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Abstract

American Samoa underwent seven rounds of mass drug administration (MDA) for lymphatic
filariasis (LF) from 2000-2006, but subsequent surveys found evidence of ongoing transmis-
sion. American Samoa has since undergone further rounds of MDA in 2018, 2019, and
2021; however, recent surveys indicate that transmission is still ongoing. GEOFIL, a spa-
tially-explicit agent-based LF model, was used to compare the effectiveness of territory-
wide triple-drug MDA (3D-MDA) with targeted surveillance and treatment strategies. Both
approaches relied on treatment with ivermectin, diethylcarbamazine, and albendazole. We
simulated three levels of whole population coverage for 3D-MDA: 65%, 73%, and 85%,
while the targeted strategies relied on surveillance in schools, workplaces, and households,
followed by targeted treatment. In the household-based strategies, we simulated 1-5 teams
travelling village-to-village and offering antigen (Ag) testing to randomly selected house-
holds in each village. If an Ag-positive person was identified, treatment was offered to mem-
bers of all households within 100m-1km of the positive case. All simulated interventions
were finished by 2027 and their effectiveness was judged by their ‘control probability’—the
proportion of simulations in which microfilariae prevalence decreased between 2030 and
2035. Without future intervention, we predict Ag prevalence will rebound. With 3D-MDA, a
90% control probability required an estimated > 4 further rounds with 65% coverage, > 3
rounds with 73% coverage, or > 2 rounds with 85% coverage. While household-based strat-
egies were substantially more testing-intensive than 3D-MDA, they could offer comparable
control probabilities with substantially fewer treatments; e.g. three teams aiming to test 50%
of households and offering treatment to a 500m radius had approximately the same control
probability as three rounds of 73% 3D-MDA, but used < 40% the number of treatments.
School- and workplace-based interventions proved ineffective. Regardless of strategy,
reducing Ag prevalence below the 1% target threshold recommended by the World Health
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Organization was a poor indicator of the interruption of LF transmission, highlighting the
need to review blanket elimination targets.

Author summary

Lymphatic filariasis (LF) is a parasitic disease caused by infection with filarial worms and
is currently endemic in 72 countries. Mass drug administration (MDA) is used to inter-
rupt LF transmission, in order to reduce LF prevalence below a target threshold set by the
World Health Organization. When prevalence is below said threshold, continued LF
transmission is believed to be unsustainable. American Samoa implemented seven rounds
of MDA from 2000-2006 and, more recently, a further three rounds of MDA in 2018,
2019, and 2021. Despite these recent interventions, American Samoa has not yet reached
elimination targets. In this study we use GEOFIL, a LF transmission model specific to
American Samoa, to investigate the most efficient interventions for LF elimination—
whether to continue with MDA or instead try targeted surveillance and treatment strate-
gies. We find that, without further intervention, LF prevalence will rise, but further rounds
of MDA have the potential to eliminate LF. Household-focused targeted surveillance and
treatment interventions also have the ability to eliminate LF using far fewer treatments
than MDA; however, they require testing a large number of people. Furthermore, we
found that reducing antigen prevalence below threshold targets does not necessarily guar-
antee successful long-term elimination.

Introduction

Lymphatic filariasis (LF) is a vector-borne parasitic disease affecting millions of people glob-
ally. LF is caused by infection with worms of any of three filarial parasites: Wuchereria ban-
crofti, Brugia malayi, or B. timori. The parasites are transmitted by several genera of mosquito.
After infection, the larval worms mature in the lymphatic system where they become repro-
ductively active, producing millions of microfilariae (mf) [1]. The mf circulate in the body and
can infect mosquitoes if subsequent biting events occur. LF is currently endemic in 72 coun-
tries [2] where an estimated 51 million people were infected in 2018 alone [3]. Of those
infected, many suffer a range of disabilities, with 36 million people suffering from severe lym-
phoedema [4].

The Global Programme to Eliminate LF (GPELF), was founded in 2000 with the aim of
eliminating LF as a public health problem. The program had two primary goals: i) interrupt
transmission with mass drug administration (MDA) and ii) alleviate the suffering of infected
people. From the inception of GPELF, MDA has consisted of annual rounds of treatment with
diethylcarbamazine and albendazole (2D-MDA) or with ivermectin and albendazole (IA) in
areas with onchocerciasis [5]. Since 2018, triple-drug MDA with ivermectin, diethylcarbama-
zine, and albendazole (3D-MDA) has been implemented, as it can improve MDA effectiveness
[6]. Post-MDA, several years of surveillance are required, which often involves transmission
assessment surveys (T'AS) that focus on detection of antigen-positive children aged between
six and seven years. Countries pass TAS if the prevalence of infection is below target thresholds
set by the World Health Organization (WHO). In W. bancrofti regions where Anopheles and/
or Culex are the principal vectors, the target threshold is < 2% antigen prevalence, whereas in
areas where Aedes is the primary vector, the target threshold is < 1% antigen prevalence [7].
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Below the target threshold, continued transmission is believed to be unsustainable; however,
previous modelling suggests that critical prevalence thresholds are highly dependent on local
conditions [8-11].

Historically, the Pacific had among the highest prevalence of LF globally [12]. In 1999, the
WHO launched the Pacific Programme to Eliminate LF. At the time, LF was endemic in 16 of
the 22 Pacific nations [13]. Through the use of several rounds of MDA in the early to mid
2000s, Vanuatu, Niue, the Cook Islands, Tonga and the Marshall Islands were declared to have
eliminated LF as a public health problem (EPHP), while several other Pacific nations were
assessed as being close to achieving EPHP [14]. By 2019, eight of the sixteen endemic countries
had received WHO validation that EPHP had been achieved [15]; however, despite this prog-
ress, several challenges remain for LF elimination in the Pacific.

American Samoa underwent seven rounds of 2D-MDA from 2000 to 2006 and passed
TAS-1in 2010 and TAS-2 in 2015 [16], but failed TAS-3 in 2016 [17]. This result, coupled
with other community surveys, indicated that LF was still endemic [18, 19]. American Samoa
subsequently implemented two rounds of 3D-MDA in 2018 and 2019; however, a 2019 com-
munity survey found transmission was still ongoing [20]. There was a further round of
3D-MDA in 2021, but it is unclear if this additional round will be enough to ensure long-term
LF elimination [21].

There are a number of theorised causes for ongoing LF transmission in American Samoa.
Firstly, previous MDA rounds may have suffered from low coverage [22]. Secondly, in Ameri-
can Samoa LF is transmitted by several vectors including the highly efficient Aedes polynesien-
sis that are predominantly active during the day and Aedes samoanus at night. In low
prevalence settings, as currently in American Samoa, Aedes mosquitoes have been found to be
particularly effective vectors [23-26]. Furthermore W. bancrofti larvae development has been
found to be more efficient in Aedes mosquitoes than in other mosquito genera [27]. Addition-
ally, while American Samoa as a whole might be below the target antigen prevalence threshold
following MDA, there could be individual villages or localised areas above the target threshold.
These localised ‘hotspots” have the potential to drive continuing transmission of LF, due to the
effectiveness of the Aedes vector. LF transmission hotspots have been found in many countries
[16, 28-34] and range in distance from 10 metres [32] to one kilometre [30]. Finally, previous
studies have found that standard target thresholds may not be suitable for all settings [29, 35,
36], as there have been previous resurgences of LF after antigen prevalence was reduced below
the recommended thresholds [12].

In order to eliminate LF, American Samoa could undergo several more rounds of territory-
wide MDA; however, a recent study found surveillance of certain sub-populations in Ameri-
can Samoa is highly effective in identifying residual infections [37]. Therefore, future LF strate-
gies may benefit from both targeted surveillance, which can be used to inform targeted
treatment, and accounting for the unique factors driving LF transmission in American Samoa.
These targeted strategies could be more effective than traditional MDA in the low prevalence
setting of American Samoa and may help avoid further burdening health systems [38].

In this study we use GEOFIL, a spatially explicit agent-based model [39]. Unlike other LF
models, GEOFIL includes geographic information on household, workplace and school loca-
tions, daily commuting networks [40], and a spatially heterogeneous risk of infection. These
factors allow GEOFIL to consider potential endgame surveillance and treatment frameworks
in American Samoa that address geographic heterogeneity and hotspots. We developed three
different targeted strategies that relied on surveillance in schools, workplaces, and households,
followed by targeted treatment. We then compared further rounds of 3D-MDA with the tar-
geted strategies to determine the most efficient route to long-term LF control in American
Samoa.
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Methods

GEOFIL is a spatially explicit agent-based modelling framework, designed to model LF trans-
mission dynamics in American Samoa. To capture American Samoan population behaviour,
GEOFIL uses a synthetic population model that allows for births, deaths, couple formation
and separation, moving within American Samoa, immigration, and emigration [39, 41]. In
GEOFIL people are assigned households, workplaces, and schools; the locations of these build-
ings correspond to known locations of buildings in American Samoa. During working hours
people are at their day-time location (workplace for employed, school for students, or house-
hold for all other people) and during off-work hours people are at their night-time location
(household for all people). The local geographic area around these buildings is where transmis-
sion can occur.

