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Abstract

Recent evidence suggests that, in some foci, elimination of onchocerciasis from Africa may

be feasible with mass drug administration (MDA) of ivermectin. To achieve continental elimi-

nation of transmission, mapping surveys will need to be conducted across all implementa-

tion units (IUs) for which endemicity status is currently unknown. Using boosted regression

tree models with optimised hyperparameter selection, we estimated environmental suitabil-

ity for onchocerciasis at the 5 × 5-km resolution across Africa. In order to classify IUs that

include locations that are environmentally suitable, we used receiver operating characteris-

tic (ROC) analysis to identify an optimal threshold for suitability concordant with locations

where onchocerciasis has been previously detected. This threshold value was then used to

classify IUs (more suitable or less suitable) based on the location within the IU with the larg-

est mean prediction. Mean estimates of environmental suitability suggest large areas across

West and Central Africa, as well as focal areas of East Africa, are suitable for onchocerciasis

transmission, consistent with the presence of current control and elimination of transmission

efforts. The ROC analysis identified a mean environmental suitability index of 0�71 as a

threshold to classify based on the location with the largest mean prediction within the IU. Of

the IUs considered for mapping surveys, 50�2% exceed this threshold for suitability in at

least one 5 × 5-km location. The formidable scale of data collection required to map oncho-

cerciasis endemicity across the African continent presents an opportunity to use spatial data

to identify areas likely to be suitable for onchocerciasis transmission. National onchocercia-

sis elimination programmes may wish to consider prioritising these IUs for mapping surveys

as human resources, laboratory capacity, and programmatic schedules may constrain sur-

vey implementation, and possibly delaying MDA initiation in areas that would ultimately

qualify.

Author summary

As of 2018, it was unknown if onchocerciasis transmission occurred among approxi-

mately 2 400 implementation units (IUs; typically, second administrative-level units, such

as districts) considered potentially endemic. These IUs have either never been surveyed

for onchocerciasis or historical data are not sufficient to define contemporary endemicity
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status. Given the large number of IUs for which baseline data collection is likely required

to achieve continental elimination, there is a need to prioritise areas for surveys to ensure

that those suitable for endemic transmission, and therefore potentially eligible for mass

drug administration, are able to initiate interventions as soon as possible. We used

boosted regression trees to predict environmental suitability for onchocerciasis, with cor-

responding measures of uncertainty. We summarized the fine scale spatial predictions at

the IU level by using receiver operating characteristic (ROC) curve analysis to identify a

threshold that maximized agreement with the occurrence locations to identify IUs that

may warrant prioritisation for mapping surveys. This analysis suggests that approximately

half of the IUs considered for surveys could be classified as environmentally suitable for

onchocerciasis. In order to develop an elimination strategy, many national onchocerciasis

elimination programmes (NOEPs) need a mechanism to synthesise historical data to

define priority areas for surveys.

Introduction

Onchocerciasis (a disease caused by infection with Onchocerca volvulus) can lead to permanent

blindness and skin disease, and over 99% of people infected reside in Africa [1]. Since the mid-

1970s, vector control of the Simulium black fly vectors and, since the late-1980s, mass drug

administration (MDA) with ivermectin, have been implemented (in combination or using

MDA alone) with the goal of reducing onchocerciasis-related morbidity in areas of meso- to

hyper-endemicity [2]. To date, over one billion ivermectin treatments have been administered

by national onchocerciasis control programmes, in addition to millions of ivermectin treat-

ments provided for the elimination of lymphatic filariasis (LF) as a public health problem [2].

Preventive chemotherapy with MDA (in which individuals residing in endemic areas are

offered ivermectin) has been identified as the primary intervention for the control of oncho-

cerciasis-related morbidity and elimination of onchocerciasis transmission [2]. Under the for-

mer Onchocerciasis Control Programme (OCP) in West Africa and the African Programme

for Onchocerciasis Control (APOC), as well as onchocerciasis-control programmes supported

by other partners, areas eligible for MDA were often identified by purposively sampling com-

munities near known or suspected Simulium breeding sites. Prevalence of onchocerciasis was

estimated via skin snip biopsy to detect the presence of microfilariae under standardised pro-

tocols (for OCP) or nodule palpation (onchocercoma), the latter leading to the rapid epidemi-

ological mapping for onchocerciasis (REMO) tool [3]. This approach was generally successful

at identifying foci with moderate to high levels of transmission (nodule prevalence�20%) [4],

but is less sensitive in low-prevalence settings [5].

In 2012, the paradigm for onchocerciasis programmes began to shift from control to elimi-

nation [6]. Recent evidence from the Americas [7,8] and Africa [9,10] has shown that annual

or semi-annual MDA reaching at least 80% of the eligible population may halt transmission

after a period of variable duration (in part determined by baseline endemicity) [11], achieving

local elimination in some foci [12]. To ultimately achieve elimination of transmission, there-

fore, endemic areas must first be correctly delineated to ensure timely initiation of interven-

tions [13]. Various stakeholders are now exploring the feasibility of eliminating onchocerciasis

across Africa [14], and several methods are under consideration to identify areas eligible for

MDA. As of 2018, the Expanded Special Project for Elimination of Neglected Tropical Diseases

(ESPEN) at the World Health Organization Africa Region (WHO-AFRO) identified approxi-

mately 2 400 implementation units (IUs), typically second administrative-level units (such as
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districts), for which endemicity status is uncertain due to a lack of current prevalence data. Of

these, 1 651 IUs have never received ivermectin MDA, and 783 IUs currently receive ivermec-

tin (plus albendazole) as part of LF programmes, or may be under post-MDA surveillance for

LF [15]. The objective of this analysis was to predict to what extent these IUs of uncertain

endemicity status were likely to be environmentally suitable for onchocerciasis. The results of

this analysis could be used by national programmes and implementing partners to identify pri-

ority areas for mapping surveys.

