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Abstract

Background: In response to large strides in the control of human African
trypanosomiasis (HAT), in the early 2000s the WHO set targets for elimination of
both the gambiense (gHAT) and rhodesiense (rHAT) forms as a public health
(EPHP) problem by 2020, and elimination of gHAT transmisson (EOT) by 2030.
While global EPHP targets have been met, and EOT appears within reach, there
is ample evidence that current control strategies will not achieve gHAT EOT in
the presence of animal reservoirs, the role of which is currently uncertain.
Furthermore, rHAT is not targeted for EOT due to the known importance of
animal reservoirs for this form.

Methods: To evaluate the utility of a One Health approach to gHAT and rHAT
EOT, we built and parameterized a compartmental stochastic model, using the
Institute for Disease Modeling’s Compartmental Modeling Software, to six HAT
epidemics: the national rHAT epidemics in Uganda and Malawi, the national
gHAT epidemics in Uganda and South Sudan, and two separate gHAT epidemics
in Democratic Republic of Congo distinguished by dominant vector species. In
rHAT foci the reservoir animal sub-model was stratified on four species groups,
while in gHAT foci domestic swine were assumed to be the only competent
reservoir. The modeled time horizon was 2005-2045, with calibration performed
using HAT surveillance data from 2000-2004 and Optuna. Interventions included
insecticide and trypanocide treatment of domestic animal reservoirs at varying
coverage levels.

Results: Validation against HAT surveillance data indicates favorable
performance overall, with the possible exception of DRC. EOT was not observed
in any modeled scenarios for rHAT, however insecticide treatment consistently
performed better than trypanocide treatment in terms of rHAT control. EOT was
not observed for gHAT at 0% coverage of domestic reservoirs with trypanocides
or insecticides, but was observed by 2030 in all test scenarios; again, insecticides
demonstrated superior performance to trypanocides.

Conclusions: EOT cannot be achieved for rHAT without control of wildlife
reservoirs, however insecticide treatment of domestic animals holds promise for
improved control. In the presence of domestic animal reservoirs, gHAT EOT will
not be achieved under current control strategies.

Keywords: human African trypanosomiasis; HAT; stochastic compartmental
models; One Health; zoonoses
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Background

Remarkable progress in the control of human African trypanosomiasis (HAT) in the
early 2000s led the WHO to set targets for elimination as a public health problem
(EPHP) by 2020, and elimination of transmission (EOT) by 2030. While EPHP
goals include both the acute form of HAT, caused by Trypanosoma brucei rhode-
siense (rHAT) and known to have important animal reservoirs, and the chronic form
caused by T. b. gambiense (gHAT) and thought to be predominantly transmitted
human-to-human, EOT goals target gHAT alone.

Mathematical modeling efforts for HAT have largely been deterministic, requir-
ing the adoption of proxy thresholds for EOT (e.g., < 1 new infection per 100,000
or 1,000,000 per year) [1] as such models represent populations with continuous
variables that never reach zero [2]. Conversely, stochastic models evaluate the likeli-
hood of disease elimination through natural failure of transmission events, allowing
for representation of uncertainty and distribution of time to elimination [3]. Re-
cently, there have been several stochastic efforts to model HAT elimination using
Gillespie-based simulation algorithms [1]. Davis et al. (2019) used this approach,
and a Ross-Macdonald-type stochastic compartmental model extended from Rock
et al.’s (2015) previous deterministic model [4], to model gHAT persistence under
varying parameterizations of reported screening patterns and population sizes at
the village-level. They found probability of persistence increased with population
size, but that gHAT transmission can persist for long periods in isolated populations
as small as 2,000. Davis et al (2019) also found evidence of high spatial heterogene-
ity related to local environmental conditions, in particular proximity to large rivers
[5]. Castano et al. (2020) later extended two previously deterministic models to a
stochastic framework, and found no strong evidence that current medical interven-
tions and trends in decreasing case counts would be adequate to achieve EOT by
2030 in two health zones in DRC [6].

