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Abstract

Background: Invasive non-typhoidal Salmonella (INTS) is a growing health-concern in many parts of sub-Saharan
Africa. iINTS is associated with fatal diseases such as HIV and malaria. Despite high case fatality rates, the disease has
not been given much attention. The limited number of population-based surveillance studies hampers accurate
estimation of global disease burden. Given the lack of available evidence on the disease, it is critical to identify high
risk areas for future surveillance and to improve our understanding of iNTS endemicity.

Methods: Considering that population-based surveillance data were sparse, a composite index called the iNTS risk
factor (INRF) index was constructed based on risk factors that commonly exist across countries. Four risk factors
associated with the prevalence of iNTS were considered: malaria, HIV, malnutrition, and safe water. The iNRF index
was first generated based on the four risk factors which were collected within a 50 km radius of existing
surveillance sites. Pearson product-moment correlation was used to test statistical associations between the iNRF
index and the prevalence of iNTS observed in the surveillance sites. The index was then further estimated at the
subnational boundary level across selected countries and used to identify high risk areas for iNTS.

Results: While the iNRF index in some countries was generally low (i.e. Rwanda) or high (i.e. Cote d'lvoire), the risk-
level of iINTS was variable not only by country but also within a country. At the provincial-level, the highest risk area
was identified in Maniema, the Democratic Republic of Congo, whereas Dakar in Senegal was at the lowest risk.

Conclusions: The iNRF index can be a useful tool to understand the geographically varying risk-level of iNTS. Given
that conducting a population-based surveillance study requires extensive human and financial resources, identifying
high risk areas for iNTS prior to a study implementation can facilitate an appropriate site-selection process in the
future.
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Background

Samonella enterica, a single bacterial species, is a major
public health concern in many parts of the world. In
terms of human disease-causing serovars, Samonellae
are divided into typhoidal and non-typhoidal groups: (1)
Salmonella enterica serovars Typhi, Paratyphi A, B, and
C are often collectively considered as typhoidal Salmon-
ella, (2) other serovars including Salmonella enterica
serovar Typhimurium and Salmonella enterica serovar
Enteritidis are grouped as nontyphoidal Salmonella
(NTS) [1, 2]. Typhoidal Salmonella strains are human-
restricted organisms that cause enteric fever. While en-
teric fever is generally found in immunocompetent chil-
dren and adults who are exposed to environmental or
behavioral risk factors, invasive non-typhoidal Salmon-
ella (iNTS) disease is more associated with differential
host susceptibility to invasive disease rather than envir-
onmental factors [2, 3].

Globally, population-based surveillance data for iNTS
including disease burden estimates, are scarce compared
to that for typhoid and paratyphoid. In 2010, Ao et al.
estimated the global incidence and deaths of iNTS based
on a systematic literature review and extrapolation using
key risk factors which are associated with the disease [4].
The highest incidence rate was observed in Africa
followed by Europe where a high number of cases were
mostly driven by Russia, Ukraine, and Estonia. The
World Health Organization (WHO) and Kirk et al. also
updated the global burden of iNTS by calculating
disability-adjusted life years (DALYs) [5, 6]. Based on
these studies, the geographical distribution of the global
iNTS burden was roughly demonstrated [7]. Similar to
Ao et al, the global burden of iNTS expressed by
DALYs was greatest in Africa. More recently, the Insti-
tute for Health Metrics and Evaluation (IHME) included
the global burden of iNTS in its cause list for the first
time and reported the highest incidence in sub-Saharan
Africa as well [8]. The IHME study also indicated that
compared to the two previous studies for the same year,
their estimates were slightly higher than those by WHO
[5] and significantly lower than those by Ao et al. [4].
While all previous efforts were helpful to understand the
geographical variation of the disease, it should be noted
that the source data underlying the models were sparse,
which resulted in the extrapolation of limited surveil-
lance data to neighboring countries or regions [4, 6-8].
This clearly indicates that more population-based sur-
veillance data are urgently needed to improve our un-
derstanding of iNTS endemicity.

