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Schistosomiasis, a neglected tropical disease, is a widespread chronic
helminthiasis reported in 78 countries, predominantly those within sub-
Saharan Africa, as well as Latin America, Asia, and most recently, even
Europe. Species of the causative blood fluke infect not only humans but also
animals, and hybrids between previously assumed human-specific and animal-
specific schistosomes are being increasingly reported. Existing control
programs across Africa focus on humans and rely heavily on mass drug
administration of praziquantel, the sole drug available against
schistosomiasis. Praziquantel is safe and highly efficacious but could become
ineffective if resistance emerges. To reach the revised World Health
Organization goal of elimination of schistosomiasis as a public health
problem, and interruption of transmission within selected regions, by 2030,
new consideration of the role of animal reservoirs in human transmission in
general, and whether to also treat livestock with praziquantel in particular, has
been raised. However, whilst there are no dedicated control programs
targeting animals outside of Asia, there are emerging reports of the use and
misuse of praziquantel in livestock across Africa. Therefore, to effectively treat
livestock in Africa and to help mitigate against the potential evolution of
praziquantel resistance, structured control strategies are required. Here,
using a transmission modelling approach, we evaluate the potential
effectiveness of a theoretical test-and-treat (TnT) strategy to control bovine
schistosomiasis using a currently available point-of-care diagnostic test
(developed for human use) to detect circulating cathodic antigen (POC-
CCA). We show that implementing TnT at herd-level from 2022 to 2030
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could be highly effective in suppressing infection in cattle and even, in lower
prevalence settings, reaching nominal ‘elimination’ targets. We highlight the
importance of enhancing the specificity of POC-CCA for use in livestock to
avoid unnecessary treatments and discuss the outstanding challenges
associated with implementing TnT as part of a holistic One Health approach
to tackling human and animal schistosomiasis.
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Introduction

A substantial proportion of the world’s disease burden is
caused by infectious agents that lead to high mortality,
morbidity, and reduced productivity among millions of people
and their animals. Schistosomiasis is a major freshwater-snail-
borne neglected tropical disease (NTD) caused by blood flukes of
the genus Schistosoma. This parasitic disease remains a major
public health problem in the majority of 78 tropical and
subtropical countries, infecting >240 million people (1-3), 90%
living in sub-Saharan Africa (SSA) (2, 4).

Current global efforts to control human schistosomiasis rely
predominantly on mass drug administration (MDA), whereby
populations (mainly school-aged children) are mass treated with
the donated anthelminthic, praziquantel (PZQ). Praziquantel is
safe, highly efficacious, and can be administered easily.
Consequently, MDA programs have had, in general, major
impacts on reducing infection prevalence, intensity and
morbidity (2, 3, 5-7). The success of such activities has led the
World Health Organization (WHO) to set revised targets for the
‘elimination as a public health problem’ (EPHP) (<1% heavy
intensity infections) of schistosomiasis in all affected countries,
together with interruption of transmission within selected
regions, by 2030 (8). The potential role of schistosomiasis in
animals does, however, raise significant challenges for achieving
these goals, and stresses the critical need for a One Health
approach globally.

Traditionally, only the Asian schistosome species S.
japonicum and S. mekongi were widely acknowledged as
zoonotic (9). Domestic animals, notably bovines, have been
suggested as responsible for up to 97% of schistosomiasis
japonica disease transmission in Marshland regions of China
(10). Consequently, China has performed integrated mass PZQ
treatment of both humans and bovines, as well as improvements
to water, sanitation and hygiene (WASH), replacement of
bovines with tractors, and has attempted to develop a bovine
vaccine. These sustained efforts have yielded great progress: from
being a country with the highest schistosomiasis burden in the
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1950s to, since 2015, reaching their EPHP goal (11). Indeed, the
overall prevalence of S. japonicum in China is now <1% in both
humans and livestock populations (11, 12), and the majority of
endemic provinces have either reached the Chinese authorities
criteria of transmission control [i.e., under 1% infection
prevalence in humans and livestock, in addition to negative
local malacological surveys in two consecutive days plus absence
of acute schistosomiasis cases (11)] or transmission interruption
[i.e.: no infections in humans or livestock for five consecutive
years, in addition to absence of infected intermediate snails for at
least five years (11)].