Methods

Data inputs

We first constructed an analytical dataset of locations at which onchocerciasis has been

detected (‘occurrences’). The case definition of an occurrence included any geo-referenced

data point or polygon (i.e., areal data) for which at least one person tested positive using any of

the following diagnostics to measure prevalence of onchocerciasis infection or onchocerciasis-

related disease: nodule palpation; skin snip microscopy; onchocerciasis-related eye or skin dis-

ease; or Ov16 seropositivity, as well as other diagnostic tests (see S1 Text). Two alternative case

definitions were tested in a sensitivity analysis, described in S1 Text. Inputs were obtained

from a systematic literature review of the prevalence of human onchocerciasis and onchocerci-

asis-related morbidity published from 1975 to 2017, detailed elsewhere [16]. Since the majority

of onchocerciasis prevalence data were reported by national onchocerciasis control and elimi-

nation programs for the purposes of programme monitoring, we also extracted prevalence

data from the ESPEN [15] online portal. We further requested prevalence data collected under

the OCP–operational in West Africa from 1974 to 2002 –from its former Director, BA Boatin,

PhD (personal communication, January 2019). Locations missing geographical information

(i.e., latitude-longitude for community-level prevalence or a shapefile for areal data) were geo-

referenced following the procedures described in Hill et al.[16] Further details on the dataset

are presented in S1 Text.

For the boosted regression tree (BRT) [17] model to compare against a set of control condi-

tions, we must also provide it with examples of environmental conditions where onchocercia-

sis has not been detected. Since methods used to detect onchocerciasis included skin biopsy

and nodule palpation, it is possible that reports of zero prevalence may not be true absences,

particularly among areas of low prevalence, due to low sensitivity of these methods [18].

Rather than use reported absence data (which may include false negatives), we therefore ran-

domly sampled background data to provide a contrast signal, re-implementing protocols from

prior ecological and epidemiological species distribution analyses akin to pseudo-absence data

[19]. Background points were sampled independently across 100 bootstraps and uniformly

from within 100 km of the input data locations (polygon boundaries and point locations) such

that the number of samples from each region (defined as a 100-km buffer from an occurrence

location) matched the number of occurrence records associated with it. Since the 100-km

regions would overlap with the IUs for which endemicity status was known, we did not sample

from IUs considered endemic for onchocerciasis, and avoided sampling within polygonal loca-

tions in the occurrence dataset. We used a shapefile provided by ESPEN to identify IUs to con-

duct background sampling (S1 Text).

Covariates

Ten covariates were included in the analysis based on known evidence of an association with

presence of the vector. These included variables that represent climatic factors (aridity, precipi-

tation, and daytime temperature), vegetation (enhanced vegetation index, tasseled cap
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brightness, and tasseled cap wetness), breeding sites near fast-flowing rivers (distance to rivers,

slope, and elevation) and transmission occurring in rural areas (urbanicity). Details regarding

covariate selection, source information, and visualisations are included in S2 Text and S4

Table.

Statistical analysis

Since the purpose of the analysis was to predict environmental suitability of onchocerciasis

among countries for which onchocerciasis endemicity was uncertain, we excluded all IUs

from countries considered entirely non-endemic (as reported by ESPEN): Algeria, Botswana,

Cabo Verde, Eritrea, Eswatini, the Gambia, Lesotho, Madagascar, Mauritius, Mauritania, Sey-

chelles, South Africa, and Zimbabwe (see S1 Text). The rationale for this exclusion was to

avoid selecting locations in the background sample that would introduce extreme covariate

values into the analysis (such as the Sahara desert). To predict the environmental suitability of

onchocerciasis, we employed 100 optimised BRT models [17] to produce a final, bootstrap

aggregated BRT model. The BRT method models environmental suitability of onchocerciasis

transmission as a suitability index (from 0 to 1) based on the values of environmental covari-

ates at the locations corresponding to occurrence inputs. We first employed Bayesian parame-

ter optimisation [17,20–22] to select values for three hyperparameters needed to implement

the BRT method: the number of leaves of each learned tree (tree complexity), the weighting

assigned to previously learned models (learning rate), and number of trees. Additional details

on hyperparameter selection and the BRT methodology are presented S3 Text. Once final

hyperparameter values were selected, we then implemented 100 BRT models to generate the

mean, lower 2�5th percentile, and 97�5th percentile predictions for every 5 × 5-km location. We

used covariate values from the year 2016 to generate predictions across the entire geographical

extent of the analysis.

The final models for the environmental suitability of onchocerciasis were evaluated based

on the average root mean square error (RMSE) and area under the receiver operating curve

(AUC) of each bootstrap and the relative influence and marginal effect curve of each covariate.

This allowed us to estimate the significance within the model of each environmental factor and

its behaviour relative to all other covariates and to the covariate values associated with the

input data.

We comply with the Guidelines for Accurate and Transparent Health Estimates Reporting

(GATHER) [23] as outlined in the S1 Table. Complete information on data sources is available

from the Global Health Data Exchange. Related statistical code for R 3�1�2 is available at

GitHub. Maps were produced using ArcGIS Desktop 10.6.

