20200354.  
PubMed Abstract | Publisher Full Text | Free Full Text 

8. Marchello CS, Hong CY, Crump JA: Global Typhoid Fever Incidence: A 
Systematic Review and Meta-analysis. Clin Infect Dis. 2019; 68(Suppl 2): 
S105–S116.  
PubMed Abstract | Publisher Full Text | Free Full Text 

9. Nair S, Chattaway M, Langridge GC, et al.: ESBL-producing strains isolated 
from imported cases of enteric fever in England and Wales reveal multiple 
chromosomal integrations of bla CTX-M-15 in XDR Salmonella Typhi. J Antimicrob 
Chemother. 2021; 76(6): 1459–1466.  
PubMed Abstract | Publisher Full Text 

10. Antillon M, Saad NJ, Baker S, et al.: The Relationship between Blood Sample 
Volume and Diagnostic Sensitivity of Blood Culture for Typhoid and 
Paratyphoid Fever: A Systematic Review and Meta-Analysis. J Infect Dis. 
2018; 218(suppl_4): S255–S267.  
PubMed Abstract | Publisher Full Text | Free Full Text 

11. Andualem G, Abebe T, Kebede N, et al.: A comparative study of Widal test 
with blood culture in the diagnosis of typhoid fever in febrile patients. BMC 
Res Notes. 2014; 7: 653.  
PubMed Abstract | Publisher Full Text | Free Full Text 

12. Mengist HM, Tilahun K: Diagnostic Value of Widal Test in the Diagnosis of 
Typhoid Fever: A Systematic Review. J Med Microbiol Diagnosis. 2017; 6(1): 248. 
Publisher Full Text 

13. Mawazo A, Bwire GM, Matee MIN: Performance of Widal test and stool 
culture in the diagnosis of typhoid fever among suspected patients in Dar 
es Salaam, Tanzania. BMC Res Notes. 2019; 12(1): 316.  
PubMed Abstract | Publisher Full Text | Free Full Text 

14. Mather RG, Hopkins H, Parry CM, et al.: Redefining typhoid diagnosis: what 
would an improved test need to look like? BMJ Glob Heal. 2019; 4(5): e001831. 
PubMed Abstract | Publisher Full Text | Free Full Text 

15. World Health Organisation: Weekly Epidemiological Record, 25 January 2019, 
vol. 94, 4 - Global Vaccine Safety meeting: Safety of typhoid conjugate 
vaccine. Wkly Epidemiol Rec. 2019; 94: 45–52.  
Reference Source

16. Marchello CS, Carr SD, Crump JA: A Systematic Review on Antimicrobial 
Resistance among Salmonella Typhi Worldwide. Am J Trop Med Hyg. 2020; 
103(6): 2518–2527.  
PubMed Abstract | Publisher Full Text | Free Full Text 

17. Hamisu AW, Blake IM, Sume G, et al.: Characterizing Environmental 
Surveillance Sites in Nigeria and Their Sensitivity to Detect Poliovirus and 
Other Enteroviruses. J Infect Dis. 2020; 225(8): 1377–1386.  
PubMed Abstract | Publisher Full Text | Free Full Text 

18. Jorgensen D, Pons-Salort M, Shaw AG, et al.: The role of genetic sequencing 
and analysis in the polio eradication programme. Virus Evol. 2020; 6(2): 
veaa040.  
PubMed Abstract | Publisher Full Text | Free Full Text 

19. Bandyopadhyay AS, Macklin GR: Final frontiers of the polio eradication 
endgame. Curr Opin Infect Dis. 2020; 33(5): 404–410.  
PubMed Abstract | Publisher Full Text 

20.	 Duff	N,	Steele	AD,	Garrett	D:	Global Action for Local Impact: The 11th 
International Conference on Typhoid and Other Invasive Salmonelloses. 
Clin Infect Dis. 2020; 71(Suppl 2): S59–S63.  
PubMed Abstract | Publisher Full Text | Free Full Text 