To effectively model LF transmission in the human-agent population, GEOFIL is run on a
daily time step and explicitly models the human-agent while implicitly modelling the mos-
quito-vector. Every time-step the model accounts for synthetic population changes, transmis-
sion, and the worm life-cycle within the host (acquisition, maturation, fecundity, and
mortality). As transmission can occur at either a person’s day-time location or night-time loca-
tion, transmission during working hours and off-work hours is modelled separately. During
each period, people may have zero, one, or multiple transmission events, where a transmission
event is an infectious bite that transmits either one or two third stage (L3) larvae that survive
to maturity. The number of transmission events an individual is exposed to in each period is a
function of the local prevalence of infectious persons in neighbouring buildings (inversely
scaled by distance), the time dependent transmission rate (day-time or night-time), and the
age-dependent relative biting rate. These factors allow for a spatially and temporally heteroge-
neous risk of infection. Further details on the synthetic population, transmission dynamics,
and model initialisation are given in S1-S3 Texts.

Fitting the GEOFIL model

As appropriately modelling the clustering of LF cases was key to assessing the effectiveness of
targeted strategies, we refitted the previous GEOFIL model [21] to reproduce the degree of
clustering at the household and village level observed in a previous 2016 community survey
[37]. As we only had intra-cluster correlation (ICC) values for microfilariae (mf) positivity
from the 2016 survey, the model was initialised in 2010 with prevalence data from a 2010 com-
munity survey [35], but with village and household level mf ICC values from the 2016 survey.
GEOFIL was fitted using approximate Bayesian computation (ABC), to results from two LF
community surveys in American Samoa. The surveys were conducted in 2014 [17] and in 2016
[37], and the model was fitted to the number of antigen and mf positive persons each survey
found. The 2016 survey was also used to fit the levels of mf clustering in the model. A more
detailed explanation of the ABC-fitting procedure used in this study is given in 54 Text.

Mass drug administration scenarios

The model was configured to explore the effectiveness of different 3D-MDA coverages. In this
study, coverage is calculated over the whole simulated population, but only the eligible popula-
tion received treatment. In accordance with WHO recommendations children below two
years of age and pregnant women were excluded from MDA, children aged two to four years
were offered 2D-MDA (diethylcarbamazine and albendazole), while those aged five years and
older were offered 3D-MDA [42]. Three different coverage levels were tested: the WHO rec-
ommended minimum of 65%, the previously reported coverage of 73% in a 2018 survey [43],
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and a high coverage of 85%. For each coverage level, we modelled one to five annual rounds
starting in 2023.

Workplace-based surveillance and treatment strategies

Workplaces can provide an effective setting to gauge LF prevalence in American Samoa [44].
As such, GEOFIL was extended to include workplace-based surveillance and targeted treat-
ment strategies. In GEOFIL, workplace commutes are highly heterogeneous and cover the
whole of the main island of Tutuila [39], which allows workplaces to have workers from house-
holds all over the island. The workplace-based strategies relied on annual mass testing of work-
ers. Two distinct classes of workplace were analysed: large workplaces (50+ employees) and
small & large workplaces (5+ employees); workplaces with less than five employees were not
considered for logistical reasons. For both classes, the workplaces were tested annually for five
years and antigen-positive workers were treated. The two classes of workplaces were then sim-
ulated with a second strategy, where if an Ag-positive worker was found, the worker and mem-
bers of their household would receive treatment. Both workplace strategies assumed 73% of
workers would accept testing, and if a worker had accepted testing it was assumed that the
worker and all members of their household would accept treatment. Like 3D-MDA, persons
older than five years were treated with ivermectin, diethylcarbamazine, and albendazole (3D-
treatment), while those between two and four years were treated with diethylcarbamazine and
albendazole (2D-treatment).

School-based surveillance and treatment strategies

Three distinct school-based surveillance strategies were investigated. The strategies involved
testing different age brackets of students and if a child was Ag-positive, the child and their
household would receive treatment. The first age bracket tested was TAS-aged children (6-7
years), the second was elementary school aged children (6-13 years), and thirdly, all school
aged children (6-17 years) were tested. GEOFIL assumes all children aged 6-17 years attend
school, apart from a small proportion of secondary school aged children who are instead
employed [39]. Therefore, the school-based strategy would capture most children. Impor-
tantly, unlike workplaces, the GEOFIL model assumes that school enrolment is localised, with
children attending the closest school to their household [39].

The simulations assumed a 73% probability that a child would accept testing, and if a child
tested Ag-positive it was assumed that the child and all members of their household would
accept treatment. Persons older than five years were treated with 3D-treatment, while those
between the ages of two and four years were treated with 2D-treatment.

Household-based surveillance and treatment strategies

We configured a household-based strategy, in which a number of teams would go from vil-
lage-to-village offering testing to a proportion of households in each village (household test
aim; HTA), with the goal of identifying and treating any residual infections and hot-spots. All
members of a household were assumed to make the same decision to accept or reject testing,
though testing was not offered to persons under six years old. If members of a household
accepted testing it was assumed they would all accept treatment; similarly if members of a
household rejected testing it was assumed they would also all reject treatment. As with previ-
ous strategies, the probability of a household accepting testing or treatment was 73%.

If an antigen-positive person was found, every member of their household was treated and
members of all households within a certain radius (100 metres to 1 kilometre) around their
positive-household were offered treatment. Similar to previous targeted strategies, persons
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Fig 1. Illustration of household-based strategy. Figure depicts households in two neighbouring villages; household with antigen-positive members are
outlined in red, whereas those free from LF have a black outline. The team is currently in the village on the left and tests a proportion of all households.
Households that accept testing are shown with solid fill- black if there is no antigen positive members or red if there is an antigen positive household
member. If the team identifies a household with an antigen-positive member, the team will offer treatment to members of all households within a given
radius around the positive household, except to members of households that recently tested negative or had refused a test. This treatment radius is marked
in red. As shown in the diagram, teams will offer treatment to members of households in neighbouring villages that are within the treatment radius of a LF-

positive household.

https://doi.org/10.1371/journal.pntd.0011347.9001

older than five years were treated with 3D-treatment, while those between two and four years
were treated with 2D-treatment. Households that had recently tested negative or refused test-
ing would not receive treatment. Once a household was offered testing and/or treatment, the
team would not offer testing or treatment to that household for a minimum of 180 days. A dia-
gram illustrating the household-based procedure is shown in Fig 1.

The household-based strategy was simulated for five years (2023-2027) with one, three, or
five teams using a 100m or 500m treatment radius. The one-team and three-team schemes
were also simulated with a 1km treatment radius. This 1km radius was omitted for the five-
team strategy due to the small area of American Samoa and the frequent overlaps in treatment
it caused. All strategies were run with a household test aim of 25% and 50%. Additional house-
hold-based strategy model parameters are given in Table 1.

As the household-based strategy, by design, is testing-intensive, a second less testing-inten-
sive method was modelled, where testing was only offered to a single adult in each household,
instead of the entire household. Again, if an Ag-positive person was found, treatment was
offered to their entire household and to all households within a certain radius.

Modelled scenarios

All modelled strategies began in 2010 and included three initial rounds of MDA in 2018, 2019,
and 2021. These initial MDA rounds were set to have 73% coverage, the surveyed coverage
from the 2018 MDA round [43]. All additional strategies began in 2023 and each was run 100
times. A summary of all strategies is given in Fig 2. To gauge the effectiveness of each
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Table 1. Parameters used for the household-based intervention approach.
Variable Value(s) Description

Coverage 73% Probability a member of a household will accept a test or treatment. If
the first member accepts or rejects, all other household members will
have the same response

Household test aim | 25%, 50% Proportion of households that are are offered testing in each village
(HTA)

Household testing 1 adult, whole The number of household members tested in each household
intensity household

Radius 100m, 500m, 1km | The treatment radius around positive households

Minimum 10 houses The minimum number of households offered testing in a village. If
households fewer than 10 households, all households will be offered testing
Households per day | 15 houses Average number of households tested or treated per day

Minimum time 14 days The minimum time a team spends in each village. Purposely high to

account for weekends and holidays

Days until Return 180 days The time until a household can be tested or treated again

https://doi.org/10.1371/journal.pntd.0011347.t001

approach, a baseline simulation was conducted that contained no additional intervention after
the 2021 MDA round. All strategies were completed by 2027 and their effectiveness was judged
using a single metric, control probability, defined as the proportion of simulations in which mf
prevalence decreased between 2030 and 2035 (the final simulation year).

Results
Fitting the GEOFIL model

To achieve the desired household and village mf intra-cluster correlations in GEOFIL, we
found there had to be, on average, more transmission during off-work hours than during
working hours. This unequal distribution in the timing of infection shifted the location where
transmission was dominant, and caused an increase in transmission at the household and a
decrease in transmission at schools and workplaces compared to previous versions of GEOFIL
[21]. Further details on the results of the ABC fitting are given in S1 Fig.

