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ARTICLE INFO ABSTRACT

Keywords: Strangles, a disease caused by infection with Streptococccus equi subspecies equi (S. equi), is endemic worldwide
Streptococcus equi and one of the most frequently diagnosed infectious diseases of horses. Recent work has improved our knowledge
Epidemiology

Infectious disease modelling

of key parameters of transmission dynamics, but important knowledge gaps remain. Our aim was to apply
mathematical modelling of S. equi transmission dynamics to prioritise future research areas, and add precision to

estimates of transmission parameters thereby improving understanding of S. equi epidemiology and quantifying
the control effort required. A compartmental deterministic model was constructed. Parameter values were
estimated from current literature wherever possible. We assessed the sensitivity of estimates for the basic
reproduction number on the population scale to varying assumptions for the unknown or uncertain parameters
of: (mean) duration of carriership (1/y¢), relative infectiousness of carriers (f), proportion of infections that result
in carriership (p), and (mean) duration of immunity after natural infection (1 /yg). Available incidence and (sero-)
prevalence data were compared to model outputs to improve point estimates and ranges for these currently
unknown or uncertain transmission-related parameters. The required vaccination coverage of an ideal vaccine to
prevent major outbreaks under a range of control scenarios was estimated, and compared available data on
existing vaccines. The relative infectiousness of carriers (as compared to acutely ill horses) and the duration of
carriership were identified as key knowledge gaps. Deterministic compartmental simulations, combined with

seroprevalence data, suggest that 0.05 < f < 0.5 and that the duration of protective immunity after infection is
likely 4-6 years. The presence of carriers alone may suffice to keep S. equi endemic in a population, implying that
carriers cannot be ignored in control efforts. Weekly screening of herds for signs of strangles could be sufficient to
ensure R < 1, provided all horses are screened for carriership post-infection. In some of worst-case scenarios,
vaccination alone would not suffice to prevent major outbreaks from occurring. A stochastic agent-based model
was also constructed and validated, and used to simulate a remount depot, to evaluate whether historical
incidence data of recurrence of strangles within individuals could be explained without the assumption that one
in four horses fail to mount a lasting immune response. These simulations demonstrated that the observed data
could have occurred without that assumption.

1. Introduction

Strangles, a disease caused by Streptococcus equi spp equi (S. equi), is
endemic nearly worldwide with substantial impact on the equine in-
dustry and on equine health and welfare (Boyle et al., 2018; Mitchell
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et al., 2021).

Progression towards quantifying the effort required for the control of
S. equi has been made by our recent work to find an estimate for the
range of the basic reproduction number (Ry) from data of outbreaks in
naive populations, in the absence of interventions (Houben et al., 2022).
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Fig. 1. Basic compartmental model of S. equi infection. Parameter descriptions
and values are listed in Table 1. Interventions are indicated by dashed lines,
solid lines represent the natural history of the disease. S: susceptible, E: exposed
but not infectious, I: infectious (strangles), I¢: infectious (carrier), R: recovered
from infection, convalescent immunity, p: birth and death (natural causes) rate,
a: the disease induced mortality rate, 1: force of infection, o: rate of transition
from E to I, p: probability of becoming a carrier after infection, y: rate of
recovering from acute disease, y.: daily rate of horses losing carriership status,
yr: rate of loss of protective immunity, «: daily rate of removing horses with
clinical disease from the general population, w: daily rate of removing carriers
from the general population.

This can provide an estimate for the range of the contact rate () be-
tween infectious and susceptible horses for use in epidemiological
models for strangles exploring intervention scenarios. After an outbreak,
a proportion of convalescent animals fail to clear the pathogen from
their guttural pouches or sinuses (Newton et al., 1997; Riihimaki et al.,
2018; Tscheschlok et al., 2018; Boyle et al., 2018). These animals remain
infectious, without themselves displaying clinical signs of disease, and
are considered to be carriers. The S. equi-horse-system is complicated by
this and related factors in non-naive populations. These aspects will
influence infection dynamics and hence most likely also the effective-
ness of interventions. Important knowledge gaps remain concerning
some of these epidemiological parameters of S. equi, such as the duration
of carriership, the duration of protective convalescent immunity, and
the relative infectiousness of carriers. We can, however, make use of the
estimates of Ry and (derived from that) # in a model to determine how
ranges of values for the unknown parameters influence control effort.