21. Medema G, Been F, Heijnen L, et al.: Implementation of environmental 
surveillance for SARS-CoV-2 virus to support public health decisions: 
Opportunities and challenges. Curr Opin Environ Sci Health. Elsevier B.V.; 2020; 
17: 49–71.  
PubMed Abstract | Publisher Full Text | Free Full Text 

22. Saha S, Tanmoy AM, Andrews JR, et al.: Evaluating PCR-Based Detection of 
Salmonella Typhi and Paratyphi A in the Environment as an Enteric Fever 
Surveillance Tool. Am J Trop Med Hyg. 2019; 100(1): 43–46.  
PubMed Abstract | Publisher Full Text | Free Full Text 

23. Karkey A, Jombart T, Walker AW, et al.: The Ecological Dynamics of Fecal 
Contamination and Salmonella Typhi and Salmonella Paratyphi A in 
Municipal Kathmandu Drinking Water. PLoS Negl Trop Dis. 2016; 10(1): 
e0004346.  
PubMed Abstract | Publisher Full Text | Free Full Text 

24. Ali E, Van Den Bergh R, D’hondt R, et al.: Localised transmission hotspots of a 
typhoid fever outbreak in the Democratic Republic of Congo. Pan Afr Med J. 
2017; 28: 179.  
PubMed Abstract | Publisher Full Text | Free Full Text 

25. Oguntoke O, Aboderin OJ, Bankole AM: Association of water-borne diseases 
morbidity pattern and water quality in parts of Ibadan City, Nigeria. 
Tanzan J Health Res. 2009; 11(4): 189–195.  
PubMed Abstract | Publisher Full Text 

26. Andrews JR, Yu AT, Saha S, et al.: Environmental Surveillance as a Tool for 
Identifying High-risk Settings for Typhoid Transmission. Clin Infect Dis. 2020; 
71(Suppl 2): S71–S78.  
PubMed Abstract | Publisher Full Text | Free Full Text 

27. Hagedorn BL, Gauld J, Feasey N, et al.: Cost-effectiveness of using 
environmental surveillance to target the roll-out typhoid conjugate 
vaccine. Vaccine. 2020; 38(7): 1661–1670.  
PubMed Abstract | Publisher Full Text 

28. Carey ME, MacWright WR, Im J, et al.: The Surveillance for Enteric Fever in 
Asia Project (SEAP), Severe Typhoid Fever Surveillance in Africa (SETA), 
Surveillance of Enteric Fever in India (SEFI), and Strategic Typhoid Alliance 
Across Africa and Asia (STRATAA) Population-based Enteric Fever Studies: A 
Review of Methodological Similarities and Differences. Clin Infect Dis. 2020; 
71(Suppl 2): S102–S110.  
PubMed Abstract | Publisher Full Text | Free Full Text 

29. Phillips MT, Meiring JE, Voysey M, et al.: A Bayesian approach for estimating 
typhoid fever incidence from large-scale facility-based passive surveillance 
data. medRxiv. 2020.  
Publisher Full Text 

30. Reich NG, Myers JA, Obeng D, et al.: Empirical power and sample size 
calculations for cluster-randomized and cluster-randomized crossover 
studies. PLoS One. 2012; 7(4): e35564.  
PubMed Abstract | Publisher Full Text | Free Full Text 

31. Liu D, Zhong S, Huang Q: Study on risk assessment framework for snowmelt 
flood and hydro-network extraction from watersheds. Communications in 
Computer and Information Science. 2016; 569.  
Publisher Full Text 