In contrast, the role of animal schistosomiasis in SSA, in
terms of either zoonotic risk or economic impact has, until very
recently, been largely ignored, and there are no formal anti-
schistosome control nor donation programs involving animals.
Livestock schistosomiasis caused by S. bovis, S. curassoni and/or
S. mattheei in cattle, sheep and goats is, however, prevalent
across SSA (9, 13). Furthermore, while human urogenital
schistosomiasis was previously thought to be solely caused by
the human-specific parasite S. haematobium, an ever-growing
number of molecular studies have identified viable hybrids
between this species and co-endemic livestock-specific
parasites (9, 14-21), shed in the urine of human patients of
several SSA countries including Senegal (14, 16, 21), Niger (20),
Benin (17), Malawi (15), Cote d’Ivoire (18) and Nigeria (19).
Notably, S. bovis hybrids appear to be common among infected
children in locations of Senegal (72% S. haematobium - S. bovis
hybrid prevalence) (16) and Nigeria (89% S. bovis - S.
haematobium hybrid prevalence) (19), with ‘pure’ S. bovis
human infections recently confirmed in Cote d’Ivoire (18) and
Nigeria (19). A case of hybridized livestock S. bovis with S.
curassoni viably infecting a child in Niger has also been identified
(20). Interestingly, a hybridized S. haematobium - S. bovis
zoonotic strain likely introduced from either Senegal (22, 23)
or Benin (17, 23) appears to be now established within Corsica,
Europe (23, 24).

These findings demonstrate that there is an important
zoonotic component of schistosomiasis transmission in SSA,
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and one which has been predicted to be of increasing importance
as elimination programs targeting humans intensify (25).
Additionally, there are highly important, if also often
overlooked, animal welfare, productivity, and socioeconomic
impacts of animal schistosomiasis, which further jeopardize
livelihoods, food security and nutrition amongst neglected
communities (26, 27). Schistosome infection in cattle, though
often classed as sub-clinical, has been associated with diarrhea,
anemias, weight loss, growth retardation, susceptibility to
infection, and/or intestinal and hepatic lesions (13, 28, 29).
Similar, or often more severe, morbidity (and mortality),
combined with reduced productivity profiles have also recently
been reported in infected sheep and goats (26, 27). Indeed, the
financial impact projected over one year of withholding livestock
schistosomiasis interventions was recently predicted to be
substantial, where its costs surpassed those of testing and
treating suspected cases in Northern Senegal (27).

The importance of veterinary public health interventions in
achieving the WHO elimination 2030 targets has now been
acknowledged in both the newly launched WHO NTD Roadmap
2021-2030 (8) and the Schistosomiasis Guideline for control and
elimination of human schistosomiasis (30, 31). Amongst
challenges identified to reach this goal are gaps in the scientific
understanding of zoonotic transmission and implementation of
effective interventions to address zoonotic reservoirs, as well as
critical actions regarding diagnostics development, including
standardized point-of-care (POC) tests (8). It is unlikely that
an equivalent MDA strategy as used in humans would be
deemed acceptable for livestock because of the potential risk of
promoting the emergence of PZQ resistance. This is critical,
given there is now resistance to all known veterinary
anthelminthics globally (32), and any exacerbation of the risk
of emerging resistance is particularly pertinent for
schistosomiasis as PZQ is the only efficacious drug for both
humans and livestock.

Nevertheless, recent work indicates already widespread use
and misuse of PZQ in livestock-including, but not exclusive to,
PZQ tablets donated via the WHO MDA programs for school-
aged children, with little knowledge of application or dosage
requirements (26). Indeed, more than a third of respondents in a
recent survey within Senegal stated that they had given anti-
schistosomiasis treatment to their livestock within the preceding
four years (27). Such documented indiscriminate PZQ use
against schistosomes of domestic ruminants highlights a
previously unforeseen yet existing demand for animal disease
control. A critical need to develop a structured approach for the
treatment of livestock schistosomiasis in SSA is thus evident.

