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Abstract

Background

American Samoa successfully completed seven rounds of mass drug administration (MDA)
for lymphatic filariasis (LF) from 2000—-2006. The territory passed the school-based trans-
mission assessment surveys in 2011 and 2015 but failed in 2016. One of the key challenges
after the implementation of MDA is the identification of any residual hotspots of
transmission.

Method

Based on data collected in a 2016 community survey in persons aged >8 years, Bayesian
geostatistical models were developed for LF antigen (Ag), and Wb123, Bm14, Bm33 anti-
bodies (Abs) to predict spatial variation in infection markers using demographic and environ-
mental factors (including land cover, elevation, rainfall, distance to the coastline and
distance to streams).

Results

In the Ag model, females had a 26.8% (95% Crl: 11.0-39.8%) lower risk of being Ag-positive
than males. There was a 2.4% (95% Crl: 1.8-3.0%) increase in the odds of Ag positivity for
every year of age. Also, the odds of Ag-positivity increased by 0.4% (95% Crl: 0.1-0.7%) for
each 1% increase in tree cover. The models for Wb123, Bm14 and Bm33 Abs showed simi-
lar significant associations as the Ag model for sex, age and tree coverage. After accounting
for the effect of covariates, the radii of the clusters were larger for Bm14 and Bm33 Abs com-
pared to Ag and Wb123 Ab. The predictive maps showed that Ab-positivity was more wide-
spread across the territory, while Ag-positivity was more confined to villages in the north-
west of the main island.
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Conclusion

The findings may facilitate more specific targeting of post-MDA surveillance activities by

prioritising those areas at higher risk of ongoing transmission.

Author summary

The Global Programme to Eliminate Lympbhatic filariasis (LF) aims to interrupt transmis-
sion by implementing mass drug administration (MDA) of antifilarial drugs in endemic
areas; and to alleviate suffering of those affected through improved morbidity manage-
ment and disability prevention. Significant progress has been made in the global efforts to
eliminate LF. One of the main challenges faced by most LF-endemic countries that have
implemented MDA is to effectively undertake post-validation surveillance to identify
residual hotspots of ongoing transmission. American Samoa conducted seven rounds of
MDA for LF between 2000 and 2006. Subsequently, the territory passed transmission
assessment surveys in February 2011 (T'AS-1) and April 2015 (TAS-2). However, the terri-
tory failed TAS-3 in September 2016, indicating resurgence. We implemented a Bayesian
geostatistical analysis to predict LF prevalence estimates for American Samoa and exam-
ined the geographical distribution of the infection using sociodemographic and environ-
mental factors. Our observations indicate that there are still areas with high prevalence of
LF in the territory, particularly in the north-west of the main island of Tutuila. Bayesian
geostatistical approaches have a promising role in guiding programmatic decision making
by facilitating more specific targeting of post-MDA surveillance activities and prioritising
those areas at higher risk of ongoing transmission.

Introduction

Lympbhatic filariasis (LF) is a vector-borne parasitic disease caused by three species of filarial
worms-Wuchereria bancrofti, Brugia malayi, and B. timori [1]. The presence of adult worms
in the lymphatic vessels leads to damage of the lymphatic system, causing clinical disease char-
acterised by lymphoedema of the limbs or genitals, such as elephantiasis and scrotal hydro-
coeles [1]. LF is one of the leading causes of chronic disability worldwide, being responsible for
over 5 million disability-adjusted life years before the implementation of elimination strategies
against the infection [2,3].

In 1997, the World Health Organization (WHO) targeted LF for global elimination as a
public health problem by 2020 [4]. Subsequently, WHO launched the Global Programme to
Eliminate Lymphatic Filariasis (GPELF) in 2000 that included two strategies: first, the imple-
mentation of mass drug administration (MDA) to interrupt the community-level transmission
of LF, and second, management and prevention of morbidity and disability for people with
chronic complications [5]. By 2019, 72 countries were still considered endemic by the GPELF
and 50 still required MDA [6]. A number of countries have already achieved validation of LF
elimination as a public health problem after intensive community-based MDA programs
(including Cambodia, The Cook Islands, Egypt, Kiribati, Malawi, Maldives, Marshall Islands,
Niue, Palau, Sri Lanka, Thailand, Togo, Tonga, Vanuatu, Viet Nam, Wallis and Futuna, and
Yemen) [6]. Some countries have stopped MDA and are under surveillance to determine if LF
elimination criteria have been met. One of the main challenges faced by most LF-endemic
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countries that have implemented MDA is to effectively undertake post-MDA and post-valida-
tion surveillance [7].

American Samoa successfully completed seven rounds of MDA with a single dose of dieth-
ylcarbamazine (DEC) and albendazole from 2000-2006. Subsequently, the territory passed the
WHO-recommended school-based transmission assessment surveys (TAS) conducted in 2011
(TAS-1) and 2015 (TAS-2) with crude prevalences of antigen (Ag)-positive of 0.2% (95% confi-
dence interval (CI) 0.0 to 0.8%) and 0.1% (95% CI 0.0 to 0.7%), respectively [8,9]. Despite this
achievement, the territory failed TAS-3 in 2016 with an adjusted Ag prevalence of 0.7% (95%
CI 0.3 to 1.8%), higher than the threshold and the recommended upper confidence limit of 1%
[10]. The findings in TAS-3 suggested potential resurgence of LF in the territory and were con-
firmed by a community-based survey conducted in the same year with an Ag prevalence of
6.2% (95%CI 4.5 to 8.6%) in individuals aged >8years [10]. Evidence from others studies con-
ducted in the territory in 2010 and 2014 also suggested ongoing LF transmission and the
potential persistence of residual hotspots [8,9,11,12].