The duration of carriership has been described to last anywhere from
several months to lifelong (Newton et al., 1999; Boyle et al., 2018;
Grondahl et al., 2015). However, limited data is available on the mean
duration of carriership or the distribution of duration thereof, in
particular in the absence of interventions. The longest recorded duration
of carriership after clinical disease in one study was 56 months (Newton
et al., 1999). Another study prospectively followed a group carrier
horses after a recorded outbreak, but only up to 45 weeks (Pringle et al.,
2019). Prospective long-term follow up data of carriers until self-cure is
rare, as many horses undergo treatment upon diagnosis, which is why
obtaining sufficient records on the duration of carriership without in-
terventions is difficult.

The probability of becoming a carrier after infection has been re-
ported in several descriptions of outbreaks of strangles, and appears to
be 10-40% (Newton et al., 1997; Grondahl et al., 2015; Riihimaki et al.,
2018; de Brauwere and Kirton, 2019; Delph et al., 2019), although most
reports are in the 10-20% range. In a 1999 study with prospective
sampling of equine premises after outbreaks of strangles in the UK, at
least one carrier was found in one in four outbreaks (Newton et al.,
1999).

The duration of protective immunity after natural infection lacks
precise reports of its mean duration or the distribution of its duration. It
is likely that local immunity plays an important role independent of the
serological response (Galan and Timoney, 1985; Jacobs et al., 2000),
making extrapolation of duration of protective immunity from sero-
logical data an invalid approach. The current assumption for the dura-
tion of protection against reinfection is that it must have a bimodal
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Table 1
Model parameters.
Parameter  Description Deterministic Stochastic Source
model input model input
1/u Birth and death 1/5475 per Normal None
rate day distribution
1/3650 +
365 per day
p Group housing 0.199 per day 0.199 perday  (Houben
contact et al., 2022)
parameter and Equation
(@]
1/0y Duration of 7 days Poisson(7) (Boyle et al.,
latency (no 2018)
clinical signs,
not infectious)
1/0p Duration of pre- 3 days Poisson(3) (Boyle et al.,
infectious 2018)
period (clinical
signs, not
infectious)
1/0 1/o1 + 1/0p 10 days Poisson(10)
1/y Duration of / 14 days Poisson(14) (Boyle et al.,
recovery from 2018)
from acute
infection (and
infectiousness)
1/rc Recovery from Varied 1825 days (Newton
carriership et al., 1999;
Pringle et al.,
2019)
1/rr Loss of Varied Normal (Boyle et al.,
protective distribution, 2018; Waller
immunity after mean and sd et al., 2014)
infection varied (see
text)
f Relative fe(,1) 0.25 None
infectiousness
of carriers
P Proportion of p€(0.1,0.4) 0.1 (Newton
infections et al., 1997;
resulting in Riihimaki
carriership et al., 2018;
Delph et al.,
2019)
a Daily mortality Total mortality ~ Death with Todd (1910):
rate as a result as a result of probability of ~ 0-3%;
of disease disease 3 0.03/14 each Sweeney
(0—-10)%, set day spent in et al. (2024):
at 0.03*y state I 8.1%; Piche
(1984):
3.6%;
Christmann
and Pink
(2017): 11%
1/w Number of days w € (0, c0) Not modelled
until detection days

of carriership
and treatment/
isolation (after
resolution of
acute disease)

1/x Number of days
until detection
of acute disease
and removal
from herd

k € (0, oo) days Not modelled

distribution where approximately 25% of horses fail to develop pro-
tective immunity lasting more than a few months, and the remaining
75% are resistant to reinfection for a long duration, usually assumed to
be = 5 years (Waller et al., 2014; Boyle et al., 2018). This assumption is
primarily based on the following text in Todd (1910), transcribing
findings at an army horse remount depot where ...a four years’ experience
with horses over two years of age, in which 2195 had it once, 543 twice, and
121 three times, and 1641 remained unaffected. Although Todd in his 1910
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Fig. 2. Kaplan-Meier plot of duration of carriership, collated data (Newton
et al.,, 1999; Pringle et al., 2019). Horses that were treated, died, or lost to
follow up are censored (+).