While multiple animal species harbor trypanosomes, their role in the transmission
cycle is unclear [3]. Using data from Uganda, Davis et al. (2011) demonstrated that
proportion of bloodmeals taken from humans was the most important determinant
of gHAT distribution among those evaluated [7]. A model fit to animal prevalence
data from Cameroon using the Next Generation Matrix approach and assuming
a constant level of human infection suggested animals constitute a transmission
reservoir for gHAT [8], while others fit to longitudinal human case data from Guinea,
Chad, and DRC with decreasing reporting trends and time-varying interventions
found equivocal support for presence versus absence of an animal reservoir [4, 9, 10].
These discrepancies may reflect differences in model assumptions, or the foci-specific
nature of reservoir potential based on human-tsetse-animal abundance and contact
patterns [1].

Two simple and cost-effective methods of vector control (VC) have emerged in
the past decade: insecticide treatment of cattle (ITC) in the form of restricted
application of synthetic pyrethroids where cattle are present in sufficient numbers
(density > 10 animals/km?) and provide a significant proportion of bloodmeals for
HAT vectors; and deployment of pyrethroid-treated tiny targets along the banks of
rivers, the preferred habitat for riverine tsetse, otherwise [11]. Restricted application
of synthetic pyrethroids to the belly and lower legs of older and larger cattle, the
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preferred feeding sites and hosts of HAT and animal African trypanosomiasis (AAT)
vectors, respectively [12, 13, 14], has been demonstrated to achieve VC at one
tenth the cost of other ITC approaches (<US$2/head/year [15]). In addition to
minimizing cost and environmental residues, this approach contributes to control of
AAT, widely considered to be the single greatest constraint to increased livestock
production in Africa and an important poverty-reinforcing disease [16, 17, 18, 19]. In
both gHAT and rHAT foci, ITC lowers the Ry of HAT by reducing the average life
expectancy of tsetse flies. In rTHAT foci, ITC can further reduce Ry by controlling
the domestic animal reservoir of the disease and selectively killing tsetse infected
by animal reservoirs, with potentially further gains being made through addition of
trypanocide treatment (TT) of domestic animal reservoirs. Previous literature has
demonstrated ITC is effective even when cattle are patchily distributed, with gaps
of several kilometers wide [20].

In 2012, Hargrove et al. generalized Rogers (1988) [21] two-host deterministic
compartmental model to study the effect of ITC and TT on the Ry of rHAT. The
authors found control of rHAT through TT alone is unlikely even if there are no
wildlife reservoirs present. In contrast, ITC could eliminate rHAT if cattle comprise
at least 40% of non-human tsetse bloodmeals and 100% of cattle are treated, or if
cattle comprise 100% of non-human bloodmeals and 25% are treated [22]. While
studies of effectiveness of ITC in gHAT foci are limited, spot-on ITC was found
to reduce the fly population from 54.2 flies/trap/day to 0.06 flies/trap/day in a
gHAT focus in Burkina Faso, with the remaining flies (Glossina palpalis palpalis)
mainly feeding on monitor lizards, which are not thought to harbor human-infective
trypanosomes [23].

As of 2018, eight out of 26 HAT-endemic countries were eligible for EPHP vali-
dation. We focus here on four countries who do not meet the required criteria for
EPHP validation due to an excessive number of cases per health district (Malawi),
inadequate control and surveillance activities (Uganda), or both (Democratic Re-
public of Congo (DRC) and South Sudan) [24]. In this study, we use a stochastic
compartmental model implemented in the Institute for Disease Modeling’s Com-
partmental Modeling Software (CMS) [25], to study the effect of including animal
reservoirs in HAT control efforts under a One Health approach on time to EOT in
these countries. We have parameterized this model to reflect the national epidemic
in each country, fitting two models each for DRC and Uganda to reflect the presence
of two gHAT vectors in DRC and the presence of both gHAT and rHAT in Uganda.

Methods

Structure

We constructed a stochastic compartmental of HAT transmission, implemented in
CMS using the Gillespie algorithm [25], defining EOT as the first year after which no
new transmission occurs for the remainder of the modeled time horizon. For gHAT
we fit a four-species model with humans, tsetse flies, reservoir animals, and non-
reservoir tsetse hosts (i.e., animal species from which tsetse flies take bloodmeals but
which do not harbor human-infective trypanosomes), with domestic swine defined
as the animal reservoir. For rHAT we fit a seven-species model with humans, tsetse

flies, non-reservoir tsetse hosts, and four reservoir animal species groups: domestic
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swine, domestic bovids (cattle), wild swine (warthog), and wild bovids (bushbuck
and African water buffalo).