32. Fenta AA, Yasuda H, Shimizu K, et al.: Quantitative analysis and implications 

Page 10 of 11

Wellcome Open Research 2023, 8:9 Last updated: 09 JAN 2023

https://doi.org/10.1101/2021.05.21.21257547
http://www.ncbi.nlm.nih.gov/pubmed/30792131
http://dx.doi.org/10.1016/S1473-3099(18)30685-6
http://www.ncbi.nlm.nih.gov/pmc/articles/6437314
http://www.ncbi.nlm.nih.gov/pubmed/32228795
http://dx.doi.org/10.4269/ajtmh.19-0624
http://www.ncbi.nlm.nih.gov/pmc/articles/7253085
http://www.ncbi.nlm.nih.gov/pubmed/31665777
http://dx.doi.org/10.1093/cid/ciz525
http://www.ncbi.nlm.nih.gov/pmc/articles/6821235
http://www.ncbi.nlm.nih.gov/pubmed/32964216
http://dx.doi.org/10.1093/cid/ciaa1429
http://www.ncbi.nlm.nih.gov/pubmed/31009473
http://dx.doi.org/10.1371/journal.pone.0214650
http://www.ncbi.nlm.nih.gov/pmc/articles/6476469
http://www.ncbi.nlm.nih.gov/pubmed/33413186
http://dx.doi.org/10.1186/s12879-020-05726-9
http://www.ncbi.nlm.nih.gov/pmc/articles/7791979
http://www.ncbi.nlm.nih.gov/pubmed/33071586
http://dx.doi.org/10.1098/rspa.2020.0354
http://www.ncbi.nlm.nih.gov/pmc/articles/7544331
http://www.ncbi.nlm.nih.gov/pubmed/30845336
http://dx.doi.org/10.1093/cid/ciy1094
http://www.ncbi.nlm.nih.gov/pmc/articles/6405273
http://www.ncbi.nlm.nih.gov/pubmed/33704480
http://dx.doi.org/10.1093/jac/dkab049
http://www.ncbi.nlm.nih.gov/pubmed/30307563
http://dx.doi.org/10.1093/infdis/jiy471
http://www.ncbi.nlm.nih.gov/pmc/articles/6226661
http://www.ncbi.nlm.nih.gov/pubmed/25231649
http://dx.doi.org/10.1186/1756-0500-7-653
http://www.ncbi.nlm.nih.gov/pmc/articles/4177418
http://dx.doi.org/10.4172/2161-0703.1000248
http://www.ncbi.nlm.nih.gov/pubmed/31167646
http://dx.doi.org/10.1186/s13104-019-4340-y
http://www.ncbi.nlm.nih.gov/pmc/articles/6551910
http://www.ncbi.nlm.nih.gov/pubmed/31749999
http://dx.doi.org/10.1136/bmjgh-2019-001831
http://www.ncbi.nlm.nih.gov/pmc/articles/6830052
https://www.who.int/publications/i/item/10665279829
http://www.ncbi.nlm.nih.gov/pubmed/32996447
http://dx.doi.org/10.4269/ajtmh.20-0258
http://www.ncbi.nlm.nih.gov/pmc/articles/7695120
http://www.ncbi.nlm.nih.gov/pubmed/32415775
http://dx.doi.org/10.1093/infdis/jiaa175
http://www.ncbi.nlm.nih.gov/pmc/articles/9016446
http://www.ncbi.nlm.nih.gov/pubmed/32782825
http://dx.doi.org/10.1093/ve/veaa040
http://www.ncbi.nlm.nih.gov/pmc/articles/7409915
http://www.ncbi.nlm.nih.gov/pubmed/32773500
http://dx.doi.org/10.1097/QCO.0000000000000667
http://www.ncbi.nlm.nih.gov/pubmed/32725222
http://dx.doi.org/10.1093/cid/ciaa236
http://www.ncbi.nlm.nih.gov/pmc/articles/7388706
http://www.ncbi.nlm.nih.gov/pubmed/33024908
http://dx.doi.org/10.1016/j.coesh.2020.09.006
http://www.ncbi.nlm.nih.gov/pmc/articles/7528975
http://www.ncbi.nlm.nih.gov/pubmed/30426919
http://dx.doi.org/10.4269/ajtmh.18-0428
http://www.ncbi.nlm.nih.gov/pmc/articles/6335896
http://www.ncbi.nlm.nih.gov/pubmed/26735696
http://dx.doi.org/10.1371/journal.pntd.0004346
http://www.ncbi.nlm.nih.gov/pmc/articles/4703202
http://www.ncbi.nlm.nih.gov/pubmed/29541325
http://dx.doi.org/10.11604/pamj.2017.28.179.10208
http://www.ncbi.nlm.nih.gov/pmc/articles/5847255
http://www.ncbi.nlm.nih.gov/pubmed/20734698
http://dx.doi.org/10.4314/thrb.v11i4.50174
http://www.ncbi.nlm.nih.gov/pubmed/32725227
http://dx.doi.org/10.1093/cid/ciaa513
http://www.ncbi.nlm.nih.gov/pmc/articles/7446943
http://www.ncbi.nlm.nih.gov/pubmed/31917040
http://dx.doi.org/10.1016/j.vaccine.2019.12.061
http://www.ncbi.nlm.nih.gov/pubmed/32725221
http://dx.doi.org/10.1093/cid/ciaa367
http://www.ncbi.nlm.nih.gov/pmc/articles/7388711
http://dx.doi.org/10.1101/2020.10.05.20206938
http://www.ncbi.nlm.nih.gov/pubmed/22558168
http://dx.doi.org/10.1371/journal.pone.0035564
http://www.ncbi.nlm.nih.gov/pmc/articles/3338707
http://dx.doi.org/10.1007/978-3-662-49155-3_67