A test-and-treat (TnT, and/or the related T3: Test, Treat,
Track) design for controlling livestock schistosomiasis would
anchor the key recent WHO policy recommendations on
diagnostic testing, treatment and surveillance in general
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(8, 30). Such a strategy would enable local veterinarians,
veterinary technicians and/or community leaders within
endemic countries to easily and inexpensively assess whether a
herd is infected with schistosomiasis and only then distribute
appropriately dosed PZQ. Such a policy could minimize the
costs and suffering to the livestock and their owners, and at the
same time mitigate the risk of promoting the emergence of PZQ
resistance as compared to either PZQ misuse or an MDA
approach of treating all herds irrespective of their infection
status. Here, we evaluate the impact of a theoretical herd-level
TnT intervention targeting bovine schistosomiasis running from
2022 through 2030 using a mathematical transmission model.
We use our recent epidemiological data on the prevalence of
bovine schistosomiasis collected in farming locations of
Northern Senegal to inform model parameterization and we
discuss our findings in terms of their theoretical and applied
implications for integrated One Health schistosomiasis disease
control and elimination policy and practice.

Materials and methods
Ethical statement

Ethical approval for the fieldwork was provided by: (i)
Imperial College London (London, UK) application 03.36; (ii)
the CRERB at the Royal Veterinary College (London, UK)
application URN20151327; and (iii) the Comite National
d’Ethique pour la Recherche en Sante (Dakar, Senegal)
application SEN15/68. Written informed consent was obtained
from all livestock owners. Livestock owners were offered
standard anthelmintics for infected animals.

Parasitological data

Prevalence estimates presented here focus on data from
cattle (live Bos taurus, Bos indicus and cross breeds)
coprological surveys conducted in 2017 in the Senegal River
Basin area of northern Senegal, West Africa, as part of the
Zoonoses and Emerging Livestock System (ZELS) program
(16, 25). In this human schistosomiasis endemic area, Richard
Toll and Lac de Guiers (estimated urogenital schistosomiasis
prevalence in children and adults was 87% and 79% in 2016,
and 88% and 41% in 2017-18, respectively (16)), henceforth
referred to as RT, schistosome transmission is perennial due to
the year-round persistence of freshwater habitats for
intermediate snail hosts (i.e., the Senegal River and the Lac
de Guiers lake) (16).

Faecal samples from 200 sympatric live-sampled bovines in
eight RT site locations (Didjiery; Mbane; Medina Cheikhou;
Ndombo; Sanente; Temeye; Thiago and Yetti Yone) were
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collected following randomized protocols and processed using
two schistosomiasis tests: Kato-Katz (KK) for presence of
Schistosoma spp. eggs (examination of two slides per sample),
and an adapted Miracidial Hatching Technique (MHT) to
determine egg viability (and also used as an alternative
diagnostic for the presence of eggs). Protocols for both
techniques are described elsewhere (16).

Prevalence estimates derived from the results of both
coprological exams informed the prevalence range explored in
the modelled TnT strategy (Figure 1) using an imperfect
semiquantitative POC diagnostic measuring urine levels of the
adult worm gut-associated circulating cathodic antigen (CCA),
hereby referred to as POC-CCA (33). This POC diagnostic is
ordinarily employed for S. mansoni human-endemicity mapping
given its superior sensitivity in comparison to the reference
standard KK (34). Preliminary sensitivity and specificity
estimates of POC-CCA using Bayesian latent class approaches
based on bovine urine samples collected during the ZELS program
(35)-where the overwhelming majority of infected cattle shed S.
bovis (16)-were used for modelling TnT (Table 1). These POC-
CCA performance estimates were based on the interpretation of a
positive result as indicative of an infected animal, and of a negative
result as indicative of an uninfected animal (positive cut-off value:
> trace, i.e., trace, +, ++ or +++) (35).