Model structure is detailed in Figure 1. The sub-model is S-E-11-I5-R for humans,
S-E-I-R for reservoir animals, and S-E-I for flies with a non-susceptible compartment
to reflect the teneral effect, whereby flies are most susceptible to transmission of
trypanosomes during their first blood meal and within their first 24 hours of life.
Humans with stage 2 illness are assumed to be inaccessible to flies and thus do not
contribute to transmission. For the rHAT models, model structure is equivalent for
the sub-model corresponding to each animal reservoir species group.

Time steps were one day, with an overall time horizon of 2005-2045. Previous
stochastic compartmental models of HAT have indicated varying step size from 0.01
days to one day does not appreciably change results [5]. We assumed all populations
are closed, that is a death is replaced by a susceptible, and no migration into or out
of foci by infected flies, humans, or reservoir hosts occurs. Again, previous stochastic
modeling efforts for HAT have demonstrated that such assumptions have negligible
effects on model findings [5].

Parameterization

We parameterized this model to the national gHAT epidemics in South Sudan and
Uganda; the national tHAT epidemics in Uganda and Malawi; and the Bandundu
and Sakuru foci, together, and Equateur Nord focus, separately, in DRC. This
parameterization, which resulted in a total of 6 models, was chosen to reflect the
differences in the epidemiology of the each country’s HAT epidemics, with the gHAT
and THAT epidemics being distinct within Uganda, and the Bandundu/Sankuru
foci being distinct from the Equateur Nord focus in DRC due to different vector
populations.

We assumed Glossina fuscipes fuscipes was the vector species in the Uganda
gHAT, Uganda rHAT, South Sudan, and DRC Equateur Nord models. We assumed
G. f. quanzensis was the vector species in the DRC Bandundu/Sakuru model, and
G. morsitans morsitans in the Malawi model. For the human sub-models, we as-
sumed all detected cases are treated, treatment is always successful, and no recovery
occurs without treatment (i.e., cases transition from stage 2 infection to death). We
assumed the population of non-reservoir tsetse hosts was stable throughout the
modeled period.

Base-case model parameters are detailed in Additional file 1 — Model parameters.
We derived parameters from published literature or model fitting, with the exception
of the human:wild animal (reservoir or non-reservoir) ratio, which we took to be 10
in all cases; ITC coverage, which we took to be 0% for all reservoirs; TT coverage,
which we took to be 0% for wild animal reservoirs in THAT foci and domestic animal
reservoirs in gHAT foci, and 50% for domestic animal reservoirs in tHAT foci; and
TT frequency, which we took to be every 3 months. Adapted from Davis et al.
(2019), we defined effective tsetse density as the product of the fly:human ratio and
B, the probability of human infection per single infective bite [5]. We fixed the
former at 6.56, from Davis et al. (2019) in all models, but allowed Sy to vary.

Model equations are presented in Additional file 2 — Model equations.
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Interventions

Insecticide treatment (ITC)

While ITC refers specifically to insecticide treatment of cattle, here we will model
insecticide treatment of both cattle and pigs without modification to this term.
As in Hargrove et al. (2012) [22], we assume ITC exerts its effect by decreasing the
probability a fly survives a given feed, g¢. If g, is the probability a fly survives a non-
feeding day, and d is the feeding cycle length, then the probability a fly survives
a complete feeding cycle is qfqnd. As daily mortality rate is ~ —log(qfqnd) / d,
our parameterization of tsetse fly lifespan (26 days for G. m. morsitans and G. f.
fuscipes, and 29 days for G. f. quanzensis) and feeding cycle length (3 days) yields
qfqnd = 0.89 for G. f. fuscipes and G. m. morsitans, and qfqnd = 0.91 for G. f.
quanzensis.

If itcg; is the proportion of reservoir species i treated with insecticides, pg;(t) is
the probability a given bloodmeal is taken from reservoir species i at time t, and
flies feed on individual members of a given reservoir species at random, assuming
efficacy of treatment is 100% the probability a fly survives a complete feeding cycle
of d days is now:

[1 - le (itCRipRi(t)ﬂ 4

i=1

Trypanocide treatment (TT)

Trypanocide treatment of domestic animal reservoirs was implemented through al-
lowing a proportion of animals to receive trypanocidal treatment at three month
intervals, thereby shortening their duration of infection. This is distinct from Har-
grove’s implementation of TT, which assumed continuous prophylactic use and
therefore removal of a proportion of reservoirs from the reservoir population [22].