Thresholding and summarisation by implementation unit

We used the existing data set to identify an optimised threshold value to classify the modelled

environmental suitability index into a binary presence/absence classification [24]. The thresh-

old selected was the value that minimised the classification error associated with the model,

and therefore most appropriately indicated reported occurrences to be in locations predicted

to be environmentally suitable, and sampled background inputs to be less suitable. Using the

receiver operating characteristic (ROC) curve, we evaluated the sensitivity and specificity

trade-off possible values from 0 to 1, finding the value which minimised the distance to (0, 1)

on the ROC plot. Since an IU (or area within an IU) would generally qualify for MDA if any

location were identified to have evidence of onchocerciasis transmission through primary data

collection, we summarised each IU as a function of this binary classification based on the value

of the 5 × 5-km location with the largest mean prediction within each IU. We then estimated
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the posterior probability that a single IU would include any location that exceeded the thresh-

old identified. We compared these with the reported endemicity status available in the shape-

file used to conduct the background sample. Addition details are presented in the S9 Fig.

Results

The final dataset contained 13 382 occurrence records: 11 094 from ESPEN; 689 non-ESPEN

data points (from BK Mayala, PhD at the Demographic and Health Surveys (DHS) Program,

personal communication); 863 from the systematic review; and 736 from OCP historical rec-

ords. Of all these records, 128 were georeferenced as polygons. A summary of the original data

extracted by diagnostic used, year, and country is presented in S1 Fig and S2 and S3 Tables.

After de-duplication across all sources, a total of 987 records reported skin snip examination,

12 161 nodule palpation, 155 onchocerciasis-related skin or eye disease, and 98 reported sero-

logical antibody testing (Ov16 ELISA or rapid diagnostic test, RDT). Fig 1 presents a map of

locations of the occurrence and background sample. Overall, the Democratic Republic of the

Congo (DRC) and Nigeria reported what amounted to be 50% of occurrence locations (3 933

locations (29%) in the DRC; 2 755 locations (21%) in Nigeria).

Results at the 5 × 5-km resolution

The results of the environmental suitability model for Africa are presented in Fig 2. The model

results show higher environmental suitability across most of the southern half of West Africa,

the DRC, South Sudan, and western Ethiopia, as well as in areas of Tanzania and Mozambique.

Fig 1. Location of data sources: (a) Location of occurrence data points are visualised in blue. (b) Locations chosen for the background sample are mapped in red.

The background sample represents the locations chosen to compare against the occurrence data points. IUs for which endemicity status was uncertain and mapping

surveys are considered were excluded from selection. Due to the density of background points chosen, they appear as polygon data in the map. Countries in grey

with hatch marks were excluded from the analysis based on a review of national endemicity status. Areas in grey only represent locations masked due to sparse

population. Maps were produced using ArcGIS Desktop 10.6 and shapefiles to visualize administrative units are available at https://espen.afro.who.int/tools-

resources/cartography-database.

https://doi.org/10.1371/journal.pntd.0008824.g001
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The highest 5 × 5-km grid-cell-level predictions were observed in Equatorial Guinea, Nigeria,

the DRC, and Cameroon (>0�98). The mean predictions show areas suitable for transmission

that generally agree with previous model-based geostatistical analyses [25,26]. In West Africa,

our model predictions suggest high suitability in areas compared to a previous model [25] pre-

dicting lower endemicity in Liberia, northwest Ghana, and northern Guinea. In other regions,

we predict high suitability in the area bordering the Republic of the Congo, the DRC, and

Angola, as well as in eastern and southern Malawi, northern Nigeria, western Kenya, and east-

ern Central African Republic; these areas were predicted to have low prevalence in prior esti-

mates [26]. Model fit statistics for AUC were 0�90 and RMSE was 0�38. The marginal effects of

the covariates were highest for aridity (0�22), precipitation (0�15), and elevation (0�16). Covari-

ate influence plots, and results of the sensitivity analyses are included in S3−S9 Figs. Model

results are available via https://vizhub.healthdata.org/lbd/oncho and country-level map results

are included in S1 Appendix.

Fig 2. Environmental suitability predictions: Visualisation of (a) mean, (b) lower 95% uncertainty interval, and (c) upper 95% uncertainty interval. Environmental

suitability index predicted by the model is bounded from 0% (low) to 100% (high). Countries in grey were excluded from the analysis. Countries in grey with hatch

marks were excluded from the analysis based on a review of national endemicity status. Areas in grey only represent locations masked due to sparse population. Maps

were produced using ArcGIS Desktop 10.6 and shapefiles to visualize administrative units are available at https://espen.afro.who.int/tools-resources/cartography-

database.

https://doi.org/10.1371/journal.pntd.0008824.g002
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Results at the IU level

The ROC analysis identified a mean prediction of�0�71, best agreed with the location of

occurrences, and was used to classify IUs as environmentally suitable. We identified a total 3

087 IUs that include at least one location for which the mean model results suggest environ-

mental suitability for onchocerciasis transmission. We summarise this across the four types of

IU endemicity status (as reported at the time of this analysis) in Table 1. Overall, the environ-

mental suitability predictions are concordant with areas previously identified as endemic or

non-endemic when classifying based on the maximum mean grid-cell-level prediction within

the boundaries of an IU. Of the IUs considered for elimination mapping, a total of 828 IUs

(50�2%) had environmental suitability predictions that exceeded the 0�71 threshold in at least

one grid cell. The majority of IUs with high environmental suitability are located in Angola

(81 IUs), the DRC (191 IUs), Ethiopia (94 IUs), Kenya (89 IUs), and Nigeria (79 IUs). Among

IUs currently under MDA with ivermectin for the purpose of LF elimination, 495 (63%) were

predicted to have at least one grid cell exceeding 0�71. In Fig 3, we present the posterior proba-

bility that a location within IUs exceeds the threshold, incorporating uncertainty into the clas-

sification of ‘suitable’.

