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Abstract

Background

Preventive interventions with post-exposure prophylaxis (PEP) are needed in leprosy high-

endemic areas to interrupt the transmission of Mycobacterium leprae. Program managers

intend to use Geographic Information Systems (GIS) to target preventive interventions con-

sidering efficient use of public health resources. Statistical GIS analyses are commonly

used to identify clusters of disease without accounting for the local context. Therefore, we

propose a contextualized spatial approach that includes expert consultation to identify clus-

ters and compare it with a standard statistical approach.

Methodology/Principal findings

We included all leprosy patients registered from 2014 to 2020 at the Health Centers in Fate-

hpur and Chandauli districts, Uttar Pradesh State, India (n = 3,855). Our contextualized spa-

tial approach included expert consultation determining criteria and definition for the

identification of clusters using Density Based Spatial Clustering Algorithm with Noise, fol-

lowed by creating cluster maps considering natural boundaries and the local context. We

compared this approach with the commonly used Anselin Local Moran’s I statistic to identify

high-risk villages. In the contextualized approach, 374 clusters were identified in Chandauli

and 512 in Fatehpur. In total, 75% and 57% of all cases were captured by the identified clus-

ters in Chandauli and Fatehpur, respectively. If 100 individuals per case were targeted for

PEP, 33% and 11% of the total cluster population would receive PEP, respectively. In the

statistical approach, more clusters in Chandauli and fewer clusters in Fatehpur (508 and

193) and lower proportions of cases in clusters (66% and 43%) were identified, and lower

proportions of population targeted for PEP was calculated compared to the contextualized

approach (11% and 11%).

Conclusion

A contextualized spatial approach could identify clusters in high-endemic districts more pre-

cisely than a standard statistical approach. Therefore, it can be a useful alternative to detect

preventive intervention targets in high-endemic areas.
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Author summary

Leprosy is chronic infectious disease characterized by skin and peripheral nerve lesions.

Despite the efforts to eliminate leprosy, around 210,000 new cases are still found annually

of which 60% is reported by India alone. To reduce the incidence significantly, new active

case finding approaches in combination with preventive treatment to at-risk populations

are needed in high-endemic areas in India. Geospatial methods can support program

managers and policy makers to identify clusters of leprosy patients and target at-risk pop-

ulations for preventive interventions. However, often standard spatial methods do not

account sufficiently for the local context (i.e., local barriers and social determinants). In

this study, we describe a contextualized spatial approach that includes expert consultation

to identify context specific clusters and compared it with a standard approach. Overall,

our results show that the contextualized approach is able to identify more clusters pre-

cisely and covers a larger proportion of the population in clusters that would need to be

targeted for preventive interventions. For program managers and policy makers, the con-

textualized approach can be useful to target at-risk populations in high-endemic areas

while ensuring efficient use of public health resources. Further research is needed to test

the scalability in different endemic settings and to apply to other Neglected Tropical

Diseases.

Introduction

Leprosy is caused by an infection with Mycobacterium leprae. It affects the peripheral nerves

and skin, and if left untreated, can progress to lifelong disabilities [1,2]. Therefore, patients

affected by leprosy, and especially those who develop disabilities, often suffer from social

stigma and discrimination leading to social exclusion, economic loss, and depression [3]. The

World Health Organization (WHO) still reports 200,000 new cases of leprosy annually, of

which 80% are registered in India, Brazil, and Indonesia [4].

India alone reported 114,451 new cases in 2019, which are unevenly distributed within the

country. In many districts, high endemic pockets with ongoing transmission exist [4]. Despite

the many efforts to eliminate leprosy, new cases are still found in India during past and current

leprosy case detection campaigns [5,6]. Therefore, new active case finding approaches in com-

bination with prophylactic treatment to at-risk populations are needed to reduce the incidence

considerably in these high endemic areas in India [7,8].

Progress have been made in the field of prophylactic interventions to prevent leprosy

among at risk populations [9]. The COLEP study demonstrated that a single dose of rifampicin

provided as post-exposure prophylaxis (SDR-PEP) to contacts of leprosy patients reduces the

risk of developing leprosy by, on average, 57% [10]. SDR-PEP has now been taken up in the

WHO leprosy guidelines to be used as preventive treatment for contacts of leprosy patients

after excluding leprosy and tuberculosis disease [11]. Recently, new studies have started to

assess the effectiveness of novel PEP strategies and/or PEP regimens. For example, the PEP+

+ trial compares the effectiveness of an enhanced PEP regimen, a combination of two antibiot-

ics, with SDR-PEP administered to close contacts of leprosy patients in high-endemic areas in

five countries. In this trial, enhanced PEP is provided in combination with a cluster-based

door-to-door campaign. People within identified clusters will be screened for leprosy signs

and symptoms and provided with PEP.