Scenarios modeled
We evaluated the probability of and time to EOT under the following scenarios:
e gHAT foci:
— ITC of pigs at 12.5%, 25% and 50% coverage
— ITC and TT of pigs at 25% coverage of each
e rHAT foci:
— ITC of cattle and pigs at 25%, 50%, and 75% coverage
— ITC of cattle and pigs at 50% combined with TT of cattle and pigs at
75% coverage
— ITC and TT of cattle and pigs at 100% coverage of each
Our base-case model assumed 0% TT or ITC coverage in gHAT foci, and 50%
TT coverage (both cattle and pigs) in rHAT foci. Note “cattle and pigs” refers to
domestic bovids and domestic swine, respectively.

Calibration

We calibrated our models to 2000-2004 annual surveillance data from the WHO
Atlas of HAT [26] using Optuna [27]. We collapsed observed data by country, keeping
rHAT and gHAT foci separate in Uganda, and assumed 65% of gHAT cases are
reported [28] and 8.3% of rHAT cases are reported [29].
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Fitting 10 trials with 3 model runs per trial and optimizing the mean over
these runs, we defined the sum of the squared error terms as the objective func-
tion to be minimized. Under normally-distributed and errors with constant vari-
ance, this simple objective function yields the same estimate as a maximum like-
lihood approach [30]. We used a tau-leaping solver and specified trial parameters
as By ~ Uniform(0.001,0.1) for gHAT foci in Uganda and South Sudan, where Sy
is the probability an infected fly transmits to a human during a given bloodmeal;
Br ~ Uniform(0.001,0.01) for both gHAT foci in DRC, reflecting the markedly
higher probability a bloodmeal is taken from a human (and thus force of infection)
in these foci; and Sy ~ Uniform(0.0001,0.001) in rHAT foci.

Validation

We validated our model by comparing observed Atlas data to the predicted number
of new cases per year in our base case model, adjusted for underreporting as detailed
above. This was performed from 2005-2014 in Malawi and South Sudan, and from
2005-2018 in DRC and Uganda, reflecting the data made available to the authors.

Results

Model trajectories for tsetse flies and humans are presented in Additional file 3
— Model trajectories. While epidemiologic curves for humans vary in level across
modeled scenarios, shape is relatively stable. In the rHAT models human infection
is maintained at a remarkably low but steady level, consistent with epidemiologic
evidence of HAT’s ability to persist at low levels.

In contrast, the curves for tsetse flies vary markedly across modeled scenarios in
the gHAT models, increasing (Uganda gHAT, DRC Bandundu/Sakuru) or reaching
a steady-state (DRC Equateur Nord, South Sudan) in the base-case, versus decaying
rapidly in all test scenarios. In the rHAT models, exposed and infected tsetse flip in
the base-case versus test scenarios, with infected tsetse outnumbering exposed tsetse
in the base-case, and the inverse being true in all test scenarios. This is consistent
with ITC lowering the age distribution of tsetse flies.

Validation

Validation results are presented in Figure 2. On an absolute scale, the models ap-
peared to perform better in later than earlier years, and performed well for Uganda
in both gHAT and rHAT foci and for South Sudan and Malawi, but not very well
in either DRC foci. However, the number of cases reported (observed) in each focus
varies markedly (e.g., 608 total cases in Malawi and 16,756 total cases South Su-
dan over the period 2000-2014; and 4,219 total cases in Uganda gHAT foci, 3,281
total cases in Uganda rHAT foci, 68,414 total cases in the Bandundu/Sakuru foci
in DRC, and 19,327 total cases in the Equateur Nord focus in DRC over the period
2000-2018), thus a difference between observed and predicted cases of 100 implies
markedly different model performance in, for instance, Malawi versus either DRC
foci.

Elimination of transmission
EOT outcomes under all models and scenarios are presented in Tables 1-2; predicted
number of number of cases in 2030 for the base-case scenario in each modeled focus
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is also presented in Figure 3, and for all model scenarios in the rHAT foci (Uganda
rHAT, Malawi) in Figures 4-5. Corresponding results are not presented for the
gHAT models (Uganda gHAT, South Sudan, and both DRC models) as EOT was
observed by 2030 all gHAT foci for all test scenarios.