Within-IU differences in environmental suitability

While programmatic decisions typically occur at the IU level, we summarised the range of pre-

dictions to determine if any IUs identified as suitable were the result of smaller areas of high

predicted suitability, as this would suggest IUs for which there may be foci of transmission as

opposed to potential transmission across the entire IU. Among IUs that exceeded the 0�71

threshold, the range of predictions within IU borders was as large as 0�95 (suggesting a high

degree of variation within the IU). Only 20% of the IUs identified as suitable had mean predic-

tions that exceeded the threshold across all locations within IU boundaries. The range of mean

suitability is presented S3 and S5 Figs.

Discussion

The environmental suitability model identified approximately half of the IUs currently consid-

ered for elimination mapping surveys as environmentally similar to areas for which onchocer-

ciasis has been previously detected. These results suggest that a large proportion of IUs

considered for mapping might be of lower priority for survey implementation, particularly for

programmes in countries such as Ethiopia that may need to survey as many as 461 IUs. Using

the results of this analysis, the national program in Ethiopia could prioritise data collection for

the 94 IUs that exceeded the threshold. While not the primary target of inference, these results

also suggest that over half of the IUs currently under ivermectin MDA for the purposes of

elimination of LF as a public health problem may also be suitable for onchocerciasis. Given the

Table 1. Comparison of implementation unit (IU) classification using reported endemicity versus modelled envi-

ronmental suitability model.

Endemicity status Total IUs Total (%) classified as suitable�

Non-endemic 634 89 (14%)

Endemic (current and historic) 1 710 1 672 (89%)

Considered for elimination mapping 1 651 828 (50%)

Uncertain (under MDA for LF) 783 498 (63%)

�IUs are classified as suitable based on the model results if any location within the IU exceeded the threshold of 0�71.

https://doi.org/10.1371/journal.pntd.0008824.t001
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goal of elimination of transmission, the duration of MDA required for onchocerciasis is longer

than what is implemented for LF. Surveys of onchocerciasis prevalence would be warranted in

these IUs to determine if MDA with ivermectin should continue, or else risk the reductions in

onchocerciasis prevalence achieved through LF program interventions may be lost owing to

interruption of MDA.

While the model results do not completely rule out the need to conduct mapping surveys in

areas predicted to have less suitability, they may enable prioritisation of survey implementation

planning, assuming some constraints on survey effort in space and time. Standard guidelines

Fig 3. Posterior probability any location with Implementation Units (IU) exceeds the threshold for suitability. The posterior

probability (%) of an IU including a location that exceeds the 0�71 threshold used to identify areas of suitability is estimated from the

100 BRT bootstraps. Areas in red are less likely to have at least one location defined as suitable, areas in blue are more likley to include

environmentally suitable locations. Countries in grey with hatch marks were excluded from the analysis based on a review of national

endemicity status. Areas in grey only represent locations masked due to sparse population. Maps were produced using ArcGIS

Desktop 10.6 and shapefiles to visualize administrative units are available at https://espen.afro.who.int/tools-resources/cartography-

database.

https://doi.org/10.1371/journal.pntd.0008824.g003
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for determining IU eligibility for MDA are currently under development, with methods such

as purposive sampling of villages based on proximity to breeding sites (‘first-line villages’) and

IU-level cluster random surveys under consideration. Regardless of the mapping strategy cho-

sen to identify IUs warranting MDA, NOEPs will likely need information to prioritise IUs for

implementation of surveys. Prioritisation of data collection activities, such as considering envi-

ronmental suitability along with other factors such as proximity to endemic districts and pres-

ence of existing programme infrastructure, could result in more efficient resource

deployment, particularly given the costs of fieldwork, seasonal constraints such as weather and

other health system activities, as well as demands on lab capacity should confirmation of Ov16

RDT results with ELISA be required. Ultimately, prioritisation of IUs likely to be endemic

would also enable more rapid scale-up of MDA (or other strategies such as ‘test-and-treat’ in

areas co-endemic for Loa loa filariasis); once evidence of onchocerciasis transmission is avail-

able, donated ivermectin can be deployed. We recommend national programs compare these

results with data on Loa loa prevalence to inform intervention strategies in co-endemic

settings.

Environmental suitability predictions, when overlaid with maps or satellite imagery of

settlements, may also be useful to NOEPs for other applications aside from IU-level deci-

sion making. They may wish to consider use of these results to identify areas for sampling

within IUs, especially those with no first-line village or breeding site information. Among

the IUs for which our estimates suggest environmental suitability is high, in settings such

as the DRC, Malawi, and Nigeria, predictions were variable within individual IUs, suggest-

ing that differences within IUs may require consideration during baseline survey site selec-

tion or could inform sampling strategies. Once mapping for onchocerciasis in these areas is

conducted, newly collected data can be used to validate this model’s performance (akin to a

natural hold-out) and then subsequently included in future updates to improve the quality

of predictions.