Prevalence estimation

The KK and MHT data were modelled as two independent
Bernoulli-distributed variables conditional on the location-

10.3389/fitd.2022.893066

specific prevalence, 7, and the sensitivity, se, and specificity,
sp, of the respective diagnostics. Therefore, the probability that
an individual tests positive for each diagnostic is

P(+)=sex m+ (1 -sp)(1-m;) (1)

The sensitivity of each test was assigned an informative beta
prior parameterized using published performance values (16)
such that the median and central 95% percentile was 0.31 (0.16 -
0.49) for KK and 0.79 (0.60- 0.91) for MHT. The specificity of
both tests was assumed to be 1 (i.e., 100%). The prevalence in
each location was estimated using a Bayesian Markov Chain
Monte Carlo (MCMC) approach using the JAGS program
(JAGS version 4.3.0) called with the rjags package version 4-12
(38) for R version 4.0.2 (39).

Herd-level transmission model

We developed a simple deterministic mathematical
transmission model based on that originally published by
Anderson and May (36, 40) to track the mean number of
schistosomes per host (worm burden), W(t), during a TnT
intervention. The model is defined by a single ordinary
differential equation,

aw(t) _ Ry (o + )i, W (1) D(W (1), k)
dt

- Ryy_s(to + 1) (N1 /No)W () @(W(t), k) + i,
= (4o + ) W(t)

where 11y and y; denote the cattle and schistosome mortality

)

rates respectively and the environmental and intermediate host

Simulated Test-and-Treat strategy in an infected herd of cattle

Urine POC-CCA diagnostic for Schistosoma bovis

Test ?

] fé
-and- l \
Treat Herd-level: > 1 +ve animal

FIGURE 1

—

# tested animals per herd (n)

-
-

 aa el

Praziquantel for the whole

herd if at least one positive is
detected

Schematic of the proposed Test-and-Treat (TnT) strategy simulated in the herd-level transmission model. Created with BioRender.com.
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TABLE 1 Fixed and varied parameters used within the herd-level transmission model.

Parameter Definition

Fixed parameters

o Mortality rate of definitive host (1/average life expectancy in years)

I Mortality rate of adult schistosomes within definitive host (1/average life
expectancy years)

s Mortality rate of intermediate snail (1/average life expectancy in years)

sepoc POC-CCA diagnostic sensitivity

sproc POC-CCA diagnostic specificity

€ Efficacy of praziquantel. Proportion of adult schistosomes killed by

treatment

Varied parameters

Ry Schistosome basic reproductive number

Ry—s Component of R, describing transmission from definitive (cattle) host to
intermediate (snail) host

Ny/N, Definitive (cattle) to intermediate (snail) host population size

ko Overdispersion of schistosomes among definitive (cattle) hosts at (pre-
intervention) baseline

n Number of cattle tested by POC-CCA per test-and-treat round

stages of the schistosome lifecycle are compressed into the basic
reproduction number Ry=Ry— sRs—p. The component Ry—
captures transmission from cattle to snails and Rg—p
transmission from snails to cattle. The snail mortality rate is
denoted u, and N,/N, is the definitive (cattle) to intermediate
(snail) host population size. The finite nature (and rapid
turnover) of the snail population size provides a natural
negative density dependence to constrain the size of the
parasite population and the mating probability, ®(W(t), k(%))
(40) is a positive density-dependent process that leads to the
existence of a transmission breakpoint (41). Parameter k(¢) is the
overdispersion parameter of the negative binomial distribution,
which is assumed to capture adequately the distribution of
schistosomes among hosts. The time dependency of k()
results from the changing overdispersion following initiation
of treatment (42),

ko, t<tr
kW _ _
k(t) = ) Wodo (e = k>t =11 3)
W) (Wo-Wy)* sty

(W2 /ko ) (W(6)=W1)*+ (W3 /ky ) (W(1)-W,y)

where ko, k;, Wy and W are the overdispersion parameters
and mean worm burden at baseline (pre-intervention, subscript
0) and immediately after treatment (subscript 1), respectively,
and tr denotes a treatment time. The prevalence of infection,
(1), is derived from the negative binomial distribution of worms
among hosts (40)
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Value Reference

1/5  Approximate average age of ZELS study cattle ~ 5 years (mean=

4.49; sd=3.63; n=343)

1/5  (36)

1/0.5
0.62

(36)

Preliminary estimate (35)
0.70
0.9

Preliminary estimate (35)

(37)