No further intervention

The baseline run, which only simulated 3D-MDA rounds in 2018, 2019, and 2021, each with
73% coverage, predicted that while territory-wide antigen prevalence would likely fall below
1% from 2024 to 2033, it would rebound and rise to 1.24%, [95% Prediction Interval (PI) 1.11-
1.37] by 2035 if no further interventions were implemented (Fig 3, baseline curve).

School- & workplace-based surveillance & treatment

School-based and workplace-based surveillance and treatment strategies were not able to con-
trol LF after five years of implementation; the control probabilities for these strategies were
negligible. In all simulations, territory-wide antigen prevalence was estimated to fall below the
WHO threshold of 1%; however, in all simulated strategies prevalence began to increase in the
years proceeding treatment (Fig 3). Of the school-based interventions, the surveillance and
treatment of TAS-aged children (6-7 years) was the least effective strategy with only a slight
benefit over the baseline, with a predicted 2035 territory-wide antigen prevalence of 1.06%,
[95% PI0.97-1.20]. The testing and treatment of all elementary-school aged children was
slightly more effective, with a predicted 2035 territory-wide antigen prevalence of 0.85%, [95%
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Baseline

Household-Based

No further Team(s): Radii: HTA: Testing:
intervention 1 100m 25% One*
3 500m 50% Al
MDA 5 1kmA
Round(s): Coverage:
1 65% School-Based @ Workplace-Based
730/° Testing Ages: Size: Treatment:
Z il TAS (6-7) 5+ Worker
Elementary (6-13) 50+ Worker &
5 All (6-17) Household

Fig 2. Summary of all simulated surveillance strategies. » The five-team household-based strategy was not simulated with the 1km treatment radius.
*The household-based strategy where only a single member of each household was offered testing was not simulated with one-team.

https://doi.org/10.1371/journal.pntd.0011347.9002

PI 0.74-0.95]. Testing of all school aged children was the most effective school-based strategy
and had a predicted 2035 territory-wide antigen prevalence of 0.72%, [95% PI 0.64-0.81].
Similar to the school-based interventions, workplace-based strategies were able to suppress
an increase in antigen prevalence during treatment years; however, territory-wide antigen
prevalence increased after treatment ended in 2027 (Fig 3). Of the workplace-based strategies,

School based

Workplace based

10 10
(A) -=—=- Baseline (B) - == Baseline
8 TAS age 8 —— 50+ work
) 2 —— Elementary age 50+ work &
< 4 x\\ All school age ‘\\ household
g 61 \ 6 \ 5+ work
o \ /P/ \ 5+ work &
§ 4 - \ 4 //' \ household
o \ g
a N
0

2015 2020 2025 2030 2035

Year

I
2015 2020 2025 2030 2035
Year

Fig 3. Annual territory-wide antigen prevalence for school-based and workplace-based interventions. Territory-wide antigen
prevalence in the synthetic American Samoan population following three rounds of 3D-MDA in 2018, 2019, and 2021, followed by five
rounds of targeted strategies. (A) school-based intervention that tests three different age groups of children (T AS-aged children (ages
6-7 years), elementary school aged children (ages 6-13 years), and all school aged children (ages 6-17 years)) and treats antigen-
positive children and members of their household. (B) workplace-based intervention that tests workplaces with 50+ workers or 5

+ works and either treats antigen-positive workers or the antigen-positive worker and members of their household. 1% antigen
prevalence is shown by the red horizontal dashed line in both plots.

https://doi.org/10.1371/journal.pntd.0011347.g003
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Table 2. The effectiveness of additional rounds of annual 3D-MDA starting in 2023 for three different levels of treatment coverage. A strategy’s effectiveness is judged
by its control probability, the proportion of simulations in which mf prevalence decreased between 2030 and 2035. Treatments are the average number of treatments
administered over the duration of MDA and do not include treatment numbers from the prior MDA rounds in 2018, 2019, and 2021. The uncertainty in the control proba-
bilities is quantified with a 95% credible interval.

Rounds 65% Coverage 73% Coverage 85% Coverage
Control probability (%) Treatments Control probability (%) Treatments Control probability (%) Treatments
1 11 [5.6-17.6] 30,992 23 [15.3-31.6] 34,911 54 [44.3-63.6] 40,592
2 48 [38.4-57.7] 61,653 59 [49.3-68.4] 69,300 90 [83.6-95.2] 80,691
3 71 [61.9-79.5] 92,004 93 [87.4-97.2] 103,331 98 [94.5-99.8] 120,288
4 94 [88.7-97.9] 121,782 97 [93.0-99.5] 136,800 100 [98.1-100] 159,336
5 100 [98.1-100] 151,366 100 [98.1-100] 169,982 100 [98.1-100] 197,933

https://doi.org/10.1371/journal.pntd.0011347.t1002

the most effective intervention was testing all workplaces with more than 5 workers and treat-
ing the worker and their household members. By 2028, territory-wide antigen prevalence
under this strategy was predicted to be 0.19%, [95% PI 0.17-0.21], however, by 2035, the anti-
gen prevalence was predicted to increase to 0.32%, [95% PI 0.28-0.36].

Mass drug administration scenarios

MDA simulations found American Samoa required several more annual rounds of 3D-MDA
to adequately control LF (Table 2). To achieve a > 50% control probability required, on aver-
age, an estimated: three rounds at 65% coverage, two at 73% coverage, or one at 85% coverage.
A > 90% control probability required an estimated four rounds of 65% coverage, three rounds
of 73% coverage, and two rounds of 85% coverage.

MDA with higher levels of coverage required fewer rounds and fewer total treatments to
achieve a given control probability. However, above 75% control probability there was a treat-
ment saturation, where additional rounds of MDA had a diminishing effect on control
probability.

Household-based surveillance and treatment strategies

With the correct scale of intervention, the household-based strategy could offer a reasonable
control probability. Control probability improved with increases in the number of teams,
household test aim (HTA), and treatment radii (Table 3). One-team strategies did not offer
viable long-term LF control; although they were the least intensive in terms of tests and treat-
ments, the estimated control probability was always < 40%. The three-team strategies could

Table 3. The effectiveness of the household-based strategy, with different number of teams, treatment radii, and household test aims (HTA). A strategy’s effectiveness
is judged by its control probability, the proportion of simulations in which mf prevalence decreased between 2030 and 2035. Treatments are the average number of treat-
ments administered over the duration of the strategy and do not include treatment numbers from the prior MDA rounds in 2018, 2019, and 2021. The uncertainty in the
control probabilities is quantified with a 95% credible interval.

Teams | HTA 100m Radius 500m Radius 1km Radius
Control probability (%) |Treatments | Tests Control probability (%) |Treatments |Tests | Control probability (%) | Treatments |Tests

1 25% | 9 [4.1-15.2] 2,808 14,916 | 19 [11.9-27.1] 17,441 14,313 | 28 [19.6-37.0] 34,607 12,815
1 50% |21 [13.6-29.3] 3,470 27,760 | 32[23.2-41.3] 17,893 26,104 | 39 [29.7-48.6] 36,326 22,918
3 25% |51 [41.3-60.7] 6,991 44,385 | 63 [53.5-72.1] 41,538 42,092 | 83 [75.2-98.8] 70,003 37,313
3 50% |71 [61.9-79.5] 8,094 81,583 | 90 [83.6-95.2] 40,248 77,020 | 93 [87.4-97.2] 73,553 66,109
5 25% |79 [70.7-86.4] 10,187 75,135 | 93 [87.4-97.2] 59,811 70,873 | - - -

5 50% | 98 [94.5-99.8] 12,491 139,804 | 99 [96.2-100] 58,203 129,115 | - - -

https://doi.org/10.1371/journal.pntd.0011347.t003
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offer long-term LF control. Control probability ranged from 51% [95% Credible Interval (CrI)
41.3-60.7] (25% HTA, 100m treatment radius) to 93% [95% CrI 87.4-97.2] (50% HTA, 1km
treatment radius). The five-team strategies were the most effective household-based interven-
tion. For 25% HTA, a 100m treatment radius offered a 79% [95% CrI 70.7-86.4] control prob-
ability, while the 500m treatment radius had a 93% [95% CrI 87.4.7-97.2] control probability.
For the 50% HTA, both radii had an estimated control probability > 98%.

The second household-based strategy, where only a single household member was tested,
proved largely ineffective and unable to control LF. On average, testing a single household
member resulted in five and a half times fewer tests than the regular testing strategy, however,
this decrease in testing led to a large (approximately two thirds) decrease in control probability
(S3 Fig).

Probability of control and the number of tests and treatments

The various treatment strategies involved a trade-off between the number of treatments and
tests. Importantly, MDA-only strategies were assumed to only involve treatment. This is a sim-
plification as some community testing would be required in sentinel sites during MDA. If only
the number of treatments are taken into account, the household-based strategies for both 25%
and 50% HTA, offered a far greater control probability per treatment than MDA (Fig 4). This
is exemplified by comparing the five-team strategy with the realistic MDA coverage. The five-
team strategy with 50% HTA and 100m treatment radius required, on average, 12,491 treat-
ments for a 98% [95% CrI 94.5-99.8] control probability, while four rounds of MDA with 73%
coverage required, on average, 136,800 treatments for a comparable level of control.