WHO recommends conducting follow-up surveys of nearby households of Ag-positive chil-
dren identified through TAS to complement post-MDA surveillance [13]. However, the recom-
mendations are vague and lack a clear threshold for triggering a programmatic response [14].
As LF prevalence decreases, the ability of diagnostic methods that are sufficiently sensitive, par-
ticularly in the TAS, to detect areas with residual transmission is also limited [7]. This limitation
is of particular importance in areas where the geographical distribution of LF has been demon-
strated to be highly heterogeneous [15]. Currently, TAS relies on the monitoring of antigenemia
in children aged 6 to 7 years [16]; however, since Ag specific antifilarial antibodies such as
Wb123, Bm14 and Bm13, generally develop before patent infection and may be indicators of
different infection stages (LF exposure or infection patterns) their use in post-MDA surveillance
could help to provide an early measure of filarial exposure and ongoing transmission [17].

In American Samoa, a recent study confirmed clustering of the infection in areas that were
previously suspected as hotspots in 2010 and 2014 (Fagali’i village in the far north-west of
Tutuila island, and also in the IIi’Ili-Vaitogi-Futiga area that is located on the south coast) and
identified other potential areas where there is still potential residual infection [8,18]. Therefore,
strategies for identifying foci of infection in low-prevalence settings are crucial in the context
of the LF elimination efforts, both from the perspective of targeting communities for MDA
and also for understanding the future of the post-MDA surveillance needs.

W. bancrofti, B. malayi, and B. timori require two hosts to complete its life cycle, the human
and the mosquito hosts. Therefore, sociodemographic, economic and environmental factors
that act at different spatial scales have the potential to influence the transmission pathways of
the parasites [19]. The clustered distribution of LF has been associated with landscape charac-
teristics and climatic factors in several LF-endemic areas including the Pacific Islands [20,21].
Bayesian model-based geostatistics incorporating infection prevalence data with socio-demo-
graphic and environmental covariates has proven to be able to predict disease distribution in
areas with scarce information [22-24]. Hence, understanding how environmental and socio-
demographic factors interact to determine parasite transmission is essential for the design and
implementation of effective elimination strategies against LF.

The aim of this study was to identify areas where there is potential residual transmission of
W. bancrofti in American Samoa and produce LF predictive prevalence maps that can be used
to help guide and target future LF elimination strategies. A Bayesian model-based geostatistics
approach was used to: (i) assess and quantify the associations between LF infection markers
and sociodemographic and environmental factors at the household level and (ii) develop spa-
tial prediction of prevalence estimates of LF in American Samoa using different infection
markers—Ag and antibodies (Abs) against Wb123, Bm14, Bm33.
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Methods
Ethics statement

Ethical approval for the 2016 field survey was obtained from the American Samoa Institutional
Review Board and the Human Research Ethics Committee at the Australian National Univer-
sity (protocol number 2016/482) and the University of Queensland (2021/HE000896). After
explaining the purpose and procedures of the survey, all adults and parents/guardians of the
minors (<18 years) who agreed to participate were asked to sign an informed written consent
form. Full details of local collaborations and official permissions to visit villages have been pre-
viously described [10].

Study area

American Samoa is a United States territory in the South-central Pacific located approximately
between latitudes 11° North and 15° South and longitudes 168° East and 172° West (Fig 1).
The total land area of the territory is 200 km” and comprises five inhabited volcanic islands
Tutuila, Aunu’u, Ofu, Olosega and Ta’G, and two remote coral atolls (Swains Island and Rose
Atoll). In 2010, the population of American Samoa was 55,519, the majority of whom (95%)
lived in Tutuila, the largest island (198.9 km?), where the capital Pago Pago is located [25].
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Fig 1. Map of American Samoa (a) Elevation and distribution of the built-up areas in the main island of Tutuila, (b) distribution of selected villages and (d)

survey locations. Base layers from: (https://www.diva-gis.org/gdata), (http://pacioos.org/metadata/as_dw_tau_bldngs.html) and (http://pacioos.org/metadata/
usgs_dem_10m_tutuila.html).

https://doi.org/10.1371/journal.pntd.0010840.9001
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American Samoa lies in the tropical savanna climate zone characterized by alternate wet
(October to May) and dry (June to September) seasons [26]. Temperatures vary slightly
between the hottest period (December to April), when the average is approximately 31°C, and
the coolest period (June to August), when the average is 29°C. The annual average rainfall
ranges from 3000 to 6000 mm, with 70% occurring during the hot and wet season [26]. The
average elevation is 482 meters (m) with the highest point being Lata Mountain on the island
of Ta’ (970 m) [27].

Data from community survey of lymphatic filariasis in 2016

Data on LF infection markers, Ag and Wb123, Bm14 and Bm33 Abs, were obtained from a
two-stage equal probability cluster survey conducted in American Samoa in 2016. Full details
about survey design and sampling methods have been previously reported [10]. Briefly, 30 pri-
mary sampling units (PSUs) were randomly selected from a total of 70 villages/village seg-
ments/village groups, that were defined based on a population size of less than 2000. Two
villages that were previously identified and confirmed as LF hotspots in 2010 and 2014, respec-
tively, were also added to the survey as PSUs [8]. Based on a population of 55,000 [25], a target
sample size of 4,620 was estimated to be required to detect Ag prevalence of 1% for persons
aged >8 years. The target number of households that needed to be visited was calculated by
dividing the target sample size of persons by the average household size and accounting for a
15% non-response/ absentee rate (the most recent census provided the total numbers of house-
holds in the selected villages and indicated that the average of persons per household was
seven). A sampling fraction of 0.29 was calculated as the proportion of households that needed
to be sampled on each PSU to achieve the target sample size. However, after the first two
weeks of recruitment, the observed antigen prevalence was approximately 4%, which is signifi-
cantly higher than anticipated, and it was determined that a smaller target sample size of 2,981
would be sufficient to obtain adequate statistical power. Within each PSU, a population pro-
portionate sampling method was implemented to randomly select households from a geo-ref-
erenced list of buildings obtained from the American Samoa Department of Commerce [27].
In total, the survey included 32 PSUs (across 30 villages) and 754 households.