Under current conditions, reflected by the base-case scenario, EOT is not observed
by 2045 in any modeled focus, with cases being particularly high in Uganda and
DRC across the two epidemics modeled in each country. For the gHAT models
(Uganda gHAT, both DRC models, and South Sudan), EOT was observed by 2030
in all test scenarios, with differences in time to EOT across scenarios occurring on
the order of months, not years (Table 1, Figures 6-9). Time to elimination is shortest
for South Sudan, followed by Uganda and the Equateur Nord focus in DRC, and
lastly by the Bandundu/Sakuru foci in DRC.

For both THAT models (Uganda rHAT and Malawi), EOT is not observed in
any test scenario. Case counts reduce monotonically with increasing ITC coverage,
however increasing TT coverage from 50% to 75% has inferior gains to the same
increase in ITC coverage (Table 2, Figures 4-5).

Discussion

We present the results of a stochastic compartmental model fit to six distinct HAT
epidemics. Our findings indicate WHO EQOT goals will not be met by 2030 un-
der current conditions, however in gHAT foci in Uganda, South Sudan, and DRC,
EOT would have already been achieved if insecticide treatment of domestic cat-
tle and pigs had been implemented at even 12.5% coverage starting in 2005. In
rHAT foci in Uganda and Malawi, elimination of transmission is not achieved by
the end of our modeled time horizon (2045) even if 100% of domestic cattle and
pigs are constantly maintained on insecticide treatment with 100% efficacy, and re-
ceive 100%-effective trypanocide treatment every three months. In both rHAT and
gHAT foci, trypanocide treatment of domestic animal reservoirs hastens time to
EOT (gHAT foci only) and reduces cases observed by 2030 (rHAT foci), but with
inferior gains to increasing coverage with insecticide treatment of domestic animal
resrevoirs.

Our model has several limitations. First, validation indicates our model predic-
tions are a poor fit for both DRC models, suggesting results for this country should
be interpreted in relative, rather than absolute, terms. Second, our results are sen-
sitive to the assumptions made, namely detection perfectly predicts recovery in
humans, TT and ITC are 100% effective, all populations are closed, and no in-
migration of infected humans or tsetse occurs (i.e., each modeled focus is sufficiently
isolated from other HAT foci). Previous authors have demonstrated the closed pop-
ulation and no in-migration assumptions have negligible impact on results in other
stochastic compartmental HAT models [5].

Futhermore, while most parameters were derived from the literature or from model
fitting, density of non-reservoir tsetse hosts was assumed, as was the probability do-
mestic animal reservoirs receive trypanocide or insecticide treatment and frequency
of the former. We also assumed tsetse flies have an inherent (species-specific) level
of anthropophily, and all “remaining” bloodmeals (i.e., those taken from animals)

are distributed according to density of each animal species or species group.
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The results of our test scenarios may also be sensitive to the way we implemented
ITC and TT. Our implementation of TT assumes therapeutic rather than prophy-
lactic use. With regards to I'TC, our implementation assumes the tsetse population
is constant such that increasing ITC coverage reduces the mean tsetse age—and
thus the proportion infected with T. b. gambiense or T. b. rhodesiense—rather
than density. Finally, we did not model vector control in the base-case scenario nor
use of stationary baits in the test scenarios, nor any longitudinal change in active
or passive surveillance coverage.

Our results indicate insecticide treatment of cattle and pigs should be added to
control strategies in both gHAT and rHAT foci, however delivery of insecticides to
pigs is slightly more challenging than cattle. First, deltamethrin, which is widely-
available in many HAT-endemic areas and has a long duration of action, is not
labeled for pigs, however it has been successfully used off-label to control biting
flies and mosquitoes in Australia [31]. Second, while permethrin may be a suitable
alternative, the efficacy of restricted application approaches have not been evaluated
in pigs, and efficacy of alternative modes of delivery is uncertain. Possible delivery
options include bi-weekly sprays, use of back rubbers, or impregnated fabrics placed
near pigs but out of their reach. Third, the effectiveness of using pigs as live baits
has not been established, however their proclivity for roaming in shady areas along
the riverine habitats favored by HAT vectors [32] is a favorable indication in this
regard.