of drainage morphometry of the Agula watershed in the semi-arid 
northern Ethiopia. Appl Water Sci. 2017; 7: 3825–3840.  
Publisher Full Text 

33. Stevens FR, Gaughan AE, Linard C, et al.: Disaggregating census data for 
population mapping using random forests with remotely-sensed and 
ancillary data. PLoS One. 2015; 10(2): e0107042.  
PubMed Abstract | Publisher Full Text | Free Full Text 

34. Sikorski MJ, Levine MM: Reviving the “Moore swab”: a classic environmental 
surveillance tool involving filtration of flowing surface water and sewage 
water to recover typhoidal Salmonella Bacteria. Appl Environ Microbiol. 2020; 
86(13): e00060-20.  
PubMed Abstract | Publisher Full Text | Free Full Text 

35. Pengbo L, Ibaraki M, Kapoor R, et al.: Development of Moore Swab and 
Ultrafiltration Concentration and Detection Methods for Salmonella 
Typhi and Salmonella Paratyphi A in Wastewater and Application in 
Kolkata, India and Dhaka, Bangladesh. medRxiv. 2021; 2021.03.20.21254025. 
Publisher Full Text 

36. Grimont PA, Weill FX: Antigenic Formulae of the Salmonella Serovars, Ninth 
Edition, World Health Organization Collaborating Centre for Reference and 
Research on Salmonella. Institut Pasteur, Paris, France. 2007.  
Reference Source

37. Nair S, Patel V, Hickey T, et al.: A real-time PCR for the differentiation of 
typhoidal and non-typhoidal Salmonella. J Clin Microbiol. 2019; 57(8):  
e00167-19.  
PubMed Abstract | Publisher Full Text | Free Full Text 

38. Nga TV, Karkey A, Dongol S, et al.: The sensitivity of real-time PCR 
amplification targeting invasive Salmonella serovars in biological 
specimens. BMC Infect Dis. 2010; 10: 125.  
PubMed Abstract | Publisher Full Text | Free Full Text 

39. Ahmed W, Payyappat S, Cassidy M, et al.: A duplex PCR assay for the 
simultaneous quantification of Bacteroides HF183 and crAssphage CPQ_056 

marker genes in untreated sewage and stormwater. Environ Int. 2019; 126: 
252–259.  
PubMed Abstract | Publisher Full Text 

40. World Health Organisation: Meeting of the Strategic Advisory Group 
of Experts on Immunization, October 2017—conclusions and 
recommendations. Wkly Epidemiol Rec. 2017; 92(48): 729–747.  
PubMed Abstract 