Geographic Information System (GIS) or spatial analysis are frequently used to identify

clusters of disease and to measure spatial patterns that are not random. Among these clustering
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tools, many statistical methods have been developed to verify if disease clusters are of sufficient

geographic size to have not occurred by chance [12]. Also in leprosy, spatial techniques are

perceived as an important tool to identify clusters [13,14]. Global clustering methods such as

the Global Moran’s I statistic are used to indicate the occurrence of spatial clustering in the

complete area and are often followed by local clustering methods [14,15]. Local clustering

methods such as Local Moran’s I statistic (Local Index of Spatial Association [LISA]) and Getis

Ord Gi� statistic are commonly used to identify areas of significant high leprosy incidence and

to find correlations with high grade 2 disability 2 (G2D) rates and low socioeconomic status

[15–19]. With Kulldorff’s Spatial and Space Time Scan Statistics (SaTScan) [20], a space-time

local clustering technique that can adjust for heterogeneous background population densities

and confounding variables [21], the most likely cluster(s) of disease are identified controlled

for gender, age, type of leprosy and deformity, and over a period of time [22–24]. Non-statisti-

cal spatial methods such as the Kernel Density Estimation which estimates the probability den-

sity function of a random variable, are applied to visualize clusters or so-called hotspots of

disease and disability [14,25,26].

Statistical spatial methods are mainly used to test a hypothesis and identify clusters in lep-

rosy research context. These methods can control for possible confounding and adjust for pop-

ulation densities, but do not account for the local barriers or social determinants. Involvement

of local communities and stakeholders for identifying high risk areas (intervention target) is

beneficial as they provide valuable information on the local context such as the natural bound-

aries, presence of stigma or travel and social behavior of the population in a specific area [27].

Program managers and policy makers intend to use spatial tools to identify the at-risk popula-

tions for preventive interventions while considering efficient use of public health resources

[13,28]. They often rely on simple maps that present the leprosy incidence, grade 2 disability

or child rate per district only. Therefore, to guide program managers and policy makers for

identification of at-risk clusters, a contextualized spatial approach that allows them to identify

clusters while considering the local context would be valuable.

In the PEP++ trial, a contextualized spatial approach was developed to identify high-risk

areas for door-to-door PEP interventions, and not necessarily to find statistical clusters. This

approach includes GIS spatial methods and expert consultation to account for the local con-

text. Non-statistical methods were required to identify clustering at a local level using individ-

ual level data (i.e., location of the house of the leprosy patient) and can include considering of

local barriers. This study describes the contextualized spatial approach that has been used in

the PEP++ trial to identify clusters of leprosy patients targeted for active case finding and pre-

ventive intervention and compares it with a standard statistical spatial analysis method.

Methods

Ethics statement

The PEP++ trial received ethical clearance from the Vardhman Mahavir Medical College & Saf-

darjung Hospital (IEC/VMMC/SJH/Project/2019-09/40) and is approved by the Indian Council

of Medical Research (ICMR) in New Delhi, India on September 17, 2018. For this study, ethical

clearance has been obtained for collecting patient information from the national register and

the GPS coordinates of patients registered from 2014 to 2020 at the public health centers in

Chandauli and Fatehpur. A copy of the dataset has been anonymized to perform the analysis.

Study area

This study used spatial and demographic data of registered leprosy patients in Chandauli and

Fatehpur districts, Uttar Pradesh (UP) State, India. UP is one of the most endemic states of
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India with an annual new case detection rate (ANCDR) of 65.8 per 1,000,000 population in

2019 [29]. Chandauli district is in southeast of UP and borders Bihar State. It has an area of

2,484 km2 and population of 2.34 million in 2020 [Table B in S1 Text]. Fatehpur district is

located in central south of UP and has an area of 4,152 km2 and population of around 3.10 mil-

lion in 2020 [Table B in S1 Text]. Both districts are considered high endemic for leprosy with

an ANCDR of 54.6 per 1,000,000 population in Chandauli and of 76.6 per 1,000,000 popula-

tion in Fatehpur in 2021 [Table B in S1 Text]. Fig 1 shows the geographic location of the two

districts.