Despite the minimal use of treatments, the cost of household-based strategies should
account for testing. For all household-based strategies, doubling the proportion of households
that were offered testing (50% vs 25% HTA) led to a significant increase in control probability
and number of tests administered, while the number of treatments remained approximately

Treatments Tests & treatments
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Fig 4. LF control probability vs number treatments and tests for community-wide triple-drug MDA and household-based strategies.
Control probability was the proportion of simulations in which mf prevalence decreased from 2030 to 2035 and the household-based
strategies offered testing to either 25% or 50% of households (HTA). (A) Control probability as a function of the average number of
treatments per strategy. (B) Control probability as a function of the average number of tests and treatments per strategy.

https://doi.org/10.1371/journal.pntd.0011347.9g004
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constant. When testing is accounted for, MDA and the household-based strategies offered sim-
ilar probabilities of control per treatment and test (Fig 4). Using the example from above, the
five-team strategy with 50% HTA and 100m treatment radius, required, on average, 152,295
tests and treatments compared to the 136,800 treatments required, on average, by MDA with
73% coverage.

This trade-off between testing and treatment can also be seen in different household-based
strategies. An increase in treatment radius led to a large increase in treatments per positive
test, as more households were eligible to receive treatment. The small 100m treatment radius,
on average, used five times fewer treatments than the 500m treatment radius did, but was only
effective with the highest levels of testing. The increase in treatment radius also reduced the
average number of tests administered, as the larger treatment radii meant more people were
treated for each positive household and were therefore ineligible for testing for the next 180
days. This effect was most pronounced with the 1km treatment radius, that on average
required 17.5% fewer tests than the same strategies with a 100m treatment radius.

1% antigen threshold

In a majority of simulated strategies, territory-wide antigen prevalence was estimated to fall
below the 1% threshold before 2035; however, this drop below the critical threshold did not
necessarily ensure long-term LF control. Many strategies predicted a LF resurgence and had
poor control probabilities despite this initial drop below the critical threshold. Of the 18
3D-MDA scenarios tested, all had an estimated 100% probability of reducing territory-wide
antigen prevalence to below 1% before 2035. However, only half had an estimated control
probability > 90%. Similarly, all sixteen household-based strategies had an estimated > 99%
probability of reducing territory-wide antigen prevalence below 1% by 2035. Nevertheless,
only ten of the sixteen strategies had an estimated > 50% probability of long-term control,
while only five strategies had an estimated > 90% probability of control. The poor predictive
value of the 1% target threshold for control probability was most pronounced with the work-
place- and school-based interventions. Each of the seven tested strategies had an

estimated > 99% probability of territory-wide antigen prevalence falling below 1%, however,
six out of the seven strategies had an estimated control probability < 5%. Further details of the
relationship of the 1% antigen threshold and the control probability are shown in S1 Table.

Discussion

Our study used an innovative spatially-explicit agent-based model to simulate MDA and vari-
ous targeted LF surveillance and treatment frameworks in American Samoa to determine the
most efficient pathways to long-term LF control. Without further intervention, we predict a
high probability of LF resurgence, highlighting the need for further action to ensure LF elimi-
nation. School- and workplace-based approaches to surveillance and treatment were unlikely
to provide the necessary intensity of intervention to adequately control LF in the long term.
While these strategies were able to suppress transmission, prevalence rapidly increased upon
cessation.

We found that triple-drug MDA offered a realistic route to LF control in American Samoa.
All three simulated coverage levels of 65%, 73%, and 85%, offered an above 90% probability of
long-term control; however, we found that MDA coverage had a significant impact on the req-
uisite duration and efficiency of intervention. This phenomenon has been noted in many pre-
vious studies [9, 45-48]. MDA is not, however, without limitations. MDA is treatment
intensive, as it requires a majority of the eligible population to be treated annually for years
and, importantly, previous MDA efforts in American Samoa have been hampered by poor
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coverage [22]. Therefore, if triple-drug MDA is continued in American Samoa, measures
should be taken to improve coverage. If increasing MDA coverage and maintaining said higher
coverage across multiple future MDA rounds is not feasible, there are alternative strategies
that may have an improved chance of success.

We modelled a targeted household-based strategy, which (unlike MDA) is dependent on
mass testing rather than treatment. For comparable control probabilities, the household-based
strategy uses a fraction of the treatments that are required by MDA. With the household-based
strategy, people may be more inclined to accept treatment, as treatment is only offered to anti-
gen positive individuals and those who live within a certain distance of a positive case. This
may make the LF threat more tangible and thereby mitigate some people’s perceptions that
they are not at risk of LF.

Unlike MDA, household-based strategies require large numbers of tests to efficiently treat
the population in a low LF prevalence setting such as American Samoa. As such, only
approaches with the most intensive testing and treatment, offered > 90% control probability
after five years of implementation. Despite the necessity of testing, a 50% HTA combined with
the need to test every member of a selected household is potentially unrealistic, especially in
larger villages like Pago Pago. Furthermore, five concurrent teams testing and treating the pop-
ulation for five years would be a significant undertaking for the small geographic area and pop-
ulation size of American Samoa and potentially too large a burden for the health system.
Therefore, to accurately access the household-based strategy’s effectiveness, the demands of
testing should be considered alongside the strategy’s highly efficient use of treatments.

Both MDA and the household-based strategy use similar numbers of tests and treatments
for comparable control probabilities; however, the economic cost of the two is likely different
as MDA is reliant on treatment while the household-based strategy is reliant on testing. In
American Samoa, the drugs for MDA are donated. Although there are significant costs associ-
ated with distribution and surveys for MDA, the household-based strategy (with its high vol-
ume of testing alongside its lengthy required duration of intervention) is likely more costly
than traditional MDA. For MDA, the economic savings are greatest with scaled up interven-
tions [49]; therefore, of the modelled MDA strategies, the strategies with the highest coverage
have a double benefit of reduced administrative costs alongside the population having to par-
ticipate in fewer rounds of MDA.

The successful MDA and household-based strategies relied on high levels of coverage. The
requirement of high coverage coupled with the strategies’ several year time spans, indicates
that both strategies should include a locally engaged contingent, as studies have found that,
both locally in American Samoa [22] and neighbouring Samoa [50], and globally [51-57],
community engagement and participation is essential for program success. In American
Samoa, there is existing framework (INdigenous Samoan Partnership to Initiate Research
Excellence (INSPIRE)) that weaves Indigenous and Western knowledge, which has developed
strategies to increase screening rates for colorectal cancer [58]. A similar approach could be
taken with LF. In the Solomon Islands, a model for LF control in a post-elimination setting
was developed and highlighted the utility of engaging with local health professionals [59]. Sim-
ilarly, in Zambia, researchers found that an LF framework that included a locally engaged ele-
ment, with community members such as local health professionals and traditional leaders,
increased the trust and uptake in morbidity management services [60]. Therefore, local
engagement is essential to increase community participation and thereby ensure a strategy’s
success.

In American Samoa, where Aedes is the primary vector, the WHO has set a target threshold
of 1% antigen prevalence. In this study, we did not observe this threshold behaviour; instead
we found that a territory-wide antigen prevalence of below 1% was a poor indicator of an
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intervention’s long-term success. This result has been observed in other modelling studies,
which have found transmission dynamics at low prevalence and population size hard to pre-
dict [61, 62] and that singular prevalence thresholds are often insufficient for predicting resur-
gence [62]. There are possible explanations for this behaviour. Firstly, the lack of critical
threshold behaviour in American Samoa could be caused by the local dynamics of the highly
efficient Aedes vector, as thresholds are influenced by vector species, abundance and biting
rate [8, 63]. Secondly, it is unclear what the suitable spatial scale for the threshold should be in
a setting where residual infections are spatially heterogeneous. If the scale is territory-wide, the
threshold will likely be met; however, if we consider prevalence at the village or neighbourhood
scale where the population may be < 100, a single case will be sufficient to exceed the thresh-
old. As GEOFIL includes geographic information on household, workplace and school loca-
tions, as well as daily commuting networks, the question of the appropriate spatial scale is
especially pertinent.