Strengths

With over 13 000 occurrence point inputs, we exceed the number of inputs used for other

global analyses of environmental suitability for disease transmission (e.g., dengue [27] and

leishmaniasis [28]). The method employed to select values for the BRT hyperparameters avoids

the computational demands of implementing a deterministic grid search and is superior to a

random search, combining faster computation with iterative selection of the best hyperpara-

meter values [29]. Conceptually, the choice to employ a background sample rather than

observed absence data is analogous to certain case-control designs, where the controls are

selected to represent the exposure distribution among the source population that gave rise to

the cases. In this context, the background sample represents covariate patterns that describe

onchocerciasis-endemic countries generally and allows the model to test for associations

between covariate patterns identified across all occurrence locations within that setting. Fur-

ther, since the background sample replaces the observed absence data (where no individuals

test positive at a given location), we avoid bias from diagnostic procedures that have poor sen-

sitivity and specificity, such as nodule palpation. It is possible that some observed absences

measured by nodule palpation were false negatives [30] or positives. By comparing the IUs

known to be currently or historically endemic and those known to be non-endemic with the

results of this analysis, we showed strong agreement, suggesting that the model has accurately

characterised IUs for which knowledge of endemicity status exists. Finally, this analysis trans-

forms detailed 5 × 5-km-level predictions into IU-level results, which is the unit of program-

matic decision making.
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Limitations

The primary limitation of this analysis is that we predict mean values of environmental suit-

ability as an index, a measure not directly comparable to other quantities. This analysis can

only indicate how similar a location may be (relative to the covariates included in the analysis)

to other locations where onchocerciasis has previously been detected; it does not predict the

magnitude of infection. We define suitable regions to be any area with a mean estimate exceed-

ing the optimal threshold. In this way, IUs with ‘high suitability’ are defined relative to each

bootstrap and not relative to one another. Other thresholds could be used to aggregate these

results to characterise individual IUs. Second, it is possible that covariate patterns identified as

suitable for onchocerciasis transmission are biased towards IUs of higher prevalence, as data

collection for onchocerciasis control prioritised identification of areas with greater morbidity,

generally associated with higher levels of infection prevalence. It is also possible the model will

predict high environmental suitability among locations similar to onchocerciasis-endemic set-

tings even if the location lacks the vector or the parasite, or among settings where transmission

has been eliminated. We encourage NOEPs to consider the model results alongside program-

matic evidence. Third, it is also possible that the covariate patterns at the 5 × 5-km resolution

do not adequately capture the specific ecological niche for Simulium breeding sites in all set-

tings, and the vector can travel beyond the 5 km range [31]. Simulium abundance data is not

available for the entire African continent nor is it available per unique species; we therefore

rely on other covariates as proxies to represent ecological conditions that might be suitable to

the vector. In some settings, smaller rivers may serve as viable breeding sites and future analy-

sis should consider more detailed hydrological data sources. Matching covariate values for

temperature, precipitation, enhanced vegetation index, urbanicity, tasseled cap wetness, and

tasseled cap brightness to input data by year of data collection was not possible for occurrence

data pre-2000 (approximately 20% of the inputs), which may also introduce bias for areas

where substantial changes have occurred, although use of annual mean values would be less

sensitive to seasonal variation from year to year. We are unable to account for temporal shifts

in river locations, but note that calculating distance to rivers at the 5x5km spatial scale likely

reduces the potential error. Remote sensing methods have been used to generate a spectral sig-

nal to identify potential breeding sites at a much finer spatial scale [32] (0.6m2), but it would

be computationally infeasible to use those inputs for a continental analysis. Fourth, there may

be potential differences in the ecological niche of onchocerciasis in West Africa compared to

Central or East Africa driven by forest or savannah habitats [33]. Due to the limited data avail-

able for West Africa (beyond Nigeria), conducting separate sub-continental analyses was not

feasible, particularly for the former OCP areas. Finally, BRT models are highly sensitive to the

selection of inputs; results may vary by the case definition of an occurrence. Our sensitivity

analysis (see S3−S6 Figs) did not result in qualitatively different results in mean predictions.

We further did not exclude occurrence inputs reporting Ov16 seropositivity, which may not

represent contemporary transmission in cases where only one or two individuals test positive.

Inclusion of nodule palpation data could also be subject to bias in areas of low endemicity [30].

Less than 1% of the input data reported using serological tests and exclusion of these data from

preliminary models resulted in negligible differences in the results (results not shown). It was

also not possible to review the original source documentation of data reported via the ESPEN

portal or historical data from OCP; bias may have been introduced if those sources contain

inaccuracies. There were also not sufficient entomological monitoring data available to com-

pare against all human prevalence data to include evidence of transmission in the vector popu-

lation as part of our case definition of an occurrence. The background sample cannot account

for possible bias in the occurrence data which may have been selected preferentially with
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respect to locations suspected or known to be endemic. For this reason, we do not recommend

the model results be used to exclude any location from mapping to determine program eligibil-

ity for MDA or other interventions, but rather to use the model as a tool for prioritization and

comparison alongside other data sources.

There are additional complexities that programmes should consider if these model results

are used for planning. In settings where population movement due to factors such as conflict,

instability, or seasonal migration results in transmission of infection occurring at locations dis-

tant from settlements, the results of survey mapping and the model estimates may be discor-

dant. It will be important for NOEPs to characterise such communities, particularly if

diagnostics that detect Ov16 seropositivity are used in adult populations, as individuals may

test positive if they have been exposed to onchocerciasis earlier in life at other locations. Since

the model can only identify locations for which covariate patterns are similar to areas for

which onchocerciasis has previously been detected, we would encourage NOEPsto interpret

these model results as a mechanism to prioritise surveys, not as a substitute for primary data

collection.