Data collection

We collected the medical records of all leprosy index cases registered from April 2014 to

March 2020 across 10 Primary Health Centers (PHCs) and 17 PHCs in Chandauli and Fate-

hpur, respectively. Between January 2018 and June 2020, we conducted five mapping surveys

to collect the spatial data based on information on patient’ names and addresses with village

name. Project staff were trained in data collection using the mobile application MapIt software

(version 7.6.0, https://mapitgis.com/), a tool for Geographic Positioning Systems (GPS) data

Fig 1. Overview of the study area in Uttar Pradesh, India, which covers Fatehpur and Chandauli district. The red dots represent the distribution of the

mapped leprosy index cases registered from 2014 to 2020. Base layers from https://sedac.ciesin.columbia.edu/data/set/india-india-village-level-geospatial-socio-

econ-1991-2001/data-download.

https://doi.org/10.1371/journal.pntd.0010972.g001
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collection and management, in January 2018. They were assigned to one of the blocks and

worked together with Indian government staff, such as Medical Officers (MOs), Non-Medical

Assistants (NMAs), Paramedical workers (PMWs) of the PHC and Accredited Social Health

Activists (ASHAs) as community volunteers. Since we only had the village and patient name,

the support of PHC staff and ASHAs including the chief of village (i.e., pradhans) was required

to find the patients’ houses. Once a patient’s house was located, the GPS coordinates of the

house were recorded offline with MapIt. All data points were uploaded to the server in the

NLR India office in New Delhi to be aggregated and combined with demographic information

for analysis. Table A in S1 Text shows an overview of the five mapping surveys. All data were

imported in the open-source Quantum Geographic Information System (QGIS) version 3.4.1

(QGIS Developer team, Madeira 2018)) for validation. Incorrect data points (e.g., situated in a

lake or field) were removed and re-collected by project staff.

Spatial analysis: Contextualized spatial approach

We developed a contextualized spatial approach for the PEP++ trial to identify clusters of lep-

rosy cases that account for the local barriers and social determinants. It comprises of the non-

statistical Density-Based Spatial Clustering of Applications with Noise (DBSCAN) tool and an

expert consultation to identify clusters of leprosy cases (high-transmission areas) at individual

level. The approach was divided into three steps: a preliminary spatial analysis, an expert con-

sultation to decide on criteria and a cluster definition, and the development of context specific

cluster maps that can be used in the field. Fig 2 shows an overview of the steps, and S1 Text

describes the complete methodology used in this approach.

Step 1 Preliminary spatial analysis. In the preliminary analysis, we analyzed the data on

strength of clustering, then visualized clusters, and finally identified cases that were part of

each main cluster. The strength of clustering of leprosy patients was calculated using Global

Moran’s Index statistic [30] in GeoDa (https://geodacenter.github.io/) version 1.18 (Anselin,

Santa Barbara, CA, USA). It calculates the autocorrelation coefficient (degree of similarity)

between spatial points (and takes values ranging between -1 and 1), where -1 indicates dis-

persed distribution, 0 no clustering, and 1 strong clustering. In this approach, the Global Mor-

an’s I was used to determine reasonable cluster sizes. Strong clustering indicates that spatial

points are located close together and therefore a cluster can contain many patients. Weak clus-

tering indicates that only a few spatial points are close together and therefore a cluster should

contain a few patients.

Clustering of cases was visualized using the heatmap tool (Heatmap plugin, QGIS). The

heatmap tool draws a circle with a specified radius (e.g., 1000 m) around each data point and

creates a raster file as output. Then, it uses Kernel Density Estimation to calculate the density

of points for each raster cell. Raster cells that are close to data points will have a higher density

(higher value) compared to raster cells that are further away which will have a low density (low

value). The resulting map showed the density distribution of clusters and non-clusters. In this

approach, the heatmap radius was used to select the maximum distance between patients that

would be part of a cluster. A heatmap that shows many individual density spots can be selected

as the maximum distance.

To identify cases that are part of a cluster, we used the DBSCAN tool [31] of QGIS. This

tool focuses on the proximity and density of points to form (arbitrary shaped) clusters. A mini-

mum cluster size (minimum points; MinPts) and maximum distance to a nearest neighbor

(radius; ε) needs to be selected beforehand. In the DBSCAN tool, points can be classified as

core points, reachable points and outliers. A point is identified as a core point if it has the spec-

ified minimum number of points in its radius-neighborhood (including the core point). A
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reachable point is a point within the radius-neighborhood of the core point and is identified as

part of the cluster. All points outside the radius-neighborhood are ‘outliers’ or ‘noise points’

and will not be identified as cluster points. The parameters of the DBSCAN were determined

by the strength of clustering (Global Moran’s I) and density of points (Heatmap). We used the

DBSCAN tool with 12 different combinations of minimum cluster size (i.e., 2, 3, 4) and maxi-

mum distance (i.e., 200 m, 300 m, 400 m, and 500 m). For each combination, we calculated the

proportion of the total cases georeferenced that would be part of a cluster.