The current study attempts to identify potential high
risk areas for iNTS at the subnational-level and to facili-
tate the site selection process for surveillance and vac-
cine studies. Because iNTS disease burden data are
limited, the current study proposes the use of risk
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factors that are strongly associated with iNTS to identify
high risk areas. Differential susceptibility of the host
plays a major role in risk for iNTS disease [2]. As evi-
denced by previous studies [1, 3, 4, 9], the prevalence of
iNTS is closely associated with the prevalence of malaria,
HIV, and malnutrition. In addition, while it is debatable
[10], several studies indicated that contaminated water
sources could be partly associated with NTS as an envir-
onmental risk factor [11, 12]. Risk factors related to a
disease are often available in a more standardized way at
the country-level or subnational-level [13]. Incidence
rates from a specific surveillance site in a country are
frequently assumed to be representative of the whole
country when estimating the burden of a disease or
cost-effectiveness analyses. This approach is unavoidable
due to the lack of population-based surveillance studies
which require extensive human and financial resources.
The use of standardized risk factors which are available
at the subnational-level enables proper comparison of
risk levels across countries or subnational boundaries in
a more consistent manner. Understanding the endem-
icity of iNTS based on risk factors covers broader geo-
graphical areas where surveillance data are not yet
available, and help researchers design future studies to
examine incidence rates.

Methods

Data preparation

The Demographic and Health Surveys (DHS) program
has collected a wide range of population-health indica-
tors in various countries [14]. Four indicators from the
DHS program were considered: Malaria, HIV, Body
Mass Index (BMI), and the main source of drinking
water. All DHS datasets were first screened to ensure
that the four indicators were included. Figure 1 shows
the number of countries where all four risk factors were
identified in the individual-level survey datasets.

The malaria rapid test results (HML35) and the blood
test results (HIV03) were used to estimate the propor-
tion of positive malaria and HIV episodes, respectively.
The proportion of infected individuals was calculated by
dividing the number of positive cases by the total num-
ber of people who were tested. In order to assess the
level of malnutrition, the BMI indicator (HC73) was
considered. The variable shows the standard deviations
(SD) of BMI for those under the age of five. A Z-score
cutoff value of —2 SD was used to define malnutrition
following the WHO criteria [15], and the proportion of
undernourished children who were below the cutoff
value was estimated. As an environmental factor, the
main source of drinking water for household members
(HV201) was adopted. Among the variable sub-options
of HV201, drinking water sources which met the WHO
criteria for improved drinking water source were
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All DHS countries (n = 36)

Countries with HIV indicator
(n=31)

No HIV test results available (n = 5)

Countries with HIV and malaria

indicators (n = 11)

No malaria test results available (n = 12)
Variable exists but all missing values (n = 8)

Countries with HIV, malaria, and
BMI indicators (n = 9)

No BMI results available (n= 1)
Variable exists but all missing values (n = 1)

Countries with HIV, malaria, BMI, and
drinking water source indicators (n =9)

Fig. 1 DHS datasets

selected [16]. The proportion of household members
who have access to improved drinking water sources
was estimated.

iNTS risk factor (iNRF) index

Based on the four indicators, a composite index called
iNTS Risk Factor (iNRF) index was created. Risk factor
indices were previously developed for other diseases and
proved useful to monitor risk levels and overall progress
[13, 17, 18]. While the first three risk factors related to
host susceptibility (malaria, HIV, and malnutrition) are
associated with an increase in the prevalence of iNTS,
access to improved drinking water source is linked to
the opposite direction. Thus, the indicator for improved
drinking water source was reversed prior to generating
the index. The iNRF index was first constructed for val-
idation where risk factors were collected for existing sur-
veillance sites. Once validated, risk mapping was carried
out by developing the index for all subnational boundary
units of DHS countries where a complete set of the four
risk factors existed. Each risk factor was first standard-
ized by subtracting the mean and dividing by the stand-
ard deviation of each of two whole samples: (1)
validation, and (2) risk mapping. The values were then
averaged across the four risk factors and converted into

a range from 0 (low risk) to 1 (high risk) [19]. The final
iNRF index was generated by multiplying 100 for an eas-
ier interpretation [13, 17]. Given this index utilized the
equal weighting scheme, an additional composite index
was generated by assigning relative weights which were
derived from a correlation of each risk factor with the
proportion of iNTS (a convex combination of weight co-
efficients that sum to one).