1.5 -3 This work

1-100 This work

0.01 -
0.5

This work

0.2 -1 This work

1,2 or This work

m ) k(1)

w(t)=1- (1 + 0

Baseline conditions, parametric
uncertainty, and interventions

We ran the model to endemic equilibrium using 100,000
parameter sets drawn from a Latin hypercube, sampling R,
Ry—s Ni/N, and ko from uniform prior distributions (see
Table 1). We then selected randomly 250 parameter sets
within £ 1% of 5% increments in baseline prevalence from
40% to 95%. Using these parameter sets we modelled the impact
of a TnT intervention strategy (see Figure 1) using PZQ starting
in 2022 and continuing annually with the last TnT round
implemented in 2030. At each TnT round, the probability of a
herd receiving treatment is given by the probability of at least
one positive POC-CCA test result, P(+>1), from n sampled
animals

P(+21) = 1= (1 =sepoc x 7(t) = (1 = sppoc) x (1 -7(t)))" (5)
where sepoc and sppoc denote the sensitivity and specificity
of the POC-CCA respectively. Note that we assume a parallel
testing regimen whereby » animals are tested simultaneously
and if at least one positive test is returned, treatment is
triggered. Combining P(+21) with the efficacy of PZQ, €, we
thus modelled the (average) effect of treatment at each TnT
round as
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W(t+dt) = W(t) - W(t)P(+ 2 1) efort =tT

Test-and-treat effectiveness indicators

We evaluated the effectiveness of the TnT intervention by
two metrics. First, we calculated the case-years averted to the end
of 2030 as a percentage of the baseline prevalence in 2022
(endemic equilibrium before the first round of TnT),

Percent case-years averted

1 1=2030
= 2022) — n(t)) dt 7
9 x 77:(2022) /:2()22 (ﬂ( ) ﬂ( )) ( )

Second, we calculated the percentage of simulations within
each prevalence category that nominally reached elimination,
here defined as having a prevalence of less than 1% at the end of
2030. Note that this is different from the WHO elimination as a
public health problem threshold of 1% heavy infections which
could not be applied readily to livestock because of the difficulty

in quantifying infection intensity.

Diagnostic performance dynamics

In addition to calculating the probability that at least one
POC-CCA would return a positive result (and thus trigger
treatment with PZQ, Equation 5), we also calculated the
positive predictive value (PPV, assuming a parallel testing
strategy) as an indicator of the performance of TnT in being
able to detect correctly infected bovines during the intervention,

Positive predictive value

B sepoc X T(t)
= serocx w0+ (- 7)) O

10.3389/fitd.2022.893066

Results
Prevalence of bovine schistosomiasis

The apparent prevalence (by either KK or MHT) and the
estimated ‘true’ prevalence of Schistosoma spp. infection among
cattle in the eight sampled locations in RT are shown in Table 2
and Figure 2. The high sensitivity of MHT compared to KK
(~79% vs. ~31%) ensures greater concordance between the ‘true’
prevalence and that observed by MHT compared to KK
(Figure 2). Bayesian posterior ‘true’ prevalence estimates
ranged from 43% (95% credible interval, Crl: 13%, 82%) to
95% (95% Crl: 85%, 100%), with six of the eight locations having
a ‘true’ prevalence greater than 50%. These estimates informed
the prevalence range (40% to 95%) considered in the modelling
of TnT.

Infection dynamics

The modelled prevalence dynamics during a TnT
intervention between 2022 and 2030 using either n=1, n=2
or n=4 POC-CCA tests per herd are illustrated in Figure 3 for a
(pre-intervention) baseline prevalence of 50%, 70% and 90%.
Each TnT round is assumed to be implemented at the start of
each year, with the reduction in prevalence being a function of
the efficacy of PZQ (90%, Table 1) and the probability of at
least one positive POC-CCA test (i.e., conditional on at least
one positive test, all animals are treated). Consequently, the
more animals tested, the greater the impact of each TnT
round. Depending on the level of endemicity (baseline
prevalence) and the number of tests administered per TnT
round, infection dynamics can either stabilize at a suppressed
‘pseudo equilibrium’ or can continue to decline towards

transmission breakpoints.

TABLE 2 Estimates of ‘apparent’ and ‘true’ prevalence of bovine schistosomiasis in eight locations in Richard Toll, Senegal sampled in 2017.