Step 2 Expert consultation. An expert consultation was organized with the aim to i) dis-

cuss the preliminary results of the clustering analysis, ii) decide which cluster definition to use

in the concerned setting and iii) discuss the implications of this choice for the door-to-door

campaigns. Among the participants were representatives of the state and district government

health department, health care workers of both districts, and project staff that collected the

data (n = 60). Their knowledge and experience of the Chandauli and Fatehpur context was

important to determine the definition of a cluster.

To get a better understanding of the Chandauli and Fatehpur context, additional informa-

tion about i) transmission of M. leprae in the two districts, including MB leprosy, child, and

grade 2 disability proportions, ii) the travel and social behavior of leprosy infected persons,

and iii) specifications of the environment (i.e., districts), including rural or urban areas, natu-

ral and social boundaries, population counts, poverty, presence of violence or stigma and

access to health centers, were gathered and discussed.

Fig 2. Overview of the different steps in the contextualized spatial approach with the input and output by step.

Step 1 is the preliminary analysis using the Global Moran’s I, Heatmap and the DBSCAN tool with the data of 2014–

2017. The output of the Global Moran’s I and Heatmap are used for the selection of parameters of the DBSCAN

(arrows). Step 2 is the expert consultation during which the preliminary results are discussed followed by decisions that

have been taken as criteria on cluster definition. Step 3 is the development of context specific cluster maps for the PEP

interventions. Minpt: minimum number of points in a cluster; PEP: post-exposure prophylaxis; HH: household.

https://doi.org/10.1371/journal.pntd.0010972.g002
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The experts recommended using: a small cluster size (Minpt) and small maximum distance

(ε, radius) for the cluster analysis and that ‘at least 60% of the leprosy cases should be part of a

detected cluster’ (S1 Text). Based on this input the appropriate DBSCAN parameter combina-

tion was selected, which included a minimum cluster size of 2 and maximum distance of 500

m (i.e., at least 2 cases living within 500 m of each other; Table C in S1 Text).

Step 3 Develop context specific cluster maps. The data points that are within 500 m of

another point were identified as a cluster case and used for further analysis. Cases that are part

of the same cluster were grouped and we drew a polygon shape around them using Google Sat-

ellite Imagery. While shaping the areas, we considered the village, street and natural bound-

aries, and capturing on average 20 households (i.e., 100 individuals) around each cluster case

as was decided during the expert consultation.

Spatial analysis: Statistical approach

Statistical tools are often used by academics to identify significant clusters with risk ratios. We

used the Local Moran’s Index (Local Indicator of Spatial Association [LISA]) [32] because it is

a commonly used statistical method to test for local clustering and can be used to identify the

highest risk areas of occurrence of leprosy in Fatehpur and Chandauli district. As the areas of

interest, we selected village level since this is the smallest area with known population data

[33,34].

Similar as the Global Moran’s I, the Local Moran’s Index measures the correlation coeffi-

cient (degree of similarity) between neighbouring spatial points. The difference is that the

Global Moran’s I calculates one summarizing I value for the complete study area and the Local

Moran’s calculates the I value for each spatial point (local level). In this study, we calculated

the correlation coefficient between villages with or without leprosy cases to identify clustering

of villages. The algorithm removes the village from its neighborhood and determines if the

neighborhood is significantly different from the study area, then it determines if each village is

significantly different from its neighborhood. The tool calculates the Moran’s Index value and

both a z-score and p-value to evaluate the significance. A Moran’s I value of zero indicates

homogenous distribution (no clustering). A value between 0 and 1 indicates that a village has

neighboring villages with similarly high or low number of leprosy cases; this village is part of a

cluster. A value between -1 and 0 indicates that a village has neighboring villages with dissimi-

lar number of cases in the village; this village is an outlier.

We checked the data for outliers using the histogram function in GeoDa version 1.18. Since

the data showed a non-normal distribution with extreme high values, we decided to use the

‘Univariate Median Local Moran’s I’ tool in GeoDa to identify the high-risk cluster villages.