41. Jo Y, Dowdy DW: The economic case for typhoid conjugate vaccines in 
countries with medium and high incidence of infection. Lancet Infect Dis. 
2019; 19(7): 675–676.  
PubMed Abstract | Publisher Full Text 

42. Andrews JR, Khanam F, Rahman N, et al.: Plasma Immunoglobulin A 
Responses Against 2 Salmonella Typhi Antigens Identify Patients With 
Typhoid Fever. Clin Infect Dis. 2019; 68(6): 949–955.  
PubMed Abstract | Publisher Full Text | Free Full Text 

43. Matrajt G, Lillis L, Meschke SJ: Review of Methods Suitable for Environmental 
Surveillance of Salmonella Typhi and Paratyphi. Clin Infect Dis. 2020;  
71(Suppl 2): S79–S83.  
PubMed Abstract | Publisher Full Text | Free Full Text 

44. Uzzell C: Environmental Surveillance Site Evaluation Questionnaire. 
figshare.	Dataset.	2022.	 
http://www.doi.org/10.6084/m9.figshare.21679508.v1

45. Uzzell C: Environmental Surveillance Site Locations.	figshare.	Dataset.	2022.	
http://www.doi.org/10.6084/m9.figshare.21679505.v1

46. Uzzell C: Geospatial data used to generate candidate environmental 
surveillance site locations (Blantyre, Malawi).	figshare.	Dataset.	2022.	 
http://www.doi.org/10.6084/m9.figshare.21679658.v1

47. Uzzell C: Geospatial data used to generate candidate environmental 
surveillance site locations (Vellore, India).	figshare.	Dataset.	2022.	 
http://www.doi.org/10.6084/m9.figshare.21679661.v1

Page 11 of 11

Wellcome Open Research 2023, 8:9 Last updated: 09 JAN 2023

http://dx.doi.org/10.1007/s13201-017-0534-4
http://www.ncbi.nlm.nih.gov/pubmed/25689585
http://dx.doi.org/10.1371/journal.pone.0107042
http://www.ncbi.nlm.nih.gov/pmc/articles/4331277
http://www.ncbi.nlm.nih.gov/pubmed/32332133
http://dx.doi.org/10.1128/AEM.00060-20
http://www.ncbi.nlm.nih.gov/pmc/articles/7301852
http://dx.doi.org/10.1101/2021.03.20.21254025
https://www.pasteur.fr/sites/default/files/veng_0.pdf
http://www.ncbi.nlm.nih.gov/pubmed/31167843
http://dx.doi.org/10.1128/JCM.00167-19
http://www.ncbi.nlm.nih.gov/pmc/articles/6663909
http://www.ncbi.nlm.nih.gov/pubmed/20492644
http://dx.doi.org/10.1186/1471-2334-10-125
http://www.ncbi.nlm.nih.gov/pmc/articles/2886058
http://www.ncbi.nlm.nih.gov/pubmed/30822654
http://dx.doi.org/10.1016/j.envint.2019.01.035
http://www.ncbi.nlm.nih.gov/pubmed/29192459
http://www.ncbi.nlm.nih.gov/pubmed/31130328
http://dx.doi.org/10.1016/S1473-3099(19)30054-4
http://www.ncbi.nlm.nih.gov/pubmed/30020426
http://dx.doi.org/10.1093/cid/ciy578
http://www.ncbi.nlm.nih.gov/pmc/articles/6399438
http://www.ncbi.nlm.nih.gov/pubmed/32725228
http://dx.doi.org/10.1093/cid/ciaa487
http://www.ncbi.nlm.nih.gov/pmc/articles/7388719
http://www.doi.org/10.6084/m9.figshare.21679508.v1
http://www.doi.org/10.6084/m9.figshare.21679505.v1
http://www.doi.org/10.6084/m9.figshare.21679658.v1
http://www.doi.org/10.6084/m9.figshare.21679661.v1