Validation

The iNRF index was first generated for selected loca-
tions where existing population-based surveillance stud-
ies were conducted. Among a series of previous
literature on iNTS reviewed by Balasubramanian et al.
[7], three population-based surveillance studies were se-
lected [20-22]. These studies reported evidence on iNTS
in multiple locations: Democratic Republic of Congo (7
provinces), Burkina Faso (Ouagadougou), Ghana (As-
ante), Senegal (Dakar), and Mali (Bamako). All three
studies were chosen because they were conducted using
primary data sources (neither extrapolation nor the use
of secondary data), and there were corresponding DHS
datasets where the four risk factors were commonly col-
lected. In addition, two of the studies presented the
number of iNTS episodes in a consistent manner by
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taking advantage of having multiple sites. Nonetheless,
the studies by Lunguya et al. and by Tapia et al. were
not designed to estimate the population-based incidence
rates of iNTS [20, 22], and the other study by Marks
et al. used adjusted-population denominators for the in-
cidence rate calculation due to logistical reasons [21].
Thus, in order to make consistent comparisons between
the existing studies and the iNRF index, the proportion
of INTS was estimated by dividing the number of the re-
ported iNTS episodes by the total number of blood cul-
tures obtained per site for the purpose of the current
study.

Surveillance studies in the low- and middle-income
country setting tends to be site-specific rather than to
cover broader areas in a country. Therefore, the use of
risk factors available at the country-level may not accur-
ately explain the association with site-specific surveil-
lance data. Given that the selected studies were carried
out in specific locations within provinces in each coun-
try, it sounds more sensible to consider risk factors
which are distributed in adjacent locations to the surveil-
lance sites. Thus, prior to generating the iNRF index, the
provincial boundary of each surveillance site and the
geo-coordinates of the existing study sites were obtained.
Given that DHS clusters contained geo-coordinates, all
DHS clusters within a 50 km radius from each study site
were selected to reflect more precise localization of the
risk factors harbored where the surveillance studies were
carried out. It should be noted that the dispersion of
DHS survey clusters varied depending on the size of a
country and other logistical constraints. Because no
DHS clusters were observed within a 50 km radius from
the geo-coordinates assigned to Kasai-Oriental province
in the Democratic Republic of Congo, an 80 km radius
was applied to this province. Both the iNRF index with
an equal weight and the index with relative weights were
then estimated for all study sites and compared with the
proportion of iNTS per site. Pearson product-moment
correlation was used to select the final index for further
analyses, and the Bonferroni-adjusted significance of the
correlation was tested. Sensitivity analyses were con-
ducted to examine how varying radii (80 km and 100
km) would affect the correlations between the iNRF
index and the proportion of iNTS observed from the
surveillance sites.

Risk mapping

The iNRF index was further estimated at the subnational
boundary level for the final DHS countries where all four
risk factor indicators were available (see Fig. 1). The
DHS program provides sample weights which enable in-
dividual- or household-level datasets to be representative
of the subnational boundary level (i.e. province or state)
in a country. Thus, all individual-level datasets were
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weighted prior to estimating the iNRF index at the sub-
national boundary level. The index values were catego-
rized into 10 risk-levels based on every 10th percentile
for comparisons among provinces [17]. The final iNRF
index values were mapped to identify potential high-risk
areas for iNTS.

Ethics approval and consent to participate

The current study does not contain any individual-level
data which were directly collected for the purpose of the
study, thus ethics approval and consent to participate
were not required.

Permission to access data

The datasets analyzed in the current study were publicly
available: https://dhsprogram.com/data/available-
datasets.cfm

Results

Previous surveillance studies are summarized in Table 1.
Lunguya et al. collected the number of iNTS episodes in
seven provinces in the Democratic Republic of Congo,
and the proportion of iNTS (/1000) ranged from 0 (Ka-
sai-Occidental) to 72 (Equateur) [20]. Marks et al. car-
ried out surveillance studies in a multi-country setting
[21], and three countries, where corresponding DHS
datasets were available, were selected in the current
study. The proportion of iNTS varied across the three
sites with Asante Akim North in Ghana being the high-
est and Pikine in Senegal being the lowest. An additional
surveillance study was conducted by Tapia et al. in Mali
[22].