Location Nxx" Apparent prevalence by KK N, MET
Didjiery 35 66% 20
Mbane 11 36% 7
Medina Cheikhou 25 68% 22
Ndombo 11 27% 6
Sanente 12 0% 5
Temeye 6 0% 3
Thiago 29 14% 12
Yetti Yone 71 15% 30

“Number of cattle sampled by Kato-Katz (KK).
“number of cattle sampled by miracidial hatching technique (MHT).
“Credible interval.

Frontiers in Tropical Diseases

Apparent prevalence by MHT Mean posterior ‘true’ prevalence

(95% CrI°)

85% 95% (85% - 100%)
100% 90% (64%- 100%)
82% 93% (80% - 100%)
50% 60% (29% - 92%)
60% 43% (13% - 82%)
67% 50% (13% - 91%)
67% 60% (35% - 84%)
97% 89% (70% - 100%)
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Posterior mean ‘true’ prevalence (points) and 95% credible intervals (vertical lines) versus apparent prevalence by (A) Kato-Katz and (B) Miracidial
Hatching Technique (MHT) in eight locations in Richard Toll, Senegal sampled in 2017. The dotted line of y = x is a guide to assess visually the
degree of concordance between the apparent and true prevalence by each diagnostic.

Effectiveness of test-and-treat

The reduction in bovine schistosomiasis case-years as a
percentage of the baseline prevalence achieved by the end of
2030 are shown in Figure 4. The relative impact of interventions
decreases slightly with increasing baseline prevalence. For
example, when four animals are tested per TnT round, the
mean case-years averted range from a maximum of
approximately 85% at a starting prevalence of 40% to
approximately 75% at 95% baseline prevalence. When two
animals are tested per round, the corresponding reductions
range from approximately 75% at 40% baseline prevalence to

approximately 60% at 95% baseline prevalence. Irrespective of
baseline prevalence, the maximum achievable percentage
reduction in case-years over the 9-year time horizon (2022
through 2030) is approximately 85%.

The percentage of simulations reaching a prevalence of less
than 1% by the end of 2030, defined nominally here as
‘elimination’ is shown in Figure 5. Elimination is an unlikely
outcome when using n=1 or n=2 tests per TnT round, but for
n=4 there is up to approximately 75% chance of achieving the
1% elimination target by the end of 2030 in low prevalence
settings and, even in the highest prevalence settings, the chance
is greater than 10%.

A B c

100% 1 100% 1 100% 1
© 75%7 © 75%7 © 75%7
o o o
® & ®
© 50%1 © 50%1 © 50%1
> > >
2 2 | 2
@ 25% o 25% AAAN) = 25%]

(L 444
0% 1, ; ; 0%1_, . X 0% 1, . .
2022 2026 2030 2022 2026 2030 2022 2026 2030
Year Year Year

FIGURE 3

Modelled prevalence dynamics of bovine schistosomiasis during a test-and-treat (TnT) intervention between 2022 and 2030 using either n =1
(light blue), n = 2 (baby blue) or n = 4 (sapphire blue) POC-CCA tests administered per TnT round. Dynamics are shown for a baseline
prevalence of (A) 50%, (B) 70% and (C) 90% with uncertainty generated by 250 parameter sets yielding a baseline prevalence + 1% of the target.
In each panel, the thick solid line depicts the mean and the shaded area the 95% credible interval.
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Diagnostic performance dynamics

Modelled changes in the PPV during the TnT intervention
are shown in Figure 6. The dynamics illustrate how the PPV (or
the probability of detecting at least one truly infected animal;
‘true positive’)—while being relatively high at pre-intervention
baseline—declines during TnT with the declining prevalence of

100% 1

75% 1

50% -

25% 1

Percentage elimination
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schistosomiasis (Figure 3). By 2030, for n=4 tests per TnT round,
the PPV is less than 25% for 90% baseline prevalence and less
than 5% for 50% and 70% baseline prevalence. The use of fewer
tests retains a higher PPV because of the diminished likelihood
of detecting a false positive—specificity declines in powers of n—
and the reduced impact on schistosomiasis prevalence
(Figures 3, 4).
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FIGURE 5