A household member was defined as an individual who considered the selected house as
their principal place of residence or who slept in that house the previous night. All consenting
household members aged >8 years were surveyed and blood samples were tested for circulat-
ing filarial Ag using the Alere Filariasis Test Strip (FTS) (Abbott, Scarborough, ME) [28] and
for Wb123, Bm14 and Bm33 Abs using multiplex bead assays (MBA) [29].

Standardised electronic questionnaires were administered by bilingual field research assis-
tants (in Samoan or English based on each participant’s preference). The demographics data
collected included sex, age and work location. Work location was categorised as indoor, out-
door, tuna cannery (largest private employer in American Samoa), and other (including mixed
indoor/outdoor, unemployed, retired or unknown).

Geospatial data sources

We downloaded and assembled spatial and environmental data that have been found to be
associated with the geographical distribution of LF in other endemic regions [19,23,30-32].
The boundary administrative maps and the covariate data consider for the analyses were
derived from the following datasets:

i. Village boundaries and building footprints. Maps of village boundaries and building foot-
prints were downloaded from DIVA-GIS (https://www.diva-gis.org/gdata/) and the Pacific

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010840  July 24, 2023 5/21


https://www.diva-gis.org/gdata/
https://doi.org/10.1371/journal.pntd.0010840

PLOS NEGLECTED TROPICAL DISEASES Spatial prediction of lymphatic filariasis in American Samoa

Islands Ocean Observing System (PacIOOS) websites (https://www.pacioos.hawaii.edu/
metadata/as_dw_tut_bldngs.html) [33,34].

il. Coastline and streams. The American Samoa coastline and network of streams covering the
entire territory were extracted in a shapefile format from the Pacific Islands Ocean Observ-
ing System (PacIOOS) website (https://www.pacioos.hawaii.edu/data/search-results/?text=
streams%20american%20samoa) [35].

iii.

jam

Population density. Data on population density for 2010/2011 were downloaded from the
Pacific Data Hub website (https://pacificdata.org/data/dataset/asm_population_grid
2020) [36]. A grid (i.e. raster surface) was available for American Samoa at the resolution
of 100 m.

iv. Elevation. Data were obtained in a GeoTIFF format at the spatial resolution of 10 m from
the United States Geological Survey (USGS) 10-m Digital Elevation Model (DEM): Ameri-
can Samoa: Tutuila (http://pacioos.org/metadata/usgs_dem_10m_tutuila.html) [37].

v. Rainfall. Average monthly rainfall for 2016 were downloaded from the Pacific Environment
Data Portal (https://pacific-data.sprep.org/) [38] in a raster format at the spatial resolution
of 1 km. There was limited availability of spatial monthly rainfall datasets for the years prior
to the survey. Therefore, the monthly rainfall layers from 2016 were used based on the
assessment of the representativeness of the ten-year period prior the survey (S1 Table and
S1 and S2 Figs).

vi. Land surface temperature. Satellite sensor data on land surface temperatures from the Mod-
erate Resolution Imaging Spectroradiometer (MODIS) satellite were obtained from the
USGS Earth Explorer website (https://Ipdaac.usgs.gov/products/mod11a2v006/) [39].
These data were downloaded at 1 km resolution for every eight days from January 1 to
December 31 2016.

vil. Land use/land cover map. Data were derived at 10m resolution from the Sentinel-2 Global
Land Use/Land Cover (LULC) Timeseries produced by Impact Observatory, Microsoft,
and the Environmental Systems Research Institute (Esri) (https://www.arcgis.com/apps/
instant/media/index.html?appid=£fc92d38533d440078f17678ebc20e8e2) [40].

Covariate data download and processing

The geo-referenced data sets that included the locations of the surveyed households, the covar-
iates and the boundary map of American Samoa were imported into ArcGIS version 10.7.1
[41] to extract data (measured on a continuous scale) for the territory. The geographical distri-
butions of the covariates are shown in Fig 2.

« Elevation estimates for the territory were extracted in meters (m) above sea level.

« Alayer of the distance between each household location and the nearest coastline was devel-
oped (in m) using the Euclidean Distance Tool.

o The Euclidean Distance Tool was also used to estimate the distance (in m) between each
household location and the nearest permanent surface stream.

o The monthly rainfall (mm) datasets were used to estimate the annual average rainfall and
rainfall of the driest (August) and wettest (December) months in 2016.

« Annual average temperature and temperature of the hottest (December) and coolest (July)
months in 2016 were estimated from the fortnightly temperature layers.
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Fig 2. The geographical distributions of the covariates in American Samoa (a) Population density (people/m2) (https://pacificdata.org/data/dataset/asm_
population_grid_2020), (b) Annual average rainfall (mm) (https://pacific-data.sprep.org/), (c) Land cover (https://www.arcgis.com/apps/instant/media/index.
html?appid=£c92d38533d440078f17678ebc20e8e2), (d) streams and coastline (https://www.pacioos.hawaii.edu/data/search-results/?text=streams%20american
%20samoa) and (e) Elevation (m) (http://pacioos.org/metadata/usgs_dem_10m_tutuila.html). Base layer from: (https://www.diva-gis.org/gdata/).

https://doi.org/10.1371/journal.pntd.0010840.g002

« The global LULC cover map with 11 LULC classes was used to generate four separate rasters
for the LULC categories that cover the territory of American Samoa: crops, rangelands,
trees, and built/urban area (Table 1).

Table 1. Land cover class definitions.

Land Use/Land cover
Class

Description

Crops

Human planted/plotted cereals, grasses, and crops not at tree height. Examples: corn,
wheat, soy, fallow plots of structured land.