This is an extension of the Univariate Local Moran’s I tool that can correct for the variance

caused by extreme high or low values. We appointed the total number of cases per village as

‘event’ variable. The queen contiguity with first order was selected to determine the neighbors,

which includes all neighboring villages that directly share a spatial border with the village of

interest. To construct the reference distribution, we selected the Monte Carlo replication of

data sets of 999 permutations (i.e., pseudo p value of 0.001) to ensure adequate power for

defining clusters. As the output, GeoDa provides a significance map and a cluster map. The

significance map shows the villages with a significant local I statistic (p value� 0.05). The the-

matic cluster map shows the clusters high-high (i.e., village with high number of cases sur-

rounded by villages with high number of cases) and low-low (i.e., village with low number of

cases surrounded by villages with low number of cases), the outliers high-low (i.e., village with

high number of cases surrounded by villages with low number of cases) and low-high (i.e., vil-

lage with low number of cases surrounded by villages with high number of cases), and the
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villages that are not significant. In this study, the high-high and high-low villages (villages with

leprosy cases and a p value lower than 0.05) were considered as leprosy cluster.

Outcome measures

To compare the contextualized spatial and statistical approach, the proportion of cases in clus-

ters, the number of clusters, the cluster area, the total number of people in clusters, and the

proportion of contextualized clusters that overlap with statistical clusters are calculated for

urban and rural areas in both districts and for each approach. In the contextualized spatial

approach, the proportion of cases in clusters was calculated as the number of leprosy cases in

clusters divided by the total number of leprosy cases. The total population in clusters is the

sum of populations as provided by the pradhans of the villages with leprosy clusters in 2021. In

the statistical approach, the proportion of cases in clusters was calculated as the number of lep-

rosy cases in high-high and high-low villages divided by the total number of leprosy cases. The

total population in clusters is the sum of the populations in high-high and high-low villages.

The proportion of cluster area that overlap will be calculated as the total area overlap divided

by the total cluster area of the contextualized spatial approach.

The implications for the door-to-door active case finding and PEP interventions in the clus-

ters were also compared for the two approaches. The estimated number of people to be targeted

with PEP was calculated for both approaches as the number of cases in clusters multiplied by

100 individuals. Following the PEP++ strategy, we assumed that 20 households which is about

100 individuals were targeted per leprosy case in a detected cluster. The proportion of total pop-

ulation in the clusters to be targeted for PEP was also calculated for both approaches.

Results

Distribution of cases

From April 2014 to March 2020, in total, 4,039 new leprosy cases were registered at the PHCs,

1,710 in Chandauli district and 2,329 in Fatehpur district. The locations of 1,647 (96.3%) and

2,208 (94.8%) leprosy patient’ houses were georeferenced during the five mapping studies in

Chandauli and Fatehpur, respectively. The New Case Detection Rate (NCDR) per village was

calculated as the total number of leprosy cases registered from April 2014 to March 2020 in the

village divided by the population of the village in 2021. Fig A in S1 Text shows the NCDR per

1,000,000 population for Chandauli and Fatehpur. A Moran’s I statistic of 0.030 (z score of

2.078; p value of 0.031) and 0.028 (z score of 2.624; p value of 0.018) in Chandauli and Fate-

hpur respectively, indicates weak clustering of cases. The heatmaps of the two districts showed

many medium density areas and a few hotspots of leprosy cases (Fig B in S1 Text).

Comparison of the contextualized spatial approach with standard

statistical approach

Fig 3 shows the contextualized clusters identified by the contextualized spatial approach (dark

red) and the cluster villages identified by the statistical approach (light pink). In the contextual-

ized spatial approach, 374 clusters are identified in Chandauli and 512 cluster in Fatehpur.

These clusters are distributed throughout the districts. In the statistical approach, 508 cluster

villages are identified in Chandauli and 193 cluster villages in Fatehpur. The cluster villages in

Chandauli are distributed throughout the district and the cluster villages in Fatehpur, are iden-

tified in the center and North part of the district.

The results and the implications for PEP interventions of both approaches for Chandauli

and Fatehpur are compared and presented in Table 1 and Table 2. Overall, the indicators were
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lower for urban compared to rural clusters and villages. The proportion of cases in clusters for

urban and rural areas together is 75.0% and 57.2% in Chandauli and Fatehpur, respectively, in

the contextualized spatial approach, and 66.2% and 43.0% in the statistical approach (Table 1).