Conclusion

Despite the limitations of our model, and potential challenges to implementation of
the results it points to, our approach nonetheless represents an important contribu-
tion to the HAT modeling literature. This is, to our knowledge, the first effort use
a stochastic compartmental model to study the utility of a One Health approach
to HAT control across foci representing distinct epidemiologic, entomologic, and
environmental conditions. By harmonizing model structure and assumptions, our
study increases the comparability of results across these foci. Our results confirm
the widely-held belief that elimination of tHAT transmission will not occur even
at complete coverage of domestic animal reservoirs with trypanocides and insecti-
cides, and indicate that if pigs are a reservoir of gHAT, EOT goals can only be
obtained if insecticide or trypanocide treatment of this reservoir host is added to
HAT control strategies, with insecticide treatment being superior. In addition to
increasing the speed and probability of gHAT EOT, and contributing to control of
rHAT, coordinated top-down implementation of joint HAT-AAT control strategies
hold opportunity to retain donor engagement in HAT as gHAT elimination nears—
preventing gHAT re-emergence due to animal reservoirs or latent human infections,
and tHAT emergence as a major public health problem—and to contribute to the

control of an important and poverty-reinforcing veterinary disease.
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Figure 1: Schematic of stochastic compartmental model. Dashed lines correspond
to transmission events; non-reservoir tsetse hosts do not contribute to transmis-
sion. S: susceptible; E: exposed; I;: infected stage 1; Is: infected stage 2; R:
recovered; NS: non-susceptible.

(a) Uganda gHAT
(b) DRC, Equateur Nord focus
(c) DRC, Bandundu/Sakuru foci (d) South Sudan
(e) Uganda rHAT (f) Malawi

Figure 2: Observed minus predicted cases by year over 10 model runs in the
base-case scenario

(a) Uganda gHAT (b) DRC, Equateur Nord focus
(¢) DRC, Bandundu/Sakuru foci (d) South Sudan
(e) Uganda rHAT (f) Malawi

Figure 3: Predicted HAT cases in 2030 over 10 model runs in the base-case

scenario

(a) Base case (b) 25% ITC
(c) 50% ITC (d) 75% ITC
(e) 75% TT, 50% ITC () 100% TT, 100% ITC

Figure 4: Predicted cases in 2030, Uganda rHAT, over 10 runs. ITC: insecticide
treatment of cattle and pigs; TT: trypanocide treatment of cattle and pigs. TT
coverage assumed to be 50% unless otherwise specified

(a) Base case (b) 25% ITC
(¢) 50% ITC (d) 75% ITC
(e) 5% TT, 50% ITC (f) 100% TT, 100% ITC

Figure 5: Predicted cases in 2030, Malawi, over 10 runs. ITC: insecticide treat-
ment of cattle and pigs; TT: trypanocide treatment of cattle and pigs. TT cov-
erage assumed to be 50% unless otherwise specified.

Additional file 2 — Model equations
A .pdf file containing all model equations.

Additional file 3 — Model trajectories
A .pdf file containing key human and tsetse fly trajectories as figures.
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(a) Base case (b) 12.5% ITC
(c) 25% ITC (d) 50% ITC
() 25% TT, 25% ITC

Figure 6: Predicted year of gHAT elimination, Uganda, over 10 runs. ITC: in-
secticide treatment of pigs; TT: trypanocide treatment of pigs. TT coverage

assumed to be 0% unless otherwise specified. Dashed vertical line marks 2030
(WHO target year for gHAT EOT)

(a) Base case (b) 12.5% ITC
(c) 25% ITC (d) 50% ITC
(e) 25% TT, 25% ITC

Figure 7: Predicted year of gHAT elimination, DRC Equateur Nord focus, over
10 runs. ITC: insecticide treatment of pigs; TT: trypanocide treatment of pigs.
TT coverage assumed to be 0% unless otherwise specified. Dashed vertical line
marks 2030 (WHO target year for gHAT EOT)

(a) Base case (b) 12.5% ITC
(c) 25% ITC (d) 50% ITC
(e) 25% TT, 25% ITC

Figure 8: Predicted year of gHAT elimination, DRC Bandundu/Sakuru foci, over
10 runs. ITC: insecticide treatment of pigs; TT: trypanocide treatment of pigs.
TT coverage assumed to be 0% unless otherwise specified. Dashed vertical line
marks 2030 (WHO target year for gHAT EOT)