Figure 2 shows how the number of clusters was se-
lected to reflect improved locality around each of the
existing study sites. Each cluster included 17 to 34
households where the number of household members in
each household ranged from 1 to 49. The density of
DHS clusters within a country varies depended on the
size of a country and other logistical issues. For example,
the dispersion of DHS clusters is relatively lower in Bur-
kina Faso compared to the dispersion in the Democratic
Republic of Congo as shown in Fig. 2. The iNRF indices
with an equal weight, as well as with relative weights
were first constructed based on the four risk factors dis-
tributed within the radius per study site.

Correlations between the proportion of iNTS and the
iNRF index with an equal weight were plotted in Fig. 3
(see Additional file 2 for the iNRF index with relative
weights). A previous study indicated that young children
were more vulnerable to Salmonella Typhimurium or
Salmonella Enteritidis [20]. Given that the reported
iNTS episodes were for younger age cohorts in Ghana
and in Mali compared to other sites, these two studies
were separately compared. Overall, the proportion of
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Table 1 Previous surveillance sites

Article Country Province Site Age iNTS Blood Proportion of iNTS (per 1000 blood Source
group episode® culture cultures)
Lunguya Democratic Republic of Bas Congo Kinsantu Overall 114 2508 455 [20]
et al. Congo . .
Kinshasa Kinshasa town Overall 63 5499 11.5
Bandundu Center® Overall 1 73 137
Equateur Bwamanda Overall 29 403 720
Kasai- llebo®™ © Overall 0 2 00
Occidental
Kasai-Oriental ~ Center® Overall 1 26 385
Orientale Kisangani Overall 18 1123 16.0
Marks et al.“ Burkina Faso Ouagadougou  Nioko2 & Overall 60 1674 35.7 [21]
Polesgo®
Ghana Asante Asante Akim 0-149yo 145 2651 54.8
North
Senegal Dakar Pikine Overall 4 1058 38
Tapia etal.  Mali Bamako Bamako & 0-159yo 667 26,126 255 [22]
Koulikoro

In Bandundu, Kasai-Occidental, and Kasai-Oriental, there were no fixed surveillance sites as samples were collected on purpose (i.e. suspicion of outbreaks). Thus,
the centroids of the three provinces were used instead

bGiven that there were only two blood cultures taken in Kasai-Occidental, it was possible to identify the location based on email correspondences with the
authors of the article

“Among all countries reported by Marks et al. [21], the current table only shows the countries where corresponding DHS datasets are available. For other
countries, see Marks et al. [21]

%The two sites in Burkina Faso were adjacent, thus a single set of geo-coordinates was used

€In the Democratic Republic of Congo, the number of iNTS cases was the sum of Typhimurium and Enteritidis reported by Lunguya et al. There were no adjusted
iNTS cases available in Senegal, thus raw cases were applied

Democratic Republic of Congo

011230 460 690 920

- 03060 120 130 240
Klometers | e

iometers
Burkina Faso Senegal

BoTCIe A1 Mogholng ©
[ Nord % centie-Nord

04080 160 240 320 04080 160 240 320
S Kilometers I Yl oMeters.

Mali

’F *  Study site
P
WWE DHS clusters

‘ 50 km radius

Sikabsos-ee

085170 340 510 680
I e O fomters.

Fig. 2 The selected DHS clusters per study site
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Fig. 3 Correlation between the proportion of iNTS and the iNRF
index. INTS: Invasive Non-Typhoidal Salmonella. iNRF: iNTS Risk
Factors. CD: The Democratic Republic of Congo, BF: Burkina Faso, SN:
Senegal, GH: Ghana, ML: Mali

iNTS and the iNRF index with an equal weight was
highly correlated showing the correlation coefficient of
0.821 at the 1% Bonferroni-adjusted significance level
(p =0.002). Nonetheless, the relationship between iNTS
and the iNRF index in Kasai-Occidental appeared to be
less consistent compared to that in other sites. The cor-
relation coefficient with the iNRF index based on relative
weights was 0.809 at the 1% Bonferroni-adjusted signifi-
cance level (p=0.003). Thus, the iNRF index with an
equal weight was chosen for further analyses (simply
named the iNRF index hereafter).