The proportion of total population in clusters that would be targeted for PEP (20 households

per leprosy cluster case) is 31.3% in Chandauli and 11.4% in Fatehpur in the contextualized

spatial approach, and 10.8% and 10.8%, respectively in the statistical approach (Table 2). The

proportion of contextualized clusters that overlap with statistical clusters is for Chandauli

41.3% and 62.0% in urban and rural areas, respectively, and for Fatehpur, this is 60.6% and

39.8% (Table 1).

Fig 3. The contextualized clusters and the statistical cluster villages in Chandauli district (top left) and Fatehpur

district (top right), and a zoom-in of clustering in a rural area in Chandauli (bottom left) and in an urban area in

Fatehpur (bottom right). The bright red areas are the contextualized clusters identified in the contextualized spatial

approach and the pink areas are the significant statistical cluster villages identified by Local Moran’s I. The zoom-in of

the rural area shows that both approaches are able to identify clusters. Base layers from https://sedac.ciesin.columbia.

edu/data/set/india-india-village-level-geospatial-socio-econ-1991-2001/data-download.

https://doi.org/10.1371/journal.pntd.0010972.g003
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Discussion

Our study described a contextualized spatial approach with expert consultation to identify

contextualized clusters of leprosy cases to target door-to-door PEP interventions in two high-

endemic districts in India and compared this approach with a standard statistical approach.

Both approaches could identify clusters of cases in the two high-endemic districts. The contex-

tualized spatial approach, however, identified smaller clusters and a higher proportion of cases

in clusters in both districts. This may imply that the contextualized approach identified clusters

more precisely in high-endemic districts. Also, the total population in clusters targeted for

PEP were smaller in urban settings of both districts in the contextualized approach compared

to the statistical approach.

As program managers often operate with limited budgets and resources, it is necessary to

target PEP interventions only to those that are most likely to be infected with M. leprae and are

at risk of developing leprosy. Our findings showed that the contextualized spatial approach

covers a higher proportion of cases in clusters of rural and urban areas combined and there-

fore, results in larger number of individuals targeted for PEP intervention. A contextualized

spatial approach is very suitable if one aims to target the complete cluster or target the at-risk

population in smaller but more precise clusters that account for the local context. Especially

with door-to-door campaigns in urban areas, targeting smaller and more precise clusters

within a city can be more efficient in terms of resources and time compared to large urban

Table 1. The results of two approaches compared.

Contextualized spatial approach Standard statistical approach

Chandauli� Fatehpur� Chandauli Fatehpur

Urban Rural Total Urban Rural Total Urban Rural Total Urban Rural Total

Proportion of cases in clustersa 7.2% 67.8% 75.0% 12.7% 44.5% 57.2% 3.0% 62.1% 65.1% 13.1% 29.9% 43.0%

Number of clusters 44 330 374 123 389 512 10 498 508 23 170 193

Cluster area km2 3.1 32.3 35.4 7.8 25.8 33.7 32.9 1,236.2 1,269.1 377.0 569.3 946.3

The total population in clustersb 60,000 335,000 395,000 276,000 834,000 1,110,000 132,000 859,000 991,000 463,000 413,000 876,000

Proportion cluster area overlapc 41.3% 62.0% 60.3% 60.6% 39.8% 44.5%

� Chandauli has 20 urban areas (total population of 264,000) and 1405 rural areas (total population of 1,939,000), Fatehpur has 56 urban areas (total population of

356,4,000) and 1296 rural areas (total population of 2,641,000) [33]

a Number of cluster cases divided by total number of cases for the contextualized spatial approach and the number of cases in red and pink villages divided by the total

number of cases for the statistical approach

b Calculated as the sum of populations in each cluster as estimated by the head of village in the contextualized spatial approach and as the sum of populations in cluster

villages for the statistical approach [33]

c Calculated as the total cluster area that overlap with each other divided by the total cluster area of the contextualized spatial approach.

https://doi.org/10.1371/journal.pntd.0010972.t001

Table 2. The implications for PEP interventions of two approaches compared.