Further modelling using GEOFIL could be undertaken to investigate other targeted testing
and treatment options that may offer a high control probability while requiring less intensive
testing than the household-based strategy. For example, MDA could be combined with the
household-based strategy. American Samoa could undergo several further rounds of triple-
drug MDA, followed by the post-MDA assessment surveys. These surveys could identify vil-
lages with continued transmission and the household-based strategy could then be imple-
mented with a focus on these higher prevalence villages, thereby offering treatment and
providing continued monitoring of these hot-spots. Similarly, annual workplace testing and
treatment could be combined with MDA, to locate ongoing transmission after MDA and treat
positive cases. Instead of solely relying on human testing to assess LF prevalence, molecular
xenomonitoring (MX), which involves monitoring of filarial DNA in trapped mosquitoes,
could be implemented to reduce the human testing burden [64]. MX has been shown to be a
promising tool in deciding when to stop MDA and in conducting post-MDA surveys in Amer-
ican Samoa [18]. If used in conjunction with targeted surveillance and treatment approaches,
the economic and social burdens of testing may be greatly diminished. Furthermore, GEOFIL
could be expanded to include geographic factors, such as urban- and tree-cover, as determi-
nants of transmission to potentially increase the heterogeneity of transmission events. This
could produce more realistic predictions transmission and allow for a more accurate investiga-
tion of the effects of vector control based interventions.

There are limitations to the modelling presented in this study. Due to the limited number
of recent community surveys in American Samoa, GEOFIL was initialised with prevalence
from a 2010 community survey and was only fitted using antigen and mf data from two other
community surveys (2014 and 2016 [17, 19]). Prevalence was low during these surveys, due to
the 2000-2006 annual MDA rounds, thus the model has not been validated against survey data
when prevalence was high. Therefore, the model may not correctly predict LF dynamics at
higher prevalence; however, the model should correctly model elimination scenarios when
prevalence is low. Furthermore, GEOFIL would benefit from fitting to post-MDA data, such
as the community surveys after the recent 3D-MDA rounds in American Samoa. There are
also limitations to GEOFIL’s ability to reproduce the differences in prevalence between females
and males. Previous community surveys in American Samoa have found antigen prevalence in
males significantly higher than that in females [17], however, the gender antigen prevalence
difference is not as pronounced in GEOFIL. This will cause an underestimation of the effec-
tiveness of workplace-based strategies, as males have a higher labour force participation rate
[39]. GEOFIL also assumes no systematic non-treatment or non-testing in any individuals or
households. The lack of systematic non-treatment and non-testing may have caused an overes-
timation in an intervention’s effectiveness [65].
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Conclusion

American Samoa has so far not interrupted LF transmission despite multiple recent rounds of
MDA [20]. To prevent future LF resurgence, American Samoa requires further intervention
through either traditional MDA or more novel targeted surveillance and treatment strategies.
While household-based targeted strategies require fewer treatments than MDA, for compara-
ble levels of LF control, they are far more testing intensive and may prove an economic bur-
den. Therefore, the optimal policy needs to be investigated, to determine the best balance of
long-term LF control with potential programmatic cost. Additionally, future modelling should
be undertaken to investigate combining MDA with targeted interventions, to take advantage
of each strategy’s strengths to ensure the most efficient pathway to long-term LF elimination
in American Samoa.
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S1 Text. GEOFIL synthetic population model. Description of the synthetic population
model of American Samoa.
(PDF)

S2 Text. GEOFIL transmission dynamics. Description and underlying equations of the lym-
phatic filariasis transmission model.
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S3 Text. GEOFIL initialisation. Description of the model initialisation process.
(PDF)

$4 Text. GEOFIL fitting. Description of the approximate Bayesian computation fitting proce-
dure used in the model.
(PDF)

S1 Fig. Results of the original ABC fitting. Priors and posterior distributions for the original
three ABC-fitted parameters. Both the priors and posteriors are kernel-smoothed densities.
(A) The mean number of bites received per person during working hours (b,). (B) The proba-
bility an infective bite would transmit one third-stage larva that will survive to maturity (p;).
(C) The probability an infective bite would transmit two third-stage larvae with one of each
sex that will survive to maturity (p,).

(TIF)

S2 Fig. Results of ABC fitting—transformed parameters. Prior and posterior distributions
for the three transformed parameters. The priors and posteriors are kernel-smoothed densi-
ties. (A) The total daily transmission rate (3;). (B) The ratio of the working hour transmission
rate to the total daily transmission rate (8,/5;). (C) The probability a transmission event will
transmit one L3 larva (p).

(TIF)

S3 Fig. Household-based strategy with single household member testing. Comparison of
the two household-based strategies where every household member was tested, and the modi-
fied household-based strategy where only a single member of a household was tested. As the
testing of a single person was likely to find fewer mf or antigen positive persons than testing
the entire household, we only modelled the single person testing with the most effective whole
household testing strategies. (A) Comparison of the effectiveness of the three-team strategies.
(B) Comparison of the effectiveness of the five-team strategies.

(TIF)
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the control probabilities and antigen <1% are quantified with a 95% credible interval.

(PDF)

$2 Table. Assumptions used in GEOFIL on the effectiveness of both 3D-MDA /treatment
and 2D-MDA/Treatment for all strategies. 3D-MDA/treatment (IDA) values are based upon
the assumptions from Irvine et al [66].

(PDF)

§3 Table. Model parameters for transmission dynamics.
(PDF)

Acknowledgments

We would like to thank Dr Zhijing Xu, for developing the original version of GEOFIL. We
would also like to thank all field team members and everyone at the American Samoa Depart-
ment of Health who provided assistance with the field studies in 2010, 2014, and 2016, that
were used to fit GEOFIL.

Author Contributions

Conceptualization: Callum Shaw, Angus McLure, Patricia M. Graves, Colleen L. Lau, Kathryn
Glass.

Formal analysis: Callum Shaw, Angus McLure, Kathryn Glass.
Methodology: Callum Shaw, Angus McLure, Kathryn Glass.
Software: Callum Shaw, Angus McLure.

Supervision: Angus McLure, Kathryn Glass.

Visualization: Callum Shaw.

Writing - original draft: Callum Shaw.

Writing - review & editing: Callum Shaw, Angus McLure, Patricia M. Graves, Colleen L. Lau,
Kathryn Glass.

References

1. Taylor MJ, Hoerauf A, Bockarie M. Lymphatic filariasis and onchocerciasis. The Lancet. 2010; 376
(9747):1175-1185. https://doi.org/10.1016/S0140-6736(10)60586-7 PMID: 20739055

2. World Health Organization. Global programme to eliminate lymphatic filariasis: progress report, 2020.
Weekly Epidemiological Record. 2021; 96:497-508.

3. Cromwell EA, Schmidt CA, Kwong KT, Pigott DM, Mupfasoni D, Biswas G, et al. The global distribution
of lymphatic filariasis, 2000-18: a geospatial analysis. The Lancet Global Health. 2020; 8(9):e1186—
e1194. https://doi.org/10.1016/S2214-109X(20)30286-2

4. Ramaiah K, Ottesen EA. Progress and impact of 13 years of the global programme to eliminate lym-
phatic filariasis on reducing the burden of filarial disease. PLoS Neglected Tropical Diseases. 2014; 8
(11):e3319. https://doi.org/10.1371/journal.pntd.0003319 PMID: 25412180

5. Ottesen EA. Lymphatic filariasis: treatment, control and elimination. Advances in parasitology. 2006;
61:395-441. https://doi.org/10.1016/S0065-308X(05)61010-X PMID: 16735170

6. Weil GJ, Jacobson JA, King JD. A triple-drug treatment regimen to accelerate elimination of lymphatic
filariasis: From conception to delivery. International Health. 2021; 13(Supplement_1):S60-S64. hitps://
doi.org/10.1093/inthealth/ihaa046

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011347 May 18, 2023 15/19


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011347.s008
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011347.s009
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011347.s010
https://doi.org/10.1016/S0140-6736(10)60586-7
http://www.ncbi.nlm.nih.gov/pubmed/20739055
https://doi.org/10.1016/S2214-109X(20)30286-2
https://doi.org/10.1371/journal.pntd.0003319
http://www.ncbi.nlm.nih.gov/pubmed/25412180
https://doi.org/10.1016/S0065-308X(05)61010-X
http://www.ncbi.nlm.nih.gov/pubmed/16735170
https://doi.org/10.1093/inthealth/ihaa046
https://doi.org/10.1093/inthealth/ihaa046
https://doi.org/10.1371/journal.pntd.0011347

PLOS NEGLECTED TROPICAL DISEASES Lymphatic filariasis endgame strategies in American Samoa

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Organization WH, et al. Lymphatic filariasis: monitoring and epidemiological assessment of mass drug
administration: A manual for national elimination programmes. Geneva, Switzerland: WHO. 2011;.

Gambhir M, Bockarie M, Tisch D, Kazura J, Remais J, Spear R, et al. Geographic and ecologic hetero-
geneity in elimination thresholds for the major vector-borne helminthic disease, lymphatic filariasis.
BMC biology. 2010; 8(1):1-13. https://doi.org/10.1186/1741-7007-8-22 PMID: 20236528

Irvine MA, Reimer LJ, Njenga SM, Gunawardena S, Kelly-Hope L, Bockarie M, et al. Modelling strate-
gies to break transmission of lymphatic filariasis-aggregation, adherence and vector competence
greatly alter elimination. Parasites & vectors. 2015; 8(1):1-19. https://doi.org/10.1186/s13071-015-
1152-3 PMID: 26489753

Jambulingam P, Subramanian S, De Vlas S, Vinubala C, Stolk W. Mathematical modelling of lymphatic
filariasis elimination programmes in India: required duration of mass drug administration and post-treat-
ment level of infection indicators. Parasites & vectors. 2016; 9(1):1-18. https://doi.org/10.1186/s13071-
016-1768-y PMID: 27624157

Irvine MA, Kazura JW, Hollingsworth TD, Reimer LJ. Understanding heterogeneities in mosquito-bite
exposure and infection distributions for the elimination of lymphatic filariasis. Proceedings of the Royal
Society B: Biological Sciences. 2018; 285(1871):20172253. https://doi.org/10.1098/rspb.2017.2253
PMID: 29386362

World Health Organization. The PacELF way: towards the elimination of lymphatic filariasis from the
Pacific, 1999-2005; 2006.