Rangeland

Open areas covered in homogenous grasses with little to no taller vegetation; wild cereals
and grasses with no obvious human plotting (i.e., not a plotted field). Examples: natural
meadows and fields with sparse to no tree cover, open savanna with few to no trees, parks/
golf courses/lawns, pastures. Mix of small clusters of plants or single plants dispersed on a
landscape that shows exposed soil or rock; scrub-filled clearings within dense forests that
are clearly not taller than trees; examples: moderate to sparse cover of bushes, shrubs and
tufts of grass, savannas with very sparse grasses, trees or other plants.

Trees

Any significant clustering of tall (~15 feet or higher) dense vegetation, typically with a
closed or dense canopy. Examples: wooded vegetation, clusters of dense tall vegetation
within savannas, plantations, swamp or mangroves (dense/tall vegetation with ephemeral
water or canopy too thick to detect water underneath).

Built/Urban

Human made structures; major road and rail networks; large homogenous impervious
surfaces including parking structures, office buildings and residential housing. Examples:
houses, dense villages / towns / cities, paved roads, asphalt.

https://doi.org/10.1371/journal.pntd.0010840.t001
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Buffer zones

The GPS locations of the surveyed households were used to delineate a buffer zone of 20 m
around the households in ArcGIS [41]. The buffer size was selected to represent an approxi-
mate distance within which the participants would spend extensive periods of time, and there-
fore have greatest exposure to the environmental conditions within the buffers [42]. For each
surveyed location, the data extracted within the buffer zone included the spatial mean values
of population density, distance to coastline and streams, elevation, annual average rainfall,
rainfall in the wettest (December) and driest (August) months in 2016, annual average temper-
ature, and temperature of hottest (January) and coolest (July) months in the same year. Each
of the four land cover classes covering the American Samoa territory were summarised as per-
centages of area within the 20 m buffer.

Descriptive analyses

For each infection marker and the covariates, summary statistics were calculated in R software
R-4.0.3 [43]. Crude prevalence of Ag, and Wb123, Bm14 and Bm33 Abs were estimated and
mapped at the village level, and binomial exact methods were applied to estimate 95% confi-
dence intervals (95% CI). Of note, in all subsequent analyses data were examined at the indi-
vidual level and the respective household locations.

Variable selection

Collinearity between covariates was assessed using Spearman’s correlation. Non-spatial uni-
variate logistic regression models were developed using R software R-4.0.3 [43] to examine the
association of each LF infection marker (outcome variables) with the sociodemographic and
environmental factors (covariates). For the strongly correlated covariates (Spearman’s correla-
tion coefficient p > 0.8), the ones with the highest value of Akaike Information Criterion
(AIC) in the univariate regression models were excluded (S3 Fig). For each infection marker,
multivariate logistic regression models were developed incorporating the remaining covari-
ates. From these models, covariates were sequentially removed to assess AIC and p-values.
Nonlinear associations between predictors and the outcome variables were modelled using
quadratic terms. The models with the lowest AIC were selected for further analyses and covari-
ables with p <0.05 were retained.

Multivariable non-spatial and spatial regression models

Bayesian geostatistical multivariate regression models were fitted using the OpenBUGS soft-
ware version 3.2.3 rev 1012 [44]. For each infection marker, separate logistic regression models
were developed based on the binary outcome of the laboratory results. First, non-spatial mod-
els were developed with the sociodemographic and environmental covariates as fixed effects
but without considering the spatial dependence of the data. Then, geostatistical models for
each infection marker were fitted using a Markov chain Monte Carlo (MCMC) simulation
approach with Gibbs sampling (S1 Text) [45].

The deviance information criterion (DIC) statistic was calculated to assess if the inclusion
of spatial dependence in the data improved the fit of the models. Low DIC values indicate a
better fit. Covariates in the models were considered statistically significant if the 95% credible
intervals (95% CrlI) of the estimated odds ratios (OR) excluded 1.

The mathematical notation of the spatial model is provided below, and contains all of the
components of the non-spatial model. Assuming a Bernoulli-distributed dependent variable,

Yj;, corresponding to the results of the infection markers (0 = negative, 1 = positive) of the ith
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participant (I = 1...2,671) the jth location (j = 1...736), the model structures were as follows:
Y, ~ Bern(p,.j)

logit(p;) = o +7 X age, + J x female, + £ x outdoor; + 7 X tuna cannery, + 6 x others,
+D By
z=1

where « is the intercept, v and J are coefficients for age and females, and €, 1 and 0 are coeffi-
cient for the occupation categories. § is a matrix of z coefficients, A is a matrix of z environ-
mental variables and population density, and s; a geostatistical random effect. The correlation
structure of the geostatistical random effect was assumed to be an exponential function of the
distance between points:

f(dy; ¢) = exp[—ody]

where dy; are the distances between pairs of points k and , and ¢ is the rate of decline of spatial
correlation per unit of distance. A normal distribution was used for the priors for the intercept
and the coefficients (mean = 0 and precision, the inverse of variance, = 1 x 107%), whereas a
uniform distribution was specified for ¢ (with upper and lower bounds s = 0.03 and 100; the
lower bound set to ensure spatial correlation at the maximum separating distance between sur-
vey locations was <0.5). A non-informative gamma distribution was used to specify the priors
for the precision (shape and scale parameters = 0.001, 0.001).

A burn-in of 1,000 iterations were run first and discarded. Sets of 10,000 iterations were
then run and examined for convergence. Convergence was assessed by visual inspection of his-
tory and density plots and by examining autocorrelation of the model parameters. In each
model, convergence was achieved for all variables at approximately 30,000 iterations. The last
10,000 values from the posterior distributions of each model parameter were recorded (54, S5,
S6, and S7 Figs). The rate of decay of spatial correlation between locations (¢) with distance
and the variance of the spatial structured random effect (0%) were also stored.