(a) Base case (b) 12.5% ITC
(c) 25% ITC (d) 50% ITC
(e) 25% TT, 25% ITC

Figure 9: Predicted year of gHAT elimination, South Sudan, over 10 runs. ITC:
insecticide treatment of pigs; TT: trypanocide treatment of pigs. TT coverage
assumed to be 0% unless otherwise specified. Dashed vertical line marks 2030
(WHO target year for gHAT EOT)

Additional file 4 — Livestock mapping manuscript

A .pdf file of the manuscript containing detail on methodology for livestock mapping.
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Table 1: Results for gHAT models across 10 runs per model

Model EOT Year, mean (sd) Cases, 2030, mean (sd)
Uganda, gHAT
Base-case NA 106.50 (11.54)
12.5% ITC 2010 (1.89) 0 (0)
25% ITC 2010 (1.32) 0 (0)
25% TT, 25% ITC 2010 (1.89) 0 (0)
50% ITC 2009 (1.35) 0 (0)
DRC, Equateur Nord focus
Base-case NA 88.60 (10.77)
12.5% ITC 2010 (1.77) 0 (0)
25% ITC 2010 (2.02) 0 (0)
50% ITC 2010 (1.71) 0 (0)
25% TT, 25% ITC 2010 (1.99) 0 (0)
DRC, Bandundu/Sakuru foci
Base-case NA 235 (21.93)
12.5% ITC 2013 (1.23) 0 (0)
25% ITC 2013 (1.84) 0 (0)
50% ITC 2013 (1.17) 0 (0)
25% TT, 25% ITC 2013 (1.60) 0 (0)
South Sudan
Base-case NA 29.30 (5.81)
12.5% ITC 2009 (1.57) 0 (0)
25% ITC 2009 (1.83) 0 (0)
50% ITC 2009 (1.32) 0 (0)
25% TT, 25% ITC 2008 (1.52) 0 (0)

EOT: eliminaton of transmission; ITC: insecticide treatment of pigs; TT: trypanocide
treatment of pigs; NA: eliminaton not observed. TT coverage is assumed to be 0% unless
otherwise specified

Table 2: Results for rHAT models across 10 runs per model

Model EOT Year, mean (sd) Cases, 2030, mean (sd)
Uganda, rHAT
Base-case NA 86.20 (11.56)
25% ITC NA 34.30 (5.96)
50% ITC NA 19.10 (4.79)
75% ITC NA 9.80 (1.69)
75% TT, 50% ITC NA 16.60 (3.44)
100% TT, 100% ITC NA 4.90 (2.33)
Malawi
Base-case NA 12.10 (2.33)
25% ITC NA 3.50 (0.85)
50% ITC NA 2.90 (1.66)
75% ITC NA 1.80 (1.32)
75% TT, 50% ITC NA 2.30 (1.42)
100% TT, 100% ITC NA 0.80 (1.03)

TT: trypanocide treatment of cattle and pigs; NA: elimination not observed. TT coverage
is assumed to be 50% unless otherwise specified
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Figure 1: Schematic of stochastic compartmental model. Dashed lines correspond to
transmission events; non-reservoir tsetse hosts do not contribute to transmission. S:
susceptible; E: exposed; I;: infected stage 1; Iy: infected stage 2; R: recovered; NS: non-

susceptible.

Figure 1

Please See image above for figure legend.
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Please See image above for figure legend.



204

1.5

Huns
Runs

=
o

0.0

Totai human infections [20:!0] 10 runs ' Tetal human Inmcl.ons (2030), 10 runs
a) Uganda gHAT (b) DRC, Equateur Nord focus
20 ‘ ‘ 204 |
" = Total human infections [2030] 10 runs “ # Total human Inhc[lnns (2030}, 10 runs
) DRC, Bandundu/Sakuru foci (d) South Sudan
TnLni human infections (2030), |Dn.|ns . Total human Inrectlnns (2030), 10 runs
(e) Uganda rHAT (f) Malawi

Figure 3: Predicted HAT cases in 2030 over 10 model runs in the base-case scenario

Figure 3

Please See image above for figure legend.



Runs

I ‘ I | I |I M

Ioul human infections (2030), IB rung Total humaﬂ infections (2030}, ID runs

) Base case (b) 25% ITC

20

I:" ‘ ‘ ‘
]

" Tatal human Infactions t2030,| 10 runs Total human Irﬂscnuns (2030}, 10 runs

(c) 50% ITC d) 75% ITC

I ‘ | | |
1

Total human infeciions (2039] 10 runs

Runs

TMaI human inlections [QCIED} 10 rung

(e) 75% TT, 50% ITC (f) 100% T'T, 100% ITC

Figure 4: Predicted cases in 2030, Uganda rHAT, over 10 runs. ITC: insecticide treatment

of cattle and pigs; T'T: trypanocide treatment of cattle and pigs. T'T coverage assumed to

be 50% unless otherwise specified

Figure 4

Please See image above for figure legend.