Huppatz C, Capuano C, Palmer K, Kelly PM, Durrheim DN. Lessons from the Pacific programme to
eliminate lymphatic filariasis: a case study of 5 countries. BMC Infectious Diseases. 2009; 9(1):1-6.
https://doi.org/10.1186/1471-2334-9-92 PMID: 19523192

Ichimori K, Graves PM. Overview of PacELF—the Pacific Programme for the Elimination of Lymphatic
Filariasis. Tropical medicine and health. 2017; 45(1):1-5. https://doi.org/10.1186/s41182-017-0075-4
PMID: 29118654

Yajima A, Ichimori K. Progress in the elimination of lymphatic filariasis in the Western Pacific Region:
successes and challenges. International Health. 2021; 13(Supplement_1):S10-S16. https://doi.org/10.
1093/inthealth/ihaa087

Won KY, Robinson K, Hamlin KL, Tufa J, Seespesara M, Wiegand RE, et al. Comparison of antigen
and antibody responses in repeat lymphatic filariasis transmission assessment surveys in American
Samoa. PLoS Neglected Tropical Diseases. 2018; 12(3):e0006347. https://doi.org/10.1371/journal.
pntd.0006347 PMID: 29522520

Sheel M, Sheridan S, Gass K, Won K, Fuimaono S, Kirk M, et al. Identifying residual transmission of
lymphatic filariasis after mass drug administration: Comparing school-based versus community-based
surveillance-American Samoa, 2016. PLoS Neglected Tropical Diseases. 2018; 12(7):e0006583.
https://doi.org/10.1371/journal.pntd.0006583 PMID: 30011276

Lau CL, Won KY, Lammie PJ, Graves PM. Lymphatic filariasis elimination in American Samoa: evalua-
tion of molecular xenomonitoring as a surveillance tool in the endgame. PLoS Neglected Tropical Dis-
eases. 2016; 10(11):e0005108. https://doi.org/10.1371/journal.pntd.0005108 PMID: 27802280

Lau CL, Sheridan S, Ryan S, Roineau M, Andreosso A, Fuimaono S, et al. Detecting and confirming
residual hotspots of lymphatic filariasis transmission in American Samoa 8 years after stopping mass
drug administration. PLoS Neglected Tropical Diseases. 2017; 11(9):e0005914. https://doi.org/10.
1371/journal.pntd.0005914 PMID: 28922418

Hast MA, Tufa A, Brant TA, Suiaunoa-Scanlan L, Camacho J, Vaifanua-Leo J, et al. Notes from the
Field: Impact of a Mass Drug Administration Campaign Using a Novel Three-Drug Regimen on Lym-
phatic Filariasis Antigenemia—American Samoa, 2019. Morbidity and Mortality Weekly Report. 2020;
69(21):656. https://doi.org/10.15585/mmwr.mm6921a3 PMID: 32463808

McLure A, Graves PM, Lau C, Shaw C, Glass K. Modelling lymphatic filariasis elimination in American
Samoa: GEOFIL predicts need for new targets and six rounds of mass drug administration. Epidemics.
2022; p. 100591. https://doi.org/10.1016/j.epidem.2022.100591 PMID: 35816826

King JD, Zielinski-Gutierrez E, Pa’au M, Lammie P. Improving community participation to eliminate lym-
phatic filariasis in American Samoa. Acta tropica. 2011; 120:S48-S54. https://doi.org/10.1016/j.
actatropica.2010.08.021 PMID: 20932818

Southgate B, Bryan JH. Factors affecting transmission of Wuchereria bancrofti by anopheline mosqui-
toes. 4. Facilitation, limitation, proportionality and their epidemiological significance. Transactions of the
Royal Society of Tropical Medicine and Hygiene. 1992; 86(5):523-530. https://doi.org/10.1016/0035-
9203(92)90096-U PMID: 1475823

Rosin L. Observations on the epidemiology of human filariasis in French Oceania. American Journal of
Epidemiology. 1955; 61(2):219-248. https://doi.org/10.1093/oxfordjournals.aje.a119750

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011347 May 18, 2023 16/19


https://doi.org/10.1186/1741-7007-8-22
http://www.ncbi.nlm.nih.gov/pubmed/20236528
https://doi.org/10.1186/s13071-015-1152-3
https://doi.org/10.1186/s13071-015-1152-3
http://www.ncbi.nlm.nih.gov/pubmed/26489753
https://doi.org/10.1186/s13071-016-1768-y
https://doi.org/10.1186/s13071-016-1768-y
http://www.ncbi.nlm.nih.gov/pubmed/27624157
https://doi.org/10.1098/rspb.2017.2253
http://www.ncbi.nlm.nih.gov/pubmed/29386362
https://doi.org/10.1186/1471-2334-9-92
http://www.ncbi.nlm.nih.gov/pubmed/19523192
https://doi.org/10.1186/s41182-017-0075-4
http://www.ncbi.nlm.nih.gov/pubmed/29118654
https://doi.org/10.1093/inthealth/ihaa087
https://doi.org/10.1093/inthealth/ihaa087
https://doi.org/10.1371/journal.pntd.0006347
https://doi.org/10.1371/journal.pntd.0006347
http://www.ncbi.nlm.nih.gov/pubmed/29522520
https://doi.org/10.1371/journal.pntd.0006583
http://www.ncbi.nlm.nih.gov/pubmed/30011276
https://doi.org/10.1371/journal.pntd.0005108
http://www.ncbi.nlm.nih.gov/pubmed/27802280
https://doi.org/10.1371/journal.pntd.0005914
https://doi.org/10.1371/journal.pntd.0005914
http://www.ncbi.nlm.nih.gov/pubmed/28922418
https://doi.org/10.15585/mmwr.mm6921a3
http://www.ncbi.nlm.nih.gov/pubmed/32463808
https://doi.org/10.1016/j.epidem.2022.100591
http://www.ncbi.nlm.nih.gov/pubmed/35816826
https://doi.org/10.1016/j.actatropica.2010.08.021
https://doi.org/10.1016/j.actatropica.2010.08.021
http://www.ncbi.nlm.nih.gov/pubmed/20932818
https://doi.org/10.1016/0035-9203(92)90096-U
https://doi.org/10.1016/0035-9203(92)90096-U
http://www.ncbi.nlm.nih.gov/pubmed/1475823
https://doi.org/10.1093/oxfordjournals.aje.a119750
https://doi.org/10.1371/journal.pntd.0011347

PLOS NEGLECTED TROPICAL DISEASES Lymphatic filariasis endgame strategies in American Samoa

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Pichon G. Relations mathématiques entre le nombre des microfilaires ingérées et le nombre des para-
sites chez différents vecteurs naturelles ou expérimentaux de filarioses. Cahiers ORSTOM, série Ento-
mologie médicale et Parasitologie. 1974; 12:199-216.

Bockarie MJ, Pedersen EM, White GB, Michael E. Role of vector control in the global program to elimi-
nate lymphatic filariasis. Annual review of entomology. 2009; 54:469-487. https://doi.org/10.1146/
annurev.ento.54.110807.090626 PMID: 18798707

Snow L, Bockarie M, Michael E. Transmission dynamics of lymphatic filariasis: vector-specific density
dependence in the development of Wuchereria bancrofti infective larvae in mosquitoes. Medical and
veterinary entomology. 2006; 20(3):261-272. https://doi.org/10.1111/j.1365-2915.2006.00629.x PMID:
17044876

Rao RU, Samarasekera SD, Nagodavithana KC, Dassanayaka TD, Punchihewa MW, Ranasinghe US,
et al. Reassessment of areas with persistent Lymphatic Filariasis nine years after cessation of mass
drug administration in Sri Lanka. PLoS Neglected Tropical Diseases. 2017; 11(10):e0006066. https://
doi.org/10.1371/journal.pntd.0006066 PMID: 29084213

Harris JR, Wiegand RE. Detecting infection hotspots: Modeling the surveillance challenge for elimina-
tion of lymphatic filariasis. PLoS Neglected Tropical Diseases. 2017; 11(10):e0005610. https://doi.org/
10.1371/journal.pntd.0005610 PMID: 28542274

Alexander ND, Moyeed RA, Hyun PJ, Dimber ZB, Bockarie MJ, Stander J, et al. Spatial variation of
Anopheles-transmitted Wuchereria bancrofti and Plasmodium falciparum infection densities in Papua
New Guinea. Filaria journal. 2003; 2(1):1—4. https://doi.org/10.1186/1475-2883-2-14 PMID: 14525619

Joseph H, Moloney J, Maiava F, McClintock S, Lammie P, Melrose W. First evidence of spatial cluster-
ing of lymphatic filariasis in an Aedes polynesiensis endemic area. Acta Tropica. 2011; 120:S39-S47.
https://doi.org/10.1016/j.actatropica.2010.12.004 PMID: 21172296

Washington CH, Radday J, Streit TG, Boyd HA, Beach MJ, Addiss DG, et al. Spatial clustering of filarial
transmission before and after a Mass Drug Administration in a setting of low infection prevalence. Filaria
journal. 2004; 3(1):1-14.