Predicted prevalence of lymphatic filariasis and model validation

To predict LF prevalence at unsampled locations, a regular 150 m x 150 m grid was overlaid
on a map of American Samoa to extract the average environmental data for each grid cell. The
predicted probabilities at the unsampled locations were estimated using the spatial.unipred
function in OpenBUGS. The function applies the model equation at each unsampled location
using the covariates values extracted for them and the distance between those locations and
the surveyed locations. Bayesian kriging was applied in ArcGIS to generate smooth risk maps
of the posterior distributions of predicted prevalence of each LF infection marker.

To determine the predictive performance of the models of predicted probability of each
infection marker, a validation dataset was created by random selection of 25% of the data. The
ability of the final models to predict the probability of Ag, Wb123, Bm14 and Bm33 Abs was
assessed by comparing the predicted probability of each infection marker to the observed
results (0 = negative, 1 = positive) in the validation locations. The area under curve (AUC) sta-
tistic of the receiver operating characteristic curve was used to quantify the discriminatory per-
formance of the models [46]. AUC values <0.50 indicate that the model does not predict any
more successfully than random allocation of test status; values of 0.50-0.69 indicate poor pre-
dictive performance; values of 0.70-0.89 have reasonable predictive performance and values
>0.90 indicate a very good predictive performance. [46].
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Fig 3. a) Geographical distribution of the prevalence of a) Ag, b) Wb123 Ab, c) Bm14 Ab and d) Bm33 Ab. Base layer from: (https://
www.diva-gis.org/gdata/).

https://doi.org/10.1371/journal.pntd.0010840.9g003

Results
Sample description and sample site locations

The final dataset used for analyses included 754 households in 736 unique locations (some
households shared the same building structure) from 32 PSUs in 30 villages. The total number
of participants was 2,671 with a mean age of 33.5 years (range 8-93), and 54.7% (n = 1462)
were female. Fig 1B and 1C show the locations of sampled villages and the geographical distri-
bution of the survey locations, respectively. The highest overall crude prevalence was observed
for Bm33 Ab (45.6%, 95% CI 43.7-47.5%), followed by Wb123 Ab (25.6%, 95% CI 24.0
—27.3%), Bm14 Ab (13.1%, 95% CI 11.8—-14.4%) and Ag (5.1, 95% CI 4.2-5.9%). At the village
level, Fagali’i (n = 81) and Fagamalo (n = 13), located in the far north-west of Tutuila Island,
consistently showed high overall crude prevalence of all infection markers. A detailed descrip-
tion of the Ag and Ab results has been presented elsewhere [7,10,18]. Fig 3A, 3B, 3C and 3D
display the observed geographical distributions of the prevalence of Ag and Wb123, Bm14 and
Bm33 Abs, respectively, by village. The maps confirm that villages with high prevalence of
Bm33 Ab were more widespread across the territory, while the distribution of villages with
high prevalence of Ag, Wb123 and Bm14 Ab was more confined to the north-west of the
territory.
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Table 2. Descriptive statistics of environmental covariates within 20 m buffers of surveyed household locations in American Samoa in 2016.

Variable

Population density (people/m”)
Elevation (m)
Distance to the coastline (m)
Distance to streams (m)
Average annual rainfall (mm)
Rainfall in the driest month—August (mm)
Rainfall in the wettest month—December (mm)
Land cover

Cropland (%)

Rangeland (%)

Tree coverage (%)

Urban (%)

https://doi.org/10.1371/journal.pntd.0010840.t002

Mean Median Standard deviation Minimum Maximum
2.47 2.26 2.06 0.01 12.53
77.72 43.96 92.99 0 479.86
1081.97 644.25 1117.78 3.06 4371.57
358.25 151.12 434.39 0.32 1825.00
3469.69 3374.57 698.28 2095.10 4630.68
232.46 232.97 51.99 125.27 324.61
381.14 369.73 60.28 255.96 528.90
0.01 0 0.03 0 0.91
0.85 0 6.83 0 0.99
5.14 0 19.93 0 99.00
76.36 100 34.38 0 100.00

Variable selection and univariate regression analyses

The descriptive statistics of the covariates considered for the analyses are presented in Table 2.
Because temperature data were not available for large areas of American Samoa, this covariate
was excluded from analyses. We identified four pairs of variables with Spearman’s rank >0.8
that were assessed with the univariate regression models. The quadratic terms did not improve
model fit and were not included in the final models. After comparing the AIC of the stepwise
multivariate logistic regression models, the selected variables for the Bayesian non-spatial and
spatial analyses included: sex, age, work location, population density, elevation, rainfall in the
wettest month (December), distance to streams, cropland, tree coverage and urban areas.

Bayesian non-spatial and spatial models

For all infection markers, the best-fit model included the spatial random effect. Tables 3 and
S2 show the odds ratios (ORs) and 95% CrlI from the Bayesian non-spatial and spatial models
for Ag and Wb123, Bm14 and Bm33 Abs, respectively.

Multivariate non-spatial and spatial models for Ag

The DICs of the models of Ag with and without accounting for spatial correlation were 631.70
and 1122.3, respectively. In the spatial model, females had a 26.8% (95% Crl: 11.0-39.8%)
lower risk of being Ag-positive than males. There was a 2.4% (95% CrI: 1.8-3.0%) decrease in
the odds of Ag positivity for every year of age. Tree coverage was also positively associated
with Ag-positivity, with an estimated increase of 0.4% (95% CrI: 0.1-0.7%) in the odds of Ag-
positivity for each 1% increase in the extent of tree coverage in the 20 m buffers.

After accounting for the effect of the statistically significant variables, the variance of the
spatially structured random effect was 1.9 (0.9 to 2.9). The values of the decay parameter for
spatial correlation (¢), was 77.1. This means that, after accounting for the effect of covariates,
the radius of the clusters was approximately 4.3 km. (¢ is measured in decimal degrees, there-
fore, the cluster size is calculated dividing 3 by ¢; at the equator, one decimal degree is approxi-
mately 111 km).