Sensitivity analyses were conducted to examine how
extending a radius would affect the association between
the iNRF index and the proportion of iNTS. Figure 4
shows the relationship between the proportion of iNTS
and the iNRF index estimated with additional radii: 80

(a) INTS for all age cohorts

iNRF index

Proportion of iNTS (/1,000)

20 40 60 80
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Fig. 4 Sensitivity analyses with varying radii. iNTS: Invasive Non-
Typhoidal Salmonella. iINRF: iNTS Risk Factors. CD: The Democratic
Republic of Congo, BF: Burkina Faso, SN: Senegal, GH: Ghana,

ML: Mali
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km and 100 km. It is clear to see that the wider the ra-
dius is, the weaker the correlation is. The correlation co-
efficients were estimated at 0.755 (p =0.007) and 0.629
(p=0.038) with 80km and 100 km radii, respectively.
This result was consistent with the presumption that
risk factors distributed in adjacent areas to a study site
would improve the accuracy of the association with the
proportion of iNTS.

Given the association between the iNRF index and the
proportion of iNTS episodes observed in the existing
surveillance studies, the iNRF index was further esti-
mated at the subnational boundary level for all 9 coun-
tries and shown in Fig. 5. At the country-level, Guinea
appeared to be at the highest risk for iNTS followed by
Cote d'Ivoire and Burkina Faso. On the other hand,
Rwanda, Senegal, and Burundi were relatively at lower
risk than other countries. At the provincial-level, the
highest risk area was identified in Maniema, the Demo-
cratic Republic of Congo, whereas Dakar in Senegal was
at the lowest risk. Supplementary table shows further de-
tails on individual index values and its percentiles at the
subnational boundary level (see Additional file 1). The
overall risk-level of iNTS was variable not only by coun-
try but also within a country. For example, while the
iNRF index values were generally high (or low) across all
provinces in Cote d'Ivoire (or Rwanda), the risk levels
were variable by province in the Democratic Republic of
Congo. The iNRF index values were low to moderate in
some provinces such as Nord-Kivu, Sud-Kivu, and
Kinshasa in the Democratic Republic of Congo, but the
risk-level was much higher in Maniema and Ituri prov-
inces in the same country.

Discussion

The current study created a composite index called the
iNRF index in order to identify potential high risk areas
for iNTS. The iNRF index was generated based on four
risk factors which were previously validated in literature,
and the study outcome showed that the prevalence of
iNTS was correlated to the iNRF index. In particular,
the four risk factors used in this study were directly ob-
tained from the survey data without imposing any un-
necessary parametric assumptions for prediction. By
using risk factors which were commonly available across
countries, the risk-level of iNTS was estimated in a con-
sistent manner at the subnational boundary level. The
overall risk-level of iNTS was variable not only by coun-
try but also within a country, indicating that the actual
burden of iNTS at the country-level would likely be dif-
ferent from a site-specific disease burden.

In the context of neglected tropical diseases where in-
cidence rates are disproportionately high in developing
countries, population-based surveillance data are scarce.
In addition, data gathered in surveillance studies are
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mostly site-specific, e.g. within a single province of a
country. Nonetheless, these site-specific surveillance data
are often considered representative of an entire country
and used for more complicated analyses such as global
disease burden studies or cost-effective analyses. How-
ever, it is important to recognize that the burden of a
disease is often variable not only between countries, but
within a country. This variability within a country affects
the overall disease burden estimate, as well as the cost-
effectiveness of an intervention at the country-level.

iNTS has not yet been widely recognized compared to
disease caused by S. Typhi or S. Paratyphi. Given the in-
adequacy of iNTS evidence, the current study con-
structed the iNRF index to understand the geographical
distribution of iNTS risk factors in selected sub-Saharan
African countries. While there is no doubt that
population-based surveillance studies will provide more
details on iNTS in the future, this kind of work is more
resource and time intensive. Even if more surveillance
studies became available, it would still be very difficult
to obtain such information from all provinces within a
country, especially in the developing-country setting.
Thus, along with existing surveillance studies, the iNRF
index presented in the current study can be used as a
proxy to understand iNTS risk levels within a country
and to support decision making for future iNTS research
funding, clinical trial design/execution, and iNTS invest-
ment case development.