Contextualized spatial approach Standard statistical approach

Chandauli Fatehpur Chandauli Fatehpur

Urban Rural Total Urban Rural Total Urban Rural Total Urban Rural Total

Estimated population targeted for PEP interventiona 11,900 111,700 123,600 28,100 98,300 126,400 5,000 102,300 107,300 29,000 66,000 95,000

Proportion of total population in clusters targeted for

PEPb
19.8% 33.3% 31.3% 10.2% 11.8% 11.4% 3.8% 11.9% 10.8% 6.3% 16.0% 10.8%

a Calculated as the number of cluster cases multiplied by 100 individuals (20 households)

b Calculated as the estimated population targeted for PEP intervention divided by total population in clusters

https://doi.org/10.1371/journal.pntd.0010972.t002
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clusters as identified in the statistical approach. The statistical spatial approach should be con-

sidered if the local context is not considered relevant and if targeting larger clusters is accept-

able, or if the interest is to target only the clusters that are identified as statistical significant

(i.e., areas where cases are not appearing randomly). Generally, this approach would result in

fewer and larger urban clusters. Moreover, the proportion of total cases in clusters (urban and

rural) is lower resulting in a lower number of individuals targeted for the PEP intervention.

This implies that a (significant) part of the at-risk population may be missed for preventive

interventions.

Additional considerations for choosing a suitable and feasible spatial approach for a partic-

ular district could be: i) population density, ii) granularity of geographic data, and iii) time and

resources available for the data collection and analysis. Our contextualized spatial approach

can be applied in areas with both low and high population densities, where preferably individ-

ual level data is available. However, in our study this approach required at least four weeks to

collect the data, including, GPS coordinates of patients and information about local barriers,

epidemiological indicators, social determinants, presence of stigma, migration and an estima-

tion of the population, and another two weeks for the data manager to construct the context

specific maps. Door-to-door campaigns (with PEP) would therefore require additional time

and resources for planning but may save resources (precise clusters and less travelling) for the

actual implementation. Nevertheless, this approach would only be feasible when enough time

and resources are available to carry this out. Otherwise, we recommend using a standard statis-

tical approach. A statistical approach is also recommended if the population is distributed het-

erogeneously and if data is only available at village or health center level.

The expert consultation in our study was the added value of the contextualized approach.

Expert consultations or key stakeholder meetings are often used in leprosy to gain support for

new ideas or strategies. For example, at global level to develop leprosy elimination strategies or

guidelines for treatment [35], at national level to improve leprosy control activities [36], or at

research level to develop innovative tools or a research agenda [37,38]. The success of our

expert consultation and development of context specific cluster maps depended on relevant

questions related to the i) transmission of M. leprae in the two districts, including MB leprosy,

child, and grade 2 disability proportions, ii) the travel and social behavior of leprosy infected

persons, and iii) specifications of the environment (i.e., districts), including rural or urban

areas, natural and social boundaries, population counts, poverty, presence of violence or

stigma and access to health centers. This resulted in an understanding of the clustering of lep-

rosy cases, a cluster definition and methodology based on the travel behavior of population in

the concerned setting, context specific cluster maps presenting more precise target areas for

PEP, and a PEP door-to-door strategy considering available resources in the two districts.

The transmission of M. leprae and clustering of cases can be different in rural and urban

areas as a result of migration to cities, higher awareness among urban population, and closer

distance to an infected person [39,40]. Mohite et al. found an increase in number of child cases

in urban areas compared to rural areas indicating that urban areas become an important

source of transmission and therefore, may need a different clustering approach and possible

PEP strategy [41]. Currently, urban clusters are mainly identified using statistical tests, includ-

ing Kulldorff’s spatial scan statistic [42,43]. In our study, we did not use a different spatial

approach for urban or rural areas. However, we observed that the contextualized spatial

approach is able to identify more precise and smaller clusters in urban areas than the statistical

spatial approach, resulting in a higher proportion of total population in clusters targeted for

PEP. An example is Fatehpur city (Fig 3, zoom in). The city is identified as a cluster village by

the statistical spatial approach and therefore, for each leprosy case in the city 100 individuals

will be targeted for door-to-door PEP interventions. In the contextualized spatial approach, we
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could identify small individual clusters that are mainly located in the center of Fatehpur. This

implies that more transmission is taking place in the center than at the outskirts of the city. As

a result, the leprosy cases that are not within a distance of 500 m from another case would not

be targeted for door-to-door PEP interventions and therefore, the proportion of total popula-

tion in clusters targeted for PEP is higher compared to the statistical approach. Considering

more efficient use of public health resources during active case finding and PEP intervention

and limiting exposure to stigma, our contextualized spatial approach could be very useful to

identify more precise clusters, especially in urban areas.