Conclusions

The shift from morbidity control in meso- to hyper-endemic areas to eliminating [13] transmis-

sion at the pan-African scale provides a unique opportunity to develop and validate a model to

help NOEPs identify endemic IUs with greater efficiency. Our analysis expands upon prior

work [25,26] to incorporate more data sources, generate predictions for the entire set of coun-

tries suspected or known to be onchocerciasis-endemic (not only areas defined by regional con-

trol programmes), and translates detailed spatial predictions into IU-level results for use in

program decision making. The large scale of data collection required throughout the African

continent to achieve elimination of transmission can benefit from modelled estimates of envi-

ronmental suitability to facilitate programme planning. If IUs most likely to sustain transmis-

sion of onchocerciasis can be surveyed earlier, this may result in faster MDA initiation in those

areas. Evidence from settings where local elimination of transmission has already been achieved

suggests that at least 10 to 15 years of high coverage MDA may be required under annual or

twice-yearly treatment [11,12,34]. To reach elimination of onchocerciasis transmission, it is

imperative that districts in need of MDA are identified as quickly as possible.

Supporting information

S1 Fig. Data coverage by year. Here we visualise the volume of data used in the analysis by

country and year. Larger circles indicate more data inputs. ‘NA’ indicates records for which no

year was reported (eg, ‘pre-2000’).

(JPG)

S2 Fig. Illustration of covariate values for year 2000. Maps were produced using ArcGIS

Desktop 10.6.

(JPG)

S3 Fig. Environmental suitability of onchocerciasis including locations that have received

MDA for which no pre-intervention data are available. This plot shows suitability predic-

tions from green (low = 0%) to pink (high = 100%), representing those areas where environ-

mental conditions are most similar to prior pathogen detections. Countries in grey with hatch

marks were excluded from the analysis based on a review of national endemicity status. Areas

in grey only represent locations masked due to sparse population. Maps were produced using

ArcGIS Desktop 10.6 and shapefiles to visualize administrative units are available at https://
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espen.afro.who.int/tools-resources/cartography-database.

(JPG)

S4 Fig. Environmental suitability prediction uncertainty including locations that have

received MDA for which no pre-intervention data are available. This plot shows uncertainty

associated with environmental suitability predictions colored from blue to red (least to most

uncertain). Countries in grey with hatch marks were excluded from the analysis based on a

review of national endemicity status. Areas in grey only represent locations masked due to

sparse population. Maps were produced using ArcGIS Desktop 10.6 and shapefiles to visualize

administrative units are available at https://espen.afro.who.int/tools-resources/cartography-

database.

(JPG)

S5 Fig. Environmental suitability of onchocerciasis excluding morbidity data. This plot

shows suitability predictions from green (low = 0%) to pink (high = 100%), representing those

areas where environmental conditions are most similar to prior pathogen detections. Coun-

tries in grey with hatch marks were excluded from the analysis based on a review of national

endemicity status. Areas in grey only represent locations masked due to sparse population.

Maps were produced using ArcGIS Desktop 10.6 and shapefiles to visualize administrative

units are available at https://espen.afro.who.int/tools-resources/cartography-database.

(JPG)

S6 Fig. Environmental suitability prediction uncertainty excluding morbidity data. This

plot shows uncertainty associated with environmental suitability predictions colored from

blue to red (least to most uncertain). Countries in grey with hatch marks were excluded from

the analysis based on a review of national endemicity status. Areas in grey only represent loca-

tions masked due to sparse population.

(JPG)

S7 Fig. Covariate Effect Curves for all onchocerciasis occurrences (measures of infection

prevalence and disability). On the right set of axes we show the frequency density of the

occurrences taking covariate values over 20 bins of the horizontal axis. The left set of axes

shows the effect of each on the model, where the mean effect is plotted on the black line and its

uncertainty is represented by the upper and lower confidence interval bounds plotted in dark

grey. The figures show the fit per covariate relative to the data that correspond to specific val-

ues of the covariate.

(JPG)

S8 Fig. Covariate Effect Curves for all onchocerciasis occurrences (measures of infection

prevalence and disability). On the right set of axes we show the frequency density of the

occurrences taking covariate values over 20 bins of the horizontal axis. The left set of axes

shows the effect of each on the model, where the mean effect is plotted on the black line and its

uncertainty is represented by the upper and lower confidence interval bounds plotted in dark

grey.

(JPG)

S9 Fig. ROC analysis for threshold. Results of the area under the receiver operating charac-

teristic (ROC) curve analysis are presented below, with false positive rate (FPR) on the x-axis

and true positive rate (TPR) on the y-axis. The red dot on the curve represents the location on

the curve that corresponds to a threshold that most closely agreed with the input data. For

each of the 100 BRT models, we estimated the optimal threshold that maximised agreement

between occurrence inputs (considered true positives) and the mean model predictions as

PLOS NEGLECTED TROPICAL DISEASES Environmental suitability for onchocerciasis in Africa

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008824 July 28, 2021 17 / 23

https://espen.afro.who.int/tools-resources/cartography-database
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008824.s004
https://espen.afro.who.int/tools-resources/cartography-database
https://espen.afro.who.int/tools-resources/cartography-database
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008824.s005
https://espen.afro.who.int/tools-resources/cartography-database
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008824.s006
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008824.s007
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008824.s008
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008824.s009
https://doi.org/10.1371/journal.pntd.0008824


0�71.