Multivariate geostatistical model for Wb123, Bm14 and Bm33 Abs

The DICs of the models of positivity for Wb123 Ab with and without accounting for spatial
correlation were 1996 and 2861.1, respectively. In the spatial model, females had a 55.1% (95%
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Table 3. Odd ratios (ORs) and 95% credible interval (CrI) from the Bayesian geostatistical models for Ag and Wb123, Bm14 and Bm33 antibodies in the commu-
nity survey in American Samoa in 2016. Statistically significant ORs are highlighted in blue (positive associations) and grey (negative associations).

Model Participants | Antigen positive | Wb123 antibody positive | Bm14 antibody positive | Bm33 antibody positive
N (%)
ORs, posterior mean ORs, posterior mean ORs, posterior mean ORs, posterior mean
(95% CrI) (95% CrI) (95% CrI) (95% CrI)
Gender
Male 1209 (45.26) Ref Ref Ref Ref
Female 1462 (54.74) 0.22 0.45 0.48 0.73
(0.13 to 0.36) (0.36 to 0.56) (0.35 to 0.64) (0.60 to 0.89)
Age (per year) - 1.04 1.02 1.03 1.02
(1.02 to 1.05) (1.02 to 1.03) (1.03 to 1.04) (1.02 to 1.03)
Work location
Indoor 727 (27.22) Ref Ref Ref Ref
Outdoor 40 (1.50) 1.94 1.49 2.56 2.62
(0.56 to 6.22) (0.66 to 3.44) (1.70 to 6.59) (1.09 to 6.35)
Tuna cannery 131 (4.90) 1.05 2.26 2.56 1.56
(0.87 to 1.27) (1.37 to 3.77) (1.40 to 4.62) (1.07 to 2.50)
Others 1773 (66.40) 1.34 1.43 1.20 1.08
(0.79 to 2.42) (1.07 to 1.93) (0.82 to 1.72) (0.83 to 1.44)
Population density (people/m?) - 0.89 0.96 0.92 0.96
(0.72 to 1.11) (0.86 to 1.06) (0.80 to 0.99) (0.88 to 1.05)
Elevation (m) - 1.00 1.00 1.00 1.00
(0.99 to 1.00) (0.99 to 1.01) (0.99 to 1.00) (0.99 to 1.00)
Distance to streams (m) - 1.00 1.00 0.99 0.99
(0.99 to 1.00) (0.99 to 1.00) (0.99 to 1.00) (0.99 to 1.00)
Rainfall in the wettest month—December - 1.00 1.00 1.00 1.00

(mm) (0.99 to 1.01) (0.99 to 1.01) (0.99 to 1.01) (0.99 to 1.00)
Land Cover
Cropland (%) - 0.00 1.06 0.96 1.05
(0.00 to 1.04) (0.97 to 1.15) (0.80 to 1.06) (0.99 to 1.15)
Trees (%) - 1.00 1.00 1.01 1.01
(0.99 to 1.00) (1.001 to 1.01) (1.001 to 1.01) (1.001 to 1.01)
Built/Urban (%) - 1.00 1.00 0.99 0.99
(0.99 to 1.00) (0.99 to 1.00) (0.99 to 1.00) (0.99 to 1.00)
Heterogeneity structured 1.87 1.15 2.12 0.84
(0.93t0 2.99) (0.66 to 1.85) (1.30 to 3.38) (0.53 to 1.38)
¢ (Decay of spatial correlation) 77.14 84.45 76.60 76.81
(38.77 t0 99.23) (51.91 to 99.49) (25.71 t0 99.17) (39.62 t0 99.33)
Deviance Information Criterion 631.70 1996.00 1281.00 2506.00

https://doi.org/10.1371/journal.pntd.0010840.t003

Crl: 44.1-64.5%) lower risk of Wb123 Ab positivity than males. There was also an estimated
increase of 2.4% (95% Crl: 1.8%-3.1%) in Wb123 Ab-positivity for every year of age (Table 3).
Also, there was an increase in prevalence of being positive for Wb123 Ab of 125.6% (95% CrI:
37.4-276.6%) and 42.7% (95% Crl: 7.2-93.0%) for tuna cannery workers and those who work
in other locations (excluding outdoors and tuna cannery), respectively, compared to indoor
workers. Additionally, there was a significant increase of 0.2% (95% Crl: 0.1-0.5%) in the prev-
alence of Wb123 Ab-positivity for each 1% increase in the coverage of trees in the 20 m
buffers.

The spatial Bm14 Ab model had a DIC of 1281, while the model without the spatial compo-
nent had a DIC of 1898.6. In the spatial model, there was a decrease in the prevalence of Bm14
Ab of 52.1% (95% Crl: 35.7-64.9%) for females compared to males. Age was also as significant
covariate with an increase in the prevalence of Bm14 Ab of 3.3% (95% Crl: 2.5-4.1%) per
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every year of age. The prevalence of positive for Bm14 Ab was higher for those who worked in
tuna cannery and outdoor locations compare to those working indoors. The increase in the
prevalence was 155.8% (95% Crl: 40.3-362.2%) and 78.9% (95% Crl: 29.6-334.1%), respec-
tively. Tree coverage had a significant positive association with positivity for Bm14 Ab, with an
estimated increase of 0.01% (95% Crl: 0.001-0.4%) in Bm14 positivity for each 1% increase in
tree coverage in the 20 m buffer area. Population density had a significant negative association
with Bm14 Ab prevalence, with a decrease of 8.1% (95% Crl: 5.4-20.2%) for every person/m”>.