paper does not make the inference that one in four horses do not mount
lasting convalescent immunity, this interpretation was made explicitly
later (Hamlen et al., 1994) and has since been cited in other work
(Sheoran et al., 1997) and has been incorporated in both the first as well
as the revised S. equi consensus statement (Sweeney et al., 2005; Boyle
et al.,, 2018). In an infection-rechallenge experiment, when six ponies
were re-challenged with a 10'° CFU intranasal dose 20 days after
recovering from disease resulting from a 108 CFU intranasal dose, all six
ponies remained disease-free (Galan and Timoney, 1985), although it
should be noted that 3/6 had received an immunisation course prior to
the first intranasal challenge; the immunisation had failed to prevent
clinical strangles in 10/10 of the ponies it had been administered to. A
1994 study described an infection experiment where 2/12 foals that had
been previously among a herd of foals which experienced a strangles
outbreak, were affected with clinical signs of strangles when re-exposed
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6 months later (Hamlen et al., 1994). The proportion of poor responders
in that experiment would be 1/6 or approximately 17%. The main
drawback for extrapolation from the study by Hamlen et al is that its
subjects were exclusively foals aged 5-7 weeks at the time of the initial
outbreak, and they cannot be assumed to have had mature immune
responses at that time and some may have benefited from protection by
maternal antibodies, interfering with the development of acquired im-
munity. Furthermore, it is not entirely clear from that paper whether the
previously exposed foals that demonstrated clinical signs of strangles in
the second phase did or did not demonstrate clinical signs of strangles in
the initial outbreak. In another study (Sheoran et al., 1997), local and
serological protective antibody was demonstrated to last up to at least
28 weeks in convalescent horses after experimental infection by intra-
nasal inoculation; within that time-span, these authors did not report
observing a proportion of horses with markedly poor or rapidly
declining immune responses. If such a marked bimodal distribution in
the duration of convalescent immunity truly exists, then this affects the
suitability of a simple SEIRS model, as possibly the Recovered compart-
ment should be split into two, reflecting the long and short convalescent
immunity. If a large proportion of animals returns to the Susceptible
compartment soon after recovering from infection, epidemics might
persist indefinitely.

Several options for immmunisation against S. equi currently exist. An
extract vaccine (Hoffman et al., 1991), a live-attenuated vaccine (Borst
et al.,, 2011) and a multi-component protein vaccine (Robinson et al.,
2020) are commercially available, of which the latter demonstrated the
highest clinical efficacy after experimental challenge of 94% after a
course of three immunisation doses (Robinson et al., 2020).

The relative infectiousness of carriers compared to horses with
typical strangles is a parameter for which no current estimate exists.
Infectiousness depends on discharge of infectious material from airways
or abscesses (Boyle et al., 2018), and therefore carriers, who produce
much less discharge, may be less infectious than horses with strangles.

Compartmental deterministic models can provide insights into the
likely range of unknown or uncertain parameters and be used to explore
the effect of varying assumptions for a range of parameter values on
model outcomes, and thus can highlight key areas of future (field)
research. For example, Shi et al. (2023) recently published a mathe-
matical stability analysis of a compartmental strangles model. As a case
study, they applied it to reported disease incidence from an outbreak in
an open herd with unknown, but probably variable levels of immunity
against S. equi described by Christmann and Pink (2017).

Stochastic models can incorporate the effect of random events, to
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Fig. 3. Expected prevalence of strangles cases in a steady-state situation without control measures in the population.
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Fig. 4. Expected prevalence of apparently healthy horses shedding S. equi (carriers), in a steady-state situation without control measures in the population.
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Fig. 5. Expected percentage of horses in the population with convalescent immunity, for a range of relative infectiousness of carriers (f) and yg. Note that the x-axis is

not the same for different panels.

mimic the effect of chance in real world conditions, a feature which is
inherently absent from deterministic models. Compartmental deter-
ministic models are best suited to modelling dynamics in very large
populations, as in smaller populations chance effects play a greater role.
Agent-based (also termed individual-based) stochastic models are better
suited to modelling smaller populations, can track each individual in the
simulation and record how the events that occur during the simulation
affect each individual in it. Over sufficient repetitions of runs of a sto-
chastic model, a distribution of likely outcomes emerges.