Percentage of bovine schistosomiasis simulations reaching less than 1% prevalence by the end of 2030 following nine annual rounds of test-
and-treat (TnT) against (pre-intervention) baseline prevalence in 2022 using either n =1 (light blue), n = 2 (baby blue) or n = 4 (sapphire blue)

POC-CCA tests administered per TnT round.
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Modelled positive predictive value dynamics for detecting bovine schistosomiasis during a test-and-treat (TnT) intervention between 2022 and
2030 using either n =1 (light blue), n = 2 (baby blue) or n = 4 (sapphire blue) POC-CCA tests administered per TnT round. Dynamics are shown
for a baseline prevalence of (A) 50%, (B) 70% and (C) 90% with uncertainty generated by 250 parameter sets yielding a baseline prevalence + 1%
of the target. In each panel, the point depicts the mean and the vertical bars the 95% credible interval.

Discussion

The recently launched WHO NTD 2021-2030 Roadmap and
WHO guideline for the control and elimination of human
schistosomiasis include within their strategy a consideration of
potential control of infection in animal reservoirs (8, 30, 31).
Here, we have explored the potential effectiveness of a TnT
strategy (Figure 1) targeting bovine schistosomiasis motivated by
epidemiological data collected in northern Senegal where the
prevalence in bovines can be greater than 90% (Table 2). We
show that a hypothetical herd-level TnT intervention running
from 2022 through 2030 could have a substantial impact on
bovine schistosomiasis, averting up to 85% of case-years
(Figure 4) and, in lower prevalence settings, effecting a
substantial chance of local elimination/interruption of
transmission (Figure 5). Hence, if TnT was used at scale and
targeted at multiple livestock species (i.e., whichever key hosts
are playing a role in transmission within the area, such as goats,
sheep and beyond, as well as cattle as simulated here), it could
not only facilitate the WHO elimination goals for human
schistosomiasis—by limiting spillover infection from animal
reservoirs to humans and concurrent opportunities for
interspecific hybridization—but also enhance productivity and
livelihoods, further helping to lift people out of poverty.

Notwithstanding the clear potential benefits of treating
livestock and reducing the burden of schistosomiasis, an
equally important objective behind the TnT strategy is to
avoid unnecessary treatment of uninfected herds. Achieving
this objective also critically depends on the specificity of the
diagnostic test used. We modelled TnT here using the POC-
CCA diagnostic which was originally developed and validated
for the detection of S. mansoni in humans (43), but that has also
been recently shown to have moderate sensitivity (~62%) and
specificity (~70%) for detecting intestinal livestock schistosomes
caused by S. bovis and S. curassoni (35). The use of a POC test—
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as opposed to more specific traditional faecal parasitology—is
important to facilitate the ease of implementing TnT strategies at
scale. Moreover, our data show clearly that parasitology based on
KK of livestock stool has very poor sensitivity (see Table 2 and
Figure 2A). However, the estimated specificity of currently
available POC-CCA may be too low to satisfy confidence
requirements to avoid initiation and continuation of TnT in
uninfected herds, thus ongoing work to enhance specificity for
livestock usage should be prioritized, even at the cost of
sensitivity. With improved specificity, adaptive strategies could
also be developed to help meet the dual TnT objectives. For
example, the use of a single test to identify and initiate TnT
would minimize the risk of an initial false positive and
subsequent testing could be implemented only after several
completed treatment rounds to lower the number of
potentially missed treatments. Alternatively, initial testing
could aim to quantify herd-level prevalence (adjusting for
sensitivity and specificity) and mathematical modelling used to
project the likely number of treatment rounds required to reach
pre-defined objectives.