Swaminathan S, Perumal V, Adinarayanan S, Kaliannagounder K, Rengachari R, Purushothaman J.
Epidemiological assessment of eight rounds of mass drug administration for lymphatic filariasis in India:
implications for monitoring and evaluation. PLoS Neglected Tropical Diseases. 2012; 6(11):e1926.
https://doi.org/10.1371/journal.pntd.0001926 PMID: 23209865

de Souza DK, Ansumana R, Sessay S, Conteh A, Koudou B, Rebollo MP, et al. The impact of residual
infections on Anopheles-transmitted Wuchereria bancrofti after multiple rounds of mass drug adminis-
tration. Parasites & vectors. 2015; 8(1):1-8. https://doi.org/10.1186/s13071-015-1091-z PMID:
26399968

Lau CL, Won KY, Becker L, Magalhaes RJS, Fuimaono S, Melrose W, et al. Seroprevalence and spatial
epidemiology of lymphatic filariasis in American Samoa after successful mass drug administration.
PLoS Neglected Tropical Diseases. 2014; 8(11):e3297. https://doi.org/10.1371/journal.pntd.0003297
PMID: 25393716

Gambhir M, Michael E. Complex ecological dynamics and eradicability of the vector borne macroparasi-
tic disease, lymphatic filariasis. PLoS One. 2008; 3(8):e2874. https://doi.org/10.1371/journal.pone.
0002874 PMID: 18716676

Lau CL, Sheel M, Gass K, Fuimaono S, David MC, Won KY, et al. Potential strategies for strengthening
surveillance of lymphatic filariasis in American Samoa after mass drug administration: Reducing ‘num-
ber needed to test’by targeting older age groups, hotspots, and household members of infected per-
sons. PLoS Neglected Tropical Diseases. 2020; 14(12):e0008916. https://doi.org/10.1371/journal.pntd.
0008916 PMID: 33370264

Macpherson EE, Adams ER, Bockarie MJ, Hollingsworth TD, Kelly-Hope LA, Lehane M, et al. Mass
Drug Administration and beyond: how can we strengthen health systems to deliver complex interven-
tions to eliminate neglected tropical diseases? In: BMC proceedings. vol. 9. Springer; 2015. p. 1-5.

Xu Z, Graves PM, Lau CL, Clements A, Geard N, Glass K. GEOFIL: A spatially-explicit agent-based
modelling framework for predicting the long-term transmission dynamics of lymphatic filariasis in Ameri-
can Samoa. Epidemics. 2019; 27:19-27. https://doi.org/10.1016/j.epidem.2018.12.003 PMID:
30611745

Xu Z, Lau CL, Zhou X, Fuimaono S, S Magalhaes RJ, Graves PM. The extensive networks of frequent
population mobility in the Samoan Islands and their implications for infectious disease transmission. Sci-
entific reports. 2018; 8(1):1—11. https://doi.org/10.1038/s41598-018-28081-x PMID: 29973612

Xu Z, Glass K, Lau CL, Geard N, Graves P, Clements A. A synthetic population for modelling the
dynamics of infectious disease transmission in American Samoa. Scientific reports. 2017; 7(1):1-9.
https://doi.org/10.1038/s41598-017-17093-8 PMID: 29196679

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011347 May 18, 2023 17/19


https://doi.org/10.1146/annurev.ento.54.110807.090626
https://doi.org/10.1146/annurev.ento.54.110807.090626
http://www.ncbi.nlm.nih.gov/pubmed/18798707
https://doi.org/10.1111/j.1365-2915.2006.00629.x
http://www.ncbi.nlm.nih.gov/pubmed/17044876
https://doi.org/10.1371/journal.pntd.0006066
https://doi.org/10.1371/journal.pntd.0006066
http://www.ncbi.nlm.nih.gov/pubmed/29084213
https://doi.org/10.1371/journal.pntd.0005610
https://doi.org/10.1371/journal.pntd.0005610
http://www.ncbi.nlm.nih.gov/pubmed/28542274
https://doi.org/10.1186/1475-2883-2-14
http://www.ncbi.nlm.nih.gov/pubmed/14525619
https://doi.org/10.1016/j.actatropica.2010.12.004
http://www.ncbi.nlm.nih.gov/pubmed/21172296
https://doi.org/10.1371/journal.pntd.0001926
http://www.ncbi.nlm.nih.gov/pubmed/23209865
https://doi.org/10.1186/s13071-015-1091-z
http://www.ncbi.nlm.nih.gov/pubmed/26399968
https://doi.org/10.1371/journal.pntd.0003297
http://www.ncbi.nlm.nih.gov/pubmed/25393716
https://doi.org/10.1371/journal.pone.0002874
https://doi.org/10.1371/journal.pone.0002874
http://www.ncbi.nlm.nih.gov/pubmed/18716676
https://doi.org/10.1371/journal.pntd.0008916
https://doi.org/10.1371/journal.pntd.0008916
http://www.ncbi.nlm.nih.gov/pubmed/33370264
https://doi.org/10.1016/j.epidem.2018.12.003
http://www.ncbi.nlm.nih.gov/pubmed/30611745
https://doi.org/10.1038/s41598-018-28081-x
http://www.ncbi.nlm.nih.gov/pubmed/29973612
https://doi.org/10.1038/s41598-017-17093-8
http://www.ncbi.nlm.nih.gov/pubmed/29196679
https://doi.org/10.1371/journal.pntd.0011347

PLOS NEGLECTED TROPICAL DISEASES Lymphatic filariasis endgame strategies in American Samoa

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Organization WH, et al. Guideline: alternative mass drug administration regimens to eliminate lymphatic
filariasis. WHO/HTM/NTD/PCT/2017.07. World Health Organization; 2017.

Rainima-Qaniuci M, Lepaitai HB, Bhagirov R, Padmasiri E, Naseri T, Thomsen R, et al. The importance
of partnership in the rollout of triple-drug therapy to eliminate lymphatic filariasis in the Pacific. The
American Journal of Tropical Medicine and Hygiene. 2022; 106(Supplement_5):39-47. https://doi.org/
10.4269/ajtmh.21-1085 PMID: 35292579

Graves PM, Sheridan S, Fuimaono S, Lau CL. Demographic, socioeconomic and disease knowledge
factors, but not population mobility, associated with lymphatic filariasis infection in adult workers in
American Samoa in 2014. Parasites & Vectors. 2020; 13(1):1-18.

Stolk WA, Prada JM, Smith ME, Kontoroupis P, De Vos AS, Touloupou P, et al. Are alternative strate-
gies required to accelerate the global elimination of lymphatic filariasis? Insights from mathematical
models. Clinical infectious diseases. 2018; 66(Supplement_4):S260-S266. https://doi.org/10.1093/cid/
ciy003 PMID: 29860286

Babu BV, Babu GR. Coverage of, and compliance with, mass drug administration under the programme
to eliminate lymphatic filariasis in India: a systematic review. Transactions of the Royal Society of Tropi-
cal Medicine and Hygiene. 2014; 108(9):538-549. https://doi.org/10.1093/trstmh/tru057 PMID:
24728444

Stone CM, Kastner R, Steinmann P, Chitnis N, Tanner M, Tediosi F. Modelling the health impact and
cost-effectiveness of lymphatic filariasis eradication under varying levels of mass drug administration
scale-up and geographic coverage. BMJ Global Health. 2016; 1(1). https://doi.org/10.1136/bmjgh-
2015-000021 PMID: 28588916

Farrell SH, Truscott JE, Anderson RM. The importance of patient compliance in repeated rounds of
mass drug administration (MDA) for the elimination of intestinal helminth transmission. Parasites & vec-
tors. 2017; 10(1):1-12. https://doi.org/10.1186/s13071-017-2206-5 PMID: 28606164

Kastner RJ, Sicuri E, Stone CM, Matwale G, Onapa A, Tediosi F. How much will it cost to eradicate lym-
phatic filariasis? An analysis of the financial and economic costs of intensified efforts against lymphatic
filariasis. PLoS Neglected Tropical Diseases. 2017; 11(9):e0005934. https://doi.org/10.1371/journal.
pntd.0005934 PMID: 28949987