The maximum proportion of cluster overlap was 60% indicating that the two approaches

can identify the same clusters but also have 40% of the clusters not in common. In clusters

identified by the statistical approach only, leprosy cases were located more than 500 meters

from each other, and therefore not identified as a cluster in the contextualized approach. In

clusters identified by our contextualized approach only, the number of leprosy cases in a village

was considerably lower (or equally low) compared to neighboring villages, and therefore not

identified as a cluster in the statistical approach. To increase the accuracy of identifying clus-

ters, especially in the urban areas, the program manager can consider using a different

DBSCAN setting for urban areas or a different statistical approach that corrects for population

densities. As a result, the proportion of cases in clusters may increase for both approaches. The

drawback of increasing the proportion of cases in clusters is the more individuals need to be

targeted for PEP and therefore more resources are needed.

Strengths and limitations

Our contextualized spatial approach is a first step towards a feasible spatial approach that

accounts for the local context. This approach has worked well in our study setting, and could

therefore, be considered a useful method for program managers and policy makers if time and

resources can be made available for collecting coordinates at individual level and contextual

information. In addition, the output of the expert consultation would likely be relevant for the

coming years as the local barriers don’t change much over time. The return of investment in

time and resources can be significant because changes in, for example, the distribution of new

leprosy cases in the studied areas, would require minimal updates to this approach. Further

research in different settings is recommended to i) test and, if necessary, adapt the approach,

ii) scale up to high-endemic leprosy districts, iii) apply to other neglected tropical diseases

such as Buruli Ulcer, and iv) measure the cost-effectiveness of both approaches.

The DBSCAN clustering tool used in the contextualized spatial approach differs from other

clustering algorithms by i) not using a pre-set number of clusters such as in the K-Means tool, but

instead using a selected Minpt and maximum distance [31], and ii) not correcting for population

densities. Selecting a maximum distance demands a proper understanding of the leprosy trans-

mission and the population at risk in the study area. This was discussed in the expert consultation

and a decision was made on the maximum distance for Chandauli and Fatehpur. A limitation in

our study, however, is that we didn’t differentiate between rural and urban settings or correct for

population densities and used the same DBSCAN parameters (Minpt of 2 and maximum distance

of 500 m). For urban settings with a higher population density, program managers can consider

selecting a higher Minpt and smaller maximum distance for the DBSCAN.

In the statistical spatial approach, we used the total number of cases as the event while other

leprosy studies selected new case detection rate (NCDR) as event to identify clusters [17,18].

As a result, a village with a high number of cases but low NCDR due to large population can be

identified as a cluster, while a village with a low number of cases but high NCDR due to a small

population can be missed as a cluster. If we used the NCDR as the event, however, we would
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have included many rural villages with one leprosy case in both Chandauli and Fatehpur. Even

though the NCDR is often used as measure of risk, a single leprosy case in a rural village may

also be a sporadic case.

It should be noted that the use of spatial analysis to guide intervention targets and efficient

use of public health resources is challenging, especially in high endemic districts. Clustering of

leprosy cases can only be measured if the locations of registered cases are known. Cases that

are not in the national health registers or from which the GPS coordinates are not collected are

automatically excluded from the analysis. Such ‘hidden cases’ may be due to poor performance

or absence of leprosy services at the health center level. These areas where hidden cases may

exist will not be identified as high risk areas in the clustering analysis and not be targeted with

(contact) screening interventions. While in these areas, public health resources may be used in

an efficient way: detecting as many new cases of leprosy as possible while screening few indi-

viduals as possible. If a statistical approach is used, these areas will be identified as non-signifi-

cant and will not be of interest for a program manager to target interventions resulting in

continuous transmission of M. leprae. If a contextualized spatial approach is used, however,

these results and areas will be discussed during the expert consultation and can be explained

according to the local context or history. If it is expected that hidden cases may exist in these

areas, the program manager can decide to implement or increase active case finding efforts.

This can be followed by door-to-door PEP interventions or other PEP strategies to target the

at risk populations and interrupt the transmission of M. leprae.

Conclusion

This study showed that our contextualized spatial approach could identify clusters in high-

endemic districts more precisely than a statistical spatial approach. It captures a larger propor-

tion of cases in the identified clusters and covers a larger proportion of the population in the

clusters (at risk) that would need to be targeted for a door-to-door approach with active case

finding and PEP to support interruption of transmission of M. leprae. Therefore, this approach

appears to be a useful approach to detect at-risk populations for preventive interventions in

high-endemic areas. In other endemic settings, further research is needed to test the

scalability.
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Jan Hendrik Richardus, David J. Blok.

Data curation: Akshat Garg.

Formal analysis: Anneke T. Taal, Akshat Garg.

Funding acquisition: Anneke T. Taal, Wim H. van Brakel.

Methodology: Anneke T. Taal, Josafá G. Barreto.
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