Modelling the transmission dynamics of human
schistosomiasis has been used extensively in recent years to
evaluate the impact of MDA and to inform decision making on
strategies to reach the WHO’s elimination goals (44-46).
Modelling has, however, been seldom applied to livestock
schistosomiasis, although some key modelling analyses have
quantified contributions of zoonotic reservoirs and human-
animal schistosome hybrids to infection dynamics in humans
(10, 25). Nonetheless, there remains great uncertainty in our
understanding of the population biology and transmission
dynamics of livestock schistosomiasis, which we have tried to
reflect in the modelling presented here. Some uncertainties are
common to both human and livestock infection. For example,
the role of acquired immunity, while long suspected to
contribute to the epidemiological patterns observed in
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human schistosomiasis (47, 48), has not been elucidated
completely in either humans or animals and its effects may
alter the effectiveness of MDA (49). Moreover, a recent eco-
evolutionary hypothesis linking worm-directed concomitant
immunity and epidemiological patterns in humans presents
further (potential) consequences for schistosome control (50).
Other processes that regulate schistosome populations—such
as density-dependent fecundity—are also debated and
incompletely understood in both humans and animals (51).
The impact on the transmission breakpoint (i.e., the minimum
infection level that can sustain parasite transmission) of
repeated MDA rounds has, however, been explored in a
recent mathematical analysis of helminth burdens within a
human population (42). Treatment non-compliance was
highlighted as a key challenge that increases parasite
overdispersion (smaller k) and further complicates
elimination (by increasing parasite population resilience)
(42). We have incorporated this important phenomenon into
our model via a dynamic overdispersion parameter that varies
through repeated TnT rounds. In addition, modelling
schistosome dynamics in livestock is complicated by the
often-fragmented nature of livestock herds in small rural
communities, the impacts of seasonality on transmission risk
and livestock migration (particularly amongst transhumance
populations), as well as the limited understanding of
environmental exposure (i.e., waterbody interaction) among
dispersed populations.

Given these uncertainties, the modelling presented here
should therefore be viewed as illustrative of the potential
impact of TnT. Animals within herds are assumed to
experience similar infection risk as they will be exposed to
potentially contaminated water sources as a group. In the
proposed simulated strategy, a representative small number
of animals are tested to determine whether the herd is likely
to be infected, and the whole herd is treated when an infected
member of the group is detected. For simplicity and as proof-
of-principle, we have only modelled schistosome burden in
one animal host (bovines) within a perennial transmission
location, given that in the Northern Senegal study area upon
which model parameters are based, bovines are thought to act
as the primary zoonotic reservoir of S. bovis (25).
Notwithstanding, it is apparent, that both large and small
ruminants can be heavily infected with blood flukes across
Africa, and with Schistosoma species that can infect humans
through viable hybridization with S. haematobium. In
addition to this, wildlife, notably rodents and non-human
primates can also play a significant role in zoonotic
transmission of both intestinal and urogenital schistosomes
to humans (52, 53). Thus, we have deliberately simplified
many structural (e.g., inter-connected nature of herds) and
biological (e.g., role of acquired and/or concomitant
immunity; role of multiple animal reservoirs in schistosome
transmission) complexities that would alter the transmission
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dynamics. Nonetheless, the clear contribution of cattle in
spillover to humans in SSA in conjunction to the feasibility
and numerous benefits of implementing control measures in
these domestic ruminants (public and veterinary health
benefits plus economic benefits) justify efforts to design a
coherent and comprehensive strategy that includes them.

Nevertheless, there are numerous practical and logistical
challenges that must be overcome to make TnT viable.
Appropriate veterinary dosages and commercially available
products tailored to livestock alongside stakeholder education
would contribute to avoiding the current ad hoc use (and
misuse) at livestock owners discretion (26) and minimize the
risk of PZQ resistance. Critically, within Africa, PZQ is currently
donated for human use only and while there may be some
market to purchase PZQ by larger farmers because of the
productivity benefits—particularly for small ruminants (27)—it
is highly unlikely that a livestock-centric schistosomiasis
program would be sustainable without some form of third-
party donation.

Yet while there remain major challenges to the
implementation of TnT, the evidence is now incontrovertible
that livestock act as reservoirs for schistosome hybridization
(9, 15-17, 20) and that livestock schistosomiasis causes
significant economic and productivity losses (26, 27),
compounding further the lives and livelihoods of
impoverished populations. The need to address this
challenge has been articulated by the WHO (8, 30). The
findings we present here confirm that a TnT approach has
the potential to be an effective strategy in controlling livestock
schistosomiasis within a broader One Health approach
eliminating NTDs.
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