Some areas of uncertainty deserve attention. It should
be noted that the 50 km radius used in this study is arbi-
trary. Nonetheless, the 50 km radius was chosen to en-
sure the minimum inclusion of DHS clusters in all
countries given that the dispersion of DHS clusters was
variable. In addition, the sensitivity analyses were con-
ducted with varying radii and showed that the associ-
ation between the iNRF index and site-specific iNTS
estimates was more robust with a shorter radius than a
longer radius. In general, while a longer radius would in-
clude more DHS clusters, it would weaken the precision
to reflect the locality of study sites. On the other hand, a
shorter radius would increase the precision of the esti-
mate but reduce the number of cluster samples. Overall,
the iNRF index was highly associated with the propor-
tion of iNTS but did not correspond well with the obser-
vation in Kasai-Occidental. In Kasai-Occidental, there
were only two blood cultures taken, making it difficult
to generalize the outcome. Nonetheless, this may indi-
cate that there might be additional risk factors which
could explain the prevalence of iNTS. It should be noted
that the number of adjusted iNTS episodes may have
been estimated in a different way given logistical con-
straints. In fact, von Kalckreuth et al. indicated several
challenges such as blood culture volume inadequacy or
antimicrobial pretreatment which may have affected the
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limited diagnostic sensitivity of blood culture [23]. Iden-
tifying countries with a complete set of the four risk fac-
tors reduced the number of countries available for the
current study. However, it was critical to include risk
factors which had been frequently emphasized in exist-
ing literature (i.e., malaria and HIV) although these were
not available in many of countries. On the other hand,
focusing solely on risk factors which were more com-
monly available (i.e., drinking water source, or BMI)
would increase the number of eligible countries, but
these indicators alone were not particularly specific to
iNTS but rather general, making the index less relevant
to iNTS. This underscores the fact that it would be
highly desirable for the DHS program to include all risk
factors in more countries in the future. It is also worth
noting that considering the current study aims at gener-
ating the index based on primary and standardized data
across multiple countries, not all potential risk factors
were included due to the absence of such data which
met the inclusion standard. For example, sickle cell dis-
ease was also reported as a potential risk factor for iNTS
[24] but not included due to the lack of available data.
Nonetheless, having the four risk factors which met the
strict inclusion criteria of the current study enabled us
to generate robust outcomes to understand the endem-
icity of iNTS. Given the lack of existing surveillance data
points and matching DHS datasets, it would be desirable
to carry out more sophisticated statistical validation in
the future as more population-based surveillance data
and DHS countries with all four indicators will become
available. Lastly, given the duration of a malaria episode
is relatively short, the malaria indicator used in the
current study might be less consistent with the actual
level of burden.

Considering that a population-based surveillance study
requires extensive human and financial resources, identi-
fying potential high and low risk areas for iNTS prior to
a study implementation would facilitate an appropriate
site-selection process in the future. The iNRF index may
also be used to adjust site-specific incidence rates when
extrapolating them to other locations. It is worth noting
that the accuracy of the global burden estimates can be
further improved when employing risk factors directly
obtainable at the subnational boundary level, rather than
applying predicted values of risk factors with a set of
assumptions.

Conclusions

Population-based surveillance studies for iNTS are lim-
ited in number, and more surveillance studies are ur-
gently needed. The insufficient number of data hampers
the accurate estimation of the burden of iNTS and
makes it difficult to understand the geographical vari-
ation of the disease. Because conducting surveillance
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studies in all specific locations within a country will be
highly challenging in a short-run, the iNRF index pre-
sented in the current study can be used to make stan-
dardized comparisons of iINTS risk levels at the
subnational boundary level where there is no surveil-
lance data available yet. Moreover, the use of the iNRF
index summarizing the four risk factors can help deci-
sion makers interpret easily and monitor the overall pro-
gress over time as the DHS program periodically
updates survey data. Further research is needed not only
to increase population-based surveillance data, but also
to make the risk factors of iNTS available in more eli-
gible countries.
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