(JPG)

S1 Table. Guidelines for Accurate and Transparent Health Estimates Reporting

(GATHER) checklist.

(DOCX)

S2 Table. Total number of occurrence data classified as point and polygon inputs by diag-

nostic. We present the total number of occurrence points extracted from the input data

sources by diagnostic type. ‘Other diagnostics’ include: DEC Patch test; Knott’s Method

(Mazotti Test); 2 types of LAMP; blood smears; and urine tests.

(DOCX)

S3 Table. Total number of occurrence data classified as point and polygon inputs by loca-

tion.

(DOCX)

S4 Table. Covariate information.

(DOCX)

S1 Text. Details outlining construction of occurrence dataset.

(DOCX)

S2 Text. Covariate rationale.

(DOCX)

S3 Text. Boosted regression tree methodology additional details.

(DOCX)

S1 Appendix. Country-level maps and data results. Maps were produced using ArcGIS

Desktop 10.6 and shapefiles to visualize administrative units are available at https://espen.afro.

who.int/tools-resources/cartography-database.

(PDF)

Acknowledgments

Data accessed via the ESPEN portal belong to the Ministries of Health and we would like to

acknowledge the national onchocerciasis control and elimination programmes for making

these data available.

Author Contributions

Conceptualization: Thomas R. Unnasch, Katherine M. Gass, Kira A. Barbre, Muktar Beshir

Ahmed, Fahad Mashhour Alanezi, Turki M. Alanzi, Davood Anvari, Till Winfried Bärnigh-

ausen, Souranshu Chatterjee, Vijay Kumar Chattu, Saad M. A. Dahlawi, Ahmad Daryani,

Maysaa El Sayed Zaki, Hagos Degefa de Hidru, Mowafa Househ, Jacek Jerzy Jozwiak, Mar-

yam Keramati, Khaled Khatab, Kris J. Krohn, Hassan Magdy Abd El Razek, Muhammed

Magdy Abd El Razek, Abdullah A. Mamun, Navid Manafi, Masoud Moghadaszadeh, Sala-

huddin Mohammed, Masoud Moradi, Cuong Tat Nguyen, Huong Lan Thi Nguyen, Tinuke

O. Olagunju, Andrew T. Olagunju, Abdallah M. Samy, Amira A. Shaheen, Naohiro Yone-

moto, Leila Zaki, Simon I. Hay, David M. Pigott.

Data curation: Elex Hill, Katie M. Donkers, Shreya Shirude, Chris A. Schmidt, Olatunji O.

Adetokunboh, Mohsen Afarideh, Davood Anvari, Somayeh Bohlouli, Natalie Maria

PLOS NEGLECTED TROPICAL DISEASES Environmental suitability for onchocerciasis in Africa

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008824 July 28, 2021 18 / 23

http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008824.s010
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008824.s011
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008824.s012
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008824.s013
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008824.s014
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008824.s015
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008824.s016
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008824.s017
https://espen.afro.who.int/tools-resources/cartography-database
https://espen.afro.who.int/tools-resources/cartography-database
https://doi.org/10.1371/journal.pntd.0008824


Cormier, Ahmad Daryani, Kebede Deribe, Maysaa El Sayed Zaki, Arvin Haj-Mirzaian,

Mowafa Househ, Usman Iqbal, Gbenga A. Kayode, Md Nuruzzaman Nuruzzaman Khan,

Mohsen Mazidi, Masoud Moghadaszadeh, Abdollah Mohammadian-Hafshejani, Cuong

Tat Nguyen, Huong Lan Thi Nguyen, Rajan Nikbakhsh, Fakher Rahim, Enrico Rubagotti,

Ehsan Sadeghi, Abdallah M. Samy, Monika Sawhney, Emma Elizabeth Spurlock, Takahiro

Tabuchi, Chuanhua Yu, Leila Zaki.

Formal analysis: Joshua C. P. Osborne, Olatunji O. Adetokunboh, Muktar Beshir Ahmed,

Davood Anvari, Till Winfried Bärnighausen, Farah Daoud, Ahmad Daryani, Maysaa El

Sayed Zaki, Davide Guido, Arvin Haj-Mirzaian, Hagos Degefa de Hidru, Mowafa Househ,

Gbenga A. Kayode, Maryam Keramati, Neda Kianipour, Hassan Magdy Abd El Razek,

Muhammed Magdy Abd El Razek, Masoud Moghadaszadeh, Andrew T. Olagunju, Enrico

Rubagotti, Abedin Saghafipour, Abdallah M. Samy, Biagio Simonetti, Olalekan A. Uthman,

Paul Yip, Hasan Yusefzadeh, Leila Zaki, David M. Pigott.

Funding acquisition: Davood Anvari, Maryam Keramati.

Investigation: Elizabeth A. Cromwell, Davood Anvari, Jalal Arabloo, Ahmad Daryani, Clau-

diu Herteliu, Mowafa Househ, Gbenga A. Kayode, Rovshan Khalilov, Neda Kianipour,

Muhammed Magdy Abd El Razek, Masoud Moghadaszadeh, Abdollah Mohammadian-

Hafshejani, Shafiu Mohammed, Tinuke O. Olagunju, Andrew T. Olagunju, Adrian Pana,

Ehsan Sadeghi, Abdallah M. Samy, Leila Zaki, Arash Ziapour, David M. Pigott.