Willis GA, Mayfield HJ, Kearns T, Naseri T, Thomsen R, Gass K, et al. A community survey of coverage
and adverse events following country-wide triple-drug mass drug administration for lymphatic filariasis
elimination, Samoa 2018. PLoS Neglected Tropical Diseases. 2020; 14(11):e0008854. https://doi.org/
10.1371/journal.pntd.0008854 PMID: 33253148

Wamae N, Njenga SM, Kisingu WM, Muthigani PW, Kiiru K. Community-directed treatment of lymphatic
filariasis in Kenya and its role in the national programmes for elimination of lymphatic filariasis. African
journal of health sciences. 2006; 13(1):69-79. PMID: 17348745

Gyapong M, Gyapong JO, Owusu-Banahene G. Community-directed treatment: the way forward to
eliminating lymphatic filariasis as a public-health problem in Ghana. Annals of Tropical Medicine & Para-
sitology. 2001; 95(1):77-86. https://doi.org/10.1080/00034983.2001.11813617 PMID: 11235557

Silumbwe A, Halwindi H, Zulu JM. How community engagement strategies shape participation in mass
drug administration programmes for lymphatic filariasis: The case of Luangwa District, Zambia. PLoS
Neglected Tropical Diseases. 2019; 13(11):e0007861. https://doi.org/10.1371/journal.pntd.0007861
PMID: 31774820

Gunawardena S, Ismail M, Bradley M, Karunaweera N. Factors influencing drug compliance in the
mass drug administration programme against filariasis in the Western province of Sri Lanka. Transac-
tions of the Royal Society of Tropical Medicine and Hygiene. 2007; 101(5):445-453. https://doi.org/10.
1016/j.trstmh.2006.09.002 PMID: 17125809

Krentel A, Gyapong M, McFarland DA, Ogundahunsi O, Titaley CR, Addiss DG. Keeping communities
at the centre of efforts to eliminate lymphatic filariasis: learning from the past to reach a future free of
lymphatic filariasis. International health. 2021; 13(Supplement_1):S55-S59. https://doi.org/10.1093/
inthealth/ihaa086

Corley AG, Thornton CP, Glass NE. The role of nurses and community health workers in confronting
neglected tropical diseases in Sub-Saharan Africa: a systematic review. PLoS Neglected Tropical Dis-
eases. 2016; 10(9):e0004914. https://doi.org/10.1371/journal.pntd.0004914 PMID: 27631980

World Health Organization. Community-based health care, including outreach and campaigns, in the
context of the COVID-19 pandemic. World Health Organization and the United Nations Children’s Fund
(UNICEF); 2020.

Tofaeono V, Ka'opua LSI, Sy A, Terada T, Taliloa-Vai Purcell R, Aoelua-Fanene S, et al. Research
Samoa. The British Journal of Social Work. 2020; 50(2):525-547. https://doi.org/10.1093/bjsw/bcz160
PMID: 32280149

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011347 May 18, 2023 18/19


https://doi.org/10.4269/ajtmh.21-1085
https://doi.org/10.4269/ajtmh.21-1085
http://www.ncbi.nlm.nih.gov/pubmed/35292579
https://doi.org/10.1093/cid/ciy003
https://doi.org/10.1093/cid/ciy003
http://www.ncbi.nlm.nih.gov/pubmed/29860286
https://doi.org/10.1093/trstmh/tru057
http://www.ncbi.nlm.nih.gov/pubmed/24728444
https://doi.org/10.1136/bmjgh-2015-000021
https://doi.org/10.1136/bmjgh-2015-000021
http://www.ncbi.nlm.nih.gov/pubmed/28588916
https://doi.org/10.1186/s13071-017-2206-5
http://www.ncbi.nlm.nih.gov/pubmed/28606164
https://doi.org/10.1371/journal.pntd.0005934
https://doi.org/10.1371/journal.pntd.0005934
http://www.ncbi.nlm.nih.gov/pubmed/28949987
https://doi.org/10.1371/journal.pntd.0008854
https://doi.org/10.1371/journal.pntd.0008854
http://www.ncbi.nlm.nih.gov/pubmed/33253148
http://www.ncbi.nlm.nih.gov/pubmed/17348745
https://doi.org/10.1080/00034983.2001.11813617
http://www.ncbi.nlm.nih.gov/pubmed/11235557
https://doi.org/10.1371/journal.pntd.0007861
http://www.ncbi.nlm.nih.gov/pubmed/31774820
https://doi.org/10.1016/j.trstmh.2006.09.002
https://doi.org/10.1016/j.trstmh.2006.09.002
http://www.ncbi.nlm.nih.gov/pubmed/17125809
https://doi.org/10.1093/inthealth/ihaa086
https://doi.org/10.1093/inthealth/ihaa086
https://doi.org/10.1371/journal.pntd.0004914
http://www.ncbi.nlm.nih.gov/pubmed/27631980
https://doi.org/10.1093/bjsw/bcz160
http://www.ncbi.nlm.nih.gov/pubmed/32280149
https://doi.org/10.1371/journal.pntd.0011347

PLOS NEGLECTED TROPICAL DISEASES Lymphatic filariasis endgame strategies in American Samoa

59.

60.

61.

62.

63.

64.

65.

66.

Harrington H, Asugeni J, Jimuru C, Gwalaa J, Ribeyro E, Bradbury R, et al. A practical strategy for
responding to a case of lymphatic filariasis post-elimination in Pacific Islands. Parasites & vectors.
2013; 6(1):1-7. https://doi.org/10.1186/1756-3305-6-218 PMID: 23890320

Zulu JM, Maritim P, Silumbwe A, Halwiindi H, Mubita P, Sichone G, et al. Unlocking trust in community
health systems: lessons from the lymphatic filariasis morbidity management and disability prevention
pilot project in Luangwa District, Zambia. International Journal of Health Policy and Management. 2022;
11(Special Issue on CHS-Connect):80-89. https://doi.org/10.34172/ijhpm.2021.133 PMID: 34814671

Prada JM, Davis EL, Touloupou P, Stolk WA, Kontoroupis P, Smith ME, et al. Elimination or resur-
gence: modelling lymphatic filariasis after reaching the 1% microfilaremia prevalence threshold. The
Journal of infectious diseases. 2020; 221(Supplement_5):S503-S509. https://doi.org/10.1093/infdis/
jiz647 PMID: 31853554

Collyer BS, Irvine MA, Hollingsworth TD, Bradley M, Anderson RM. Defining a prevalence level to
describe the elimination of Lymphatic Filariasis (LF) transmission and designing monitoring & evaluating
(M&E) programmes post the cessation of mass drug administration (MDA). PLoS Neglected Tropical
Diseases. 2020; 14(10):e0008644. https://doi.org/10.1371/journal.pntd.0008644 PMID: 33044958

Group NMCLF. The roadmap towards elimination of lymphatic filariasis by 2030: insights from quantita-
tive and mathematical modelling. Gates open research. 2019; 3.

Farid HA, Morsy ZS, Helmy H, Ramzy RM, El Setouhy M, Weil GJ. A critical appraisal of molecular
xenomonitoring as a tool for assessing progress toward elimination of lymphatic filariasis. The American
journal of tropical medicine and hygiene. 2007; 77(4):593-600. https://doi.org/10.4269/ajtmh.2007.77.
593 PMID: 17978055

Dyson L, Stolk WA, Farrell SH, Hollingsworth TD. Measuring and modelling the effects of systematic
non-adherence to mass drug administration. Epidemics. 2017; 18:56—66. https://doi.org/10.1016/j.
epidem.2017.02.002 PMID: 28279457

Irvine MA, Stolk WA, Smith ME, Subramanian S, Singh BK, Weil GJ, et al. Effectiveness of a triple-drug
regimen for global elimination of lymphatic filariasis: a modelling study. The Lancet Infectious Diseases.
2017; 17(4):451-458. https://doi.org/10.1016/S1473-3099(16)30467-4 PMID: 28012943

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011347 May 18, 2023 19/19


https://doi.org/10.1186/1756-3305-6-218
http://www.ncbi.nlm.nih.gov/pubmed/23890320
https://doi.org/10.34172/ijhpm.2021.133
http://www.ncbi.nlm.nih.gov/pubmed/34814671
https://doi.org/10.1093/infdis/jiz647
https://doi.org/10.1093/infdis/jiz647
http://www.ncbi.nlm.nih.gov/pubmed/31853554
https://doi.org/10.1371/journal.pntd.0008644
http://www.ncbi.nlm.nih.gov/pubmed/33044958
https://doi.org/10.4269/ajtmh.2007.77.593
https://doi.org/10.4269/ajtmh.2007.77.593
http://www.ncbi.nlm.nih.gov/pubmed/17978055
https://doi.org/10.1016/j.epidem.2017.02.002
https://doi.org/10.1016/j.epidem.2017.02.002
http://www.ncbi.nlm.nih.gov/pubmed/28279457
https://doi.org/10.1016/S1473-3099(16)30467-4
http://www.ncbi.nlm.nih.gov/pubmed/28012943
https://doi.org/10.1371/journal.pntd.0011347