The spatial model for Bm33 Ab also had a lower DIC, 2506, compared with the nonspatial
model, 3505.6. Similar to all the other infection markers, the decrease in prevalence of Bm33
Ab was 26.8% (95% Crl: 11.1-39.8%) in females compared to males, and the increase per every
year of age was 2.4% (95% Crl: 1.8-3.03%). Also, workers in tuna cannery and outdoor loca-
tions had an increase of 56.2% (95% CrI: 3.3-150.1%) and 161.6% (95% CrI: 9.0-534.7%) com-
pared to workers in indoor areas. The prevalence of Bm33 positivity was found to increase by
0.4% (95% CrlI: 0.1-0.8%) with a 1% increase in the extent of tree coverage in the 20 m buffers.

In the model of Wb123 Ab the variance of the spatially structured random effect was 1.1
(0.7 to 1.8) and in the models of Bm14 and Bm33 these parameters were 2.1 (1.3 to 34) and 0.8
(0.5 to 1.4), respectively, meaning that the residual spatial variation was higher for the model
of Bm14 Ab. The value of the decay parameter for spatial correlation (¢) was 84.5 for Wb123
Ab, 76.6 for Bm14 Ab, and 76.8 for Bm33 Ab. These estimates indicate that after accounting
for the effect of covariates, the radii of the clusters were approximately 3.9, 4.3 and 4.3 km,
respectively.

Spatial predictions

Maps of the mean and standard deviation (SD) of the posterior distributions of predicted prob-
ability of each of the LF infection markers are shown in Fig 4. The highest predicted probability
of all infection makers (>0.61) was mainly confined in the north-west part, an area that corre-
sponds largely to the coastal villages of Fagali’i and Fagamalo. There were also predicted residual
foci of high probability of Bm33 and Wb123 Abs in the southwest part of Tutuila, in areas that
belong to Vaitogi and Futiga villages and in the western part of Tafuna village (0.21 and 0.49).
High probability of Bm33 Ab covered larger areas compared to the other infection markers
(>0.21), with higher probability estimates in confined areas in the north-west (> 0.61), south-
west (>0.51), the north-east (>0.51) and the central part around the Pago Pago area (>0.41).
The maps of the posterior SDs demonstrate that the level of uncertainty was higher in inhabited
areas in the north that were predominantly covered by trees (Figs 2 and 4).

The models for Ag, Wb123 and Bm14 Abs were able to predict the probabilities of these
outcomes reasonably well with AUC values of 0.71, 0.70 and 0.70, respectively. However, the
model of Bm33 Ab performed poorly with an AUC value of 0.60 (S8 Fig). Bm33 Ab is the
infection marker that is more widespread in American Samoa, and the poor performance of
the model could be indicating that sociodemographic and environmental factors may not be
important determinants of its distribution across the territory.

Discussion

In this study, we conducted a Bayesian geostatistical analysis of LF infection markers at the
household level and produced predictive probability maps for American Samoa in 2016. In
addition, this study examined potential sociodemographic and environmental factors that may
influence the geographical distribution of LF in the territory. To our knowledge, this is the first
time that the distributions of LF infection markers have been examined at such high spatial
resolution to predict LF probability. Our results suggest that there are still areas with high
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Fig 4. Spatial distribution of predicted probability and standard deviations of Ag (a and b), Wb123 Ab (c and d), Bm14 Ab (e and f),
and Bm33 Ab (g and h) in American Samoa 2016. Base layer from: (https://www.diva-gis.org/gdata/).

https://doi.org/10.1371/journal.pntd.0010840.9004

probability of LF infection markers (including Ag) in American Samoa, particularly in the
north-west of the main island of Tutuila. Also, we found that there are sociodemographic and
environmental factors that may underly the geographical distribution of LF and potentially
contribute to persistent transmission. These predicted probability estimates of LF infection
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markers may help maximise the effectiveness of post-intervention surveillance by contributing
to the identification of areas with highest probability of residual transmission [7].

The results showed that the predicted probability of Ag, Wb123, Bm14 and Bm33 Abs dif-
fered geographically across the territory. Areas around Fagali’i and Fagamalo villages in the
north-west had the highest predicted probability of all infection markers. Also, in the south,
high predicted probability, particularly for Bm33 Ab, were observed in localised areas in Vai-
togi, Futiga and Tafuna villages. These findings concurred with the results of a previous
research conducted in the territory that found significant spatial dependency for all infection
markers, and confirmed the presence of LF clusters and hotspots in the north-west, south and
central part of Tutuila [18]. The high-risk area in the far north-west was also previously identi-
fied as potential hotspot of residual infection in cross-sectional surveys conducted in American
Samoa in 2010, 2014 and 2016 [8,10,11]. In this study, the cluster sizes for all infection markers
were larger compared to the previous findings [8,18]. This discrepancy in cluster size may be
explained by the implementation of different spatial methods, and also by the incorporation of
sociodemographic and environmental covariates into the geostatistical models (noting that the
cluster size is in the residual component). These covariates may be associated with heteroge-
neous exposure to mosquito bites. In areas where the parasite is transmitted predominantly by
night-biting mosquitos, clustering of infection around household locations can be expected
and has been demonstrated [30,32,47]. The results of this study support recent evidence that
the home environment may be also an important area for exposure in LF-endemic regions
where W. bancrofti is transmitted by the day-biting mosquito, Ae. polynesiensis. [48,49]. The
cluster size also suggests that transmission may be occurring not only around households, but
also in surrounding areas where the household members are likely to frequent (such as bus
stops, schools and workplaces). In Samoa, a multilevel hierarchical modelling found that the
intraclass correlation coefficients for Ag-positive individuals was higher at households (0.46)
compared to primary sampling units (0.18) and regions (0.01) [49]. The timely identification
of these small pockets of residual infection can be used to prioritise further interventions to
reduce the risk of LF recrudescence or resurgence in the territory.