2 g
: I | ‘ E? ‘ |

Tetal human nl\mlcm {2030). 10 Il'ﬁ Tmal Imman infections (2030}, 10 rl.ll&
(a) Base case 25% ITC
¥ oual human nfocone (2030}, 18 s " ot bman foctions (2690), 10runs.
c) 50% ITC (d) 75% ITC
" Total rmman-nrmmstzm] 10 runs i 2 Tdall human infections (2030}, Iairws ?
(e) 75% TT, 50% ITC (f) 100% TT, 100% ITC

Figure 5: Predicted cases in 2030, Malawi, over 10 runs. ITC: insecticide treatment of cattle
and pigs; TT: trypanocide treatment of cattle and pigs. TT coverage assumed to be 50%

unless otherwise specified.

Figure 5

Please See image above for figure legend.



105 | 3 :
a0 { o ‘ i

2610 2020 200 2040 F 020 ) 40
Elmination year (EOT cbeerved in 075 of runs) Elmination year (EOT cbeerved in 100% of runs)

(a) Base case (b) 12.5% ITC

} I
I I I | I
0 i 0

10 B £ £ e 2020 )
Elmination year {EOT observed in 100% of runs) Elimination year (EOT cbeerved in 100% of runs)

(c) 25% ITC (d) 50% ITC

151
| ‘ H
0
no
EIT)

(e) 25% TT, 25% ITC

260 00 240
Efimination year (EOT cbserved in 100% of runs)

Figure 6: Predicted year of gHAT elimination, Uganda, over 10 runs. ITC: insecticide
treatment of pigs; TT: trypanocide treatment of pigs. TT coverage assumed to be 0%

unless otherwise specified. Dashed vertical line marks 2030 (WHO target year for gHAT
EOT)

Figure 6

Please See image above for figure legend.



2010 2020 205 2040 2010 2020 205 2040
Elimination year {EQT observed in 0% of runs) Elimination year (EOT observed in 100% of runs)
(a) Base case (b) 12.5% ITC
1 i 3 i
, ,. ) l
0 i 0 |
w0 220 20130 040 2010 200 2050 2040
Elimination year (EOT cbserved in 100% of runs) Elimination year (EOT observed in 100% of runs)

(c) 25% ITC (d) 50% ITC

2020 =030
Elimination year (EOT cbserved in 100% of runs)

(e) 25% TT, 25% ITC

Figure 7: Predicted year of gHAT elimination, DRC Equateur Nord focus, over 10 runs.
ITC: insecticide treatment of pigs; TT: trypanocide treatment of pigs. TT coverage assumed
to be 0% unless otherwise specified. Dashed vertical line marks 2030 (WHO target year for
gHAT EOT)

Figure 7

Please See image above for figure legend.



Elinination ysar (EOT abssrved In 0% of runs)

(a) Base case

?. |M

ot 030

Esmination yoar (EOT absarved in 100% of runs)

(c) 25% ITC

ol

......

i 0
Elimination year ([EOT observed In 100% of nuns)

(b) 12.5% ITC

8
| l

20
Elimination year [EOT cbserved in 100% of runs)

(d) 50% ITC

a0

‘. ‘
2010

2020 00 2040
Efmination year (EOT cbserved in 100% of nes)

(e) 25% TT, 25% ITC

Figure 8: Predicted year of gHAT elimination, DRC Bandundu/Sakuru foci, over 10 runs.
ITC: insecticide treatment of pigs; T'T: trypanocide treatment of pigs. TT coverage assumed
to be 0% unless otherwise specified. Dashed vertical line marks 2030 (WHO target year for

gHAT EOT)
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Figure 9: Predicted year of gHAT elimination, South Sudan, over 10 runs. ITC: insecticide
treatment of pigs; TT: trypanocide treatment of pigs. TT coverage assumed to be 0% unless

otherwise specified. Dashed vertical line marks 2030 (WHO target year for gHAT EOT)
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