Methodology: Joshua C. P. Osborne, Muktar Beshir Ahmed, Davood Anvari, Till Winfried

Bärnighausen, Souranshu Chatterjee, Vijay Kumar Chattu, Soosanna Kumary Chattu, Gio-

vanni Damiani, Ahmad Daryani, Maysaa El Sayed Zaki, Davide Guido, Arvin Haj-Mir-

zaian, Mehdi Hosseinzadeh, Mowafa Househ, Farahnaz Joukar, Rohollah Kalhor, Maryam

Keramati, Md Nuruzzaman Nuruzzaman Khan, Hassan Magdy Abd El Razek, Muhammed

Magdy Abd El Razek, Mohsen Mazidi, Endalkachew Worku Mengesha, Masoud Mogha-

daszadeh, Cuong Tat Nguyen, Huong Lan Thi Nguyen, Rajan Nikbakhsh, Bogdan Oancea,

Tinuke O. Olagunju, Andrew T. Olagunju, Fakher Rahim, Abedin Saghafipour, S. Moham-

mad Sajadi, Abdallah M. Samy, Irfan Ullah, Olalekan A. Uthman, Leila Zaki, David M.

Pigott.

Project administration: Shreya Shirude, Davood Anvari, Farah Daoud, Ahmad Daryani, Kris

J. Krohn, Masoud Moghadaszadeh, Abedin Saghafipour, S. Mohammad Sajadi, Abdallah

M. Samy, Megan F. Schipp, Robert L. Thompson, Leila Zaki, Simon I. Hay.

Resources: Mustafa Geleto Ansha, Davood Anvari, Jalal Arabloo, Soosanna Kumary Chattu,

Giovanni Damiani, Ahmad Daryani, Yuming Guo, Mowafa Househ, Salah Eddin Karimi,

Rovshan Khalilov, Ejaz Ahmad Khan, Neda Kianipour, Van Charles Lansingh, Masoud

Moghadaszadeh, Shafiu Mohammed, Cuong Tat Nguyen, Obinna E. Onwujekwe, Fakher

Rahim, Abdallah M. Samy, Morteza Shamsizadeh, Amin Soheili, Leila Zaki, Arash Ziapour.

Software: Joshua C. P. Osborne, Elex Hill, Katie M. Donkers, Shreya Shirude, Chris A.

Schmidt, Olatunji O. Adetokunboh, Mohsen Afarideh, Davood Anvari, Somayeh Bohlouli,

Natalie Maria Cormier, Ahmad Daryani, Kebede Deribe, Maysaa El Sayed Zaki, Arvin Haj-

Mirzaian, Mowafa Househ, Usman Iqbal, Gbenga A. Kayode, Maryam Keramati, Md Nur-

uzzaman Nuruzzaman Khan, Mohsen Mazidi, Masoud Moghadaszadeh, Abdollah Moham-

madian-Hafshejani, Cuong Tat Nguyen, Huong Lan Thi Nguyen, Rajan Nikbakhsh, Fakher

Rahim, Enrico Rubagotti, Ehsan Sadeghi, Abdallah M. Samy, Monika Sawhney, Emma Eliz-

abeth Spurlock, Takahiro Tabuchi, Chuanhua Yu, Leila Zaki.

PLOS NEGLECTED TROPICAL DISEASES Environmental suitability for onchocerciasis in Africa

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008824 July 28, 2021 19 / 23

https://doi.org/10.1371/journal.pntd.0008824


Supervision: Elizabeth A. Cromwell, Shreya Shirude, Davood Anvari, Till Winfried Bärnigh-

ausen, Farah Daoud, Maysaa El Sayed Zaki, Salah Eddin Karimi, Yun Jin Kim, Kris J.

Krohn, Hassan Magdy Abd El Razek, Muhammed Magdy Abd El Razek, Ali Manafi, Navid

Manafi, Masoud Moghadaszadeh, Salahuddin Mohammed, Abdallah M. Samy, Irfan Ullah,

Leila Zaki, Simon I. Hay, David M. Pigott.

Validation: Katherine M. Gass, Victor Adekanmbi, Olatunji O. Adetokunboh, Ehsan Ahmad-

pour, Temesgen Yihunie Akalu, Fereshteh Ansari, Davood Anvari, Seth Christopher Yaw

Appiah, Jalal Arabloo, Marcel Ausloos, Martin Amogre Ayanore, Maciej Banach, Till Win-

fried Bärnighausen, Zulfiqar A. Bhutta, Somayeh Bohlouli, Oliver J. Brady, Nicola Luigi

Bragazzi, Saad M. A. Dahlawi, Ahmad Daryani, Majid Fasihi Harandi, Masoud Foroutan,

Mowafa Househ, Usman Iqbal, Seyed Sina Naghibi Irvani, Farahnaz Joukar, Jacek Jerzy

Jozwiak, Salah Eddin Karimi, Gbenga A. Kayode, Maryam Keramati, Rovshan Khalilov,

Ejaz Ahmad Khan, Md Nuruzzaman Nuruzzaman Khan, Neda Kianipour, Muhammed

Magdy Abd El Razek, Ali Manafi, Navid Manafi, Birhanu Geta Meharie, Masoud Mogha-

daszadeh, Abdollah Mohammadian-Hafshejani, Shafiu Mohammed, Salahuddin Moham-

med, Cuong Tat Nguyen, Bogdan Oancea, Tinuke O. Olagunju, Andrew T. Olagunju,

Obinna E. Onwujekwe, Fakher Rahim, Serge Resnikoff, Ehsan Sadeghi, S. Mohammad

Sajadi, Abdallah M. Samy, Rodrigo Sarmiento-Suárez, Monika Sawhney, Masood Ali
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