The predictive models developed for the different LF infection markers can help character-
ise the spatial patterns of serological responses to LF in American Samoa. In W. bancrofti
endemic areas, WHO recommends the use of Ag testing to assess the impact of the MDA and
determine when the elimination targets have been reached [16]. However, there is increasing
evidence that suggests that the use of Ag alone for post-MDA surveillance may not be suffi-
ciently sensitive to detect residual infection [7,50,51]. Therefore, antifilarial Ab testing is cur-
rently been examined as an alternative or complementary method of diagnosing LF in post-
MDA surveillance surveys [17,50-52]. However, the dynamics of the Ab responses post-infec-
tion and post-treatment are still not well understood [53]. In this study, the geographical distri-
bution of the predicted prevalence of Wb123 and Bm14 Abs were more clustered compared to
the widespread distribution of positive Bm33 Ab responses. It has been observed that Abs can
be detected earlier and are higher in prevalence when compared to Ag [54,55]. Also, Ab clear-
ance is highly variable and can persist for years after treatment in some individuals [54]. This
finding suggests that Bm33 Ab may not be the best indicator to identify areas of ongoing W.
bancrofti transmission but may be used to provide information about levels of historical expo-
sure and infection. This finding also concurred with a recent study indicating that the com-
bined use of Ag and Bm14 Ab provides a more sensitive marker of current or previous
infection than each indicator alone [56]. Additional longitudinal studies are required to help
monitor how the stage of the infection and magnitude of the immunological responses deter-
mine the spatial patterns of antifilarial Abs. Such information will have implications for the
selection of the most suitable LF diagnostic tools in low prevalence and post-MDA settings.
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There were consistent associations between the infection markers and the sociodemo-
graphic variables included in the models. The observed differences among females and males
and the positive association with age is most likely to be exposure-related. These findings sup-
port what has been observed previously in the territory and in most LF-endemic areas
[8,48,57]. Males spend more time working outdoors compared to females. However, it has also
been suggested that immunological and hormonal gender differences may account for the
lower infection rates in females [58]. There was a consistent positive association between all
Abs and tuna cannery workers. Also, a positive association between Bm14 and Bm33 Abs and
individuals working in outdoor locations. In 2013, An average of 17.6% of the total employed
population in the territory worked in tuna cannery which is the largest non-government
employer in American Samoa [59]. Tuna cannery workers are typically of low socioeconomic
status and their poor living conditions may increase their risk of exposure to the infection.
Higher prevalence of Wb123 Ab was also previously observed in tuna cannery workers in the
territory but no associations between Ab responses has been identified with other occupational
groups [8].

The spatial models for all infection makers indicated that there was a positive association
between the prevalence of LF and the extent of tree coverage in the 20 m buffers. This finding
supports the hypothesis that the tree coverage may impact mosquito population dynamics and
behaviours [60]. Tree canopy may sustain W. bancrofti life cycle in high temperature areas by
facilitating the survival of mosquitos that move in response to food supply [12]. Most of Amer-
ican Samoa is steep, with approximately half of the area covered by rainforest [12,61]. Trees
primarily cover most areas in the northern part of the territory (Fig 2) where the highest preva-
lence of LF was observed. Rainfall has been shown to be associated with high prevalence of LF
in several endemic countries where the infection is transmitted by different vectors
[20,23,31,62,63]. Rainfall generates water pools that can serve as mosquito breeding sites influ-
encing mosquito abundance and behaviour [64]. In contrast, heavy rainfall may have a nega-
tive effect on LF prevalence by causing excessive damage to mosquito larval habitats [64]. No
associations between the prevalence of infection markers and rainfall were found in this study.
This finding was unexpected and deserves further investigation. These findings raise the need
for high-quality spatial environmental datasets that can be used in further studies to determine
the association of LF and other potential environmental drivers.

The strengths of this study include the availability of data at the household level that allowed
us to assess the geographical distribution of LF in American Samoa at a small spatial scale. In
this way, it was possible to explore the home environment as an exposure area of importance.
The study also developed geostatistical models for different infection markers that may be
used as baseline information to characterise the spatial patterns of the antifilarial Ab responses
in the long-term. Besides the predicted prevalence maps, the spatial models developed here
also provided outputs to determine the associated uncertainty of the prevalence estimates [65].
The maps of the SD (uncertainty) highlight the areas where predictions were imprecise and
that need to be explored in future studies.

The limitations of the study include the lack of high-quality spatial environmental datasets
for the territory. As a result, it was not possible to include covariates such as temperature, that
has consistently been associated positively with LF [19,20,31]. Also, the rainfall data used in
the study was only available in a spatial format for the year 2016. Based on the assessment pre-
sented in the supplementary files (S1 Table and S1 and S2 Figs), data were found to be repre-
sentative of the average rainfall estimates for the ten-year period prior the survey (most likely
time period of potential exposure). Despite this limitation, we believe that our results provide
valuable information about the potential sociodemographic and environmental factors that
may be influencing the distribution of the infection in American Samoa. The geographical
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distribution of LF may be influenced by the effect of the environment on vector mosquito pop-
ulations and dynamics. A previous study conducted in American Samoa at the village level
found statistically significant associations between PCR-positive Ae. polynesiensis, the primary
LF parasite vector in the territory, and human seroprevalence of Ag and Wb123 Ab [9]. Mos-
quito data at the household level were no available for this analysis. Therefore, further inter-
ventions specifically designed to collect higher resolution data on both, humans and
mosquitos, are needed to assess their spatial distributions and associations with environmental
and sociodemographic covariates.

In this study, the Bayesian geostatistical models incorporating sociodemographic and envi-
ronmental covariates showed that the predicted prevalence of LF was not homogeneous in
American Samoa. Small-scale spatial variation in LF prevalence was observed which indicates
that there is scope for further spatial analyses to help inform spatially-targeted interventions in
American Samoa. Areas of priority for further study include the north and south-western part
of the territory. Also, longitudinal monitoring of the prevalence of Ag, Wb123, Bm14 and
Bm33 Abs would be useful to better understand the dynamics and potential use of different LF
infection markers to inform and support the ongoing post-MDA surveillance efforts.
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