Stochastic models (Glass et al., 2002; Machado et al., 2021; Baguelin
et al, 2010) and even agent-based stochastic models (de la

Rua-Domenech et al., 2000) have seen previous applications in the field
of equine infectious disease research. The model applied by de la
Rua-Domenech et al. unfortunately is not publicly available and is
written in a proprietary programming language.

A parallel aim for this report was therefore to implement and vali-
date a stochastic agent-based model of disease spread in equine pop-
ulations in an open-source statistical computing language (R) with
which many researchers have prior experience, improving accessibility
and repeatability for further work.

Our main aims were to add precision to current estimates of key
epidemiological parameters of S. equi, provide estimates for
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Fig. 7. A visualisation of the parameter values of p, y¢, and f required to create a population-level Ry>18, which would give a herd immunity threshold >94%
(Robinson et al., 2020). The darker the shading, the less infectious carriers need to be to still arrive at Rp>18.
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Fig. 8. R for carriers only (assuming all acute infections are identified and isolated instantly) for a range of duration of carriership, probability of becoming a carrier
after infection (p) and relative infectiousness of carriers (f). In the non-shaded areas of the graph, R < 1.

epidemiological parameters which previously did not exist, and high-
light key knowledge gaps in epidemiological parameters of S. equi.

2. Methods

A compartmental model for S. equi transmission was constructed
(Figure 1). A review of available literature was carried out to find esti-
mates for parameters required to inform the model, and for any prior
descriptions of models for S. equi transmission dynamics. In addition, an
agent-based stochastic model was constructed. All models were built in
R version 4.1.2 (R Core Team, 2021). Differential equations were solved
numerically using the deSolve (Soetaert et al., 2010) package.

2.1. Model parameterisation

Assumptions about parameter values and their sources are collated in
Table 1.

Recovery after carriership, loss of protective immunity and other
parameters that occur over time are, in mathematical modelling,
considered as rates per unit of time, therefore 1 /y, for example, gives the
(mean) number of days it takes for a horse to recover from acute disease
and infectiousness.

2.2. Compartmental deterministic model of S. equi

The model depicted in Figure 1 is described by differential equations
(1) - (5) where S is susceptible, E is exposed but not infectious, I is in-
fectious (strangles), I¢ is infectious (carrier), R is recovered from infec-
tion, convalescent immunity, y is the birth and death (natural causes)
rate, a is the disease induced mortality rate, 1 is the force of infection, ¢
is the rate of transition from E to I, p is the probability of becoming a
carrier after infection, y is the rate of recovering from acute disease, y. is
the daily rate of horses losing carriership status, yg is rate of loss of
convalescent protective immunity, N is the total number of horses. The
following interventions are also incorporated into the model: x which is
the daily rate of removing horses with clinical disease from the general
population and w which is the daily rate of removing carriers from the
general population.
ds BSI fpSIc

a MY TN

+yrR—pS (€]

dE _pSI | fpSlc

d N N

— oE —uE (2)

dI
d—t:GE—yI—KI—yI—aI 3)
dR
@ (1 —=p)rI +yclc + wlc + (1 —p)xI — ygR — uR (€)]
d,
E = p]/I +pKI — }/CIC — wIC — ﬂIC (5)

In this model, horses with new infections that are identified through
screening for clinical signs (and presumably quarantined) are instantly
transferred to their next compartment (R or I¢), skipping whatever
remaining time they would have been ill and infectious but not
contributing to new infections. This does result in infectious and ill
horses no longer having the opportunity to die as a result of the disease
during what would have been their remaining time in compartment I,
which leads to a decrease in a. We considered the alternative option of
adding a compartment Q with a fixed (obligatory) quarantine period
with an a similar to the I compartment. However, this would have the
effect of artificially inflating mortality due to disease. Given the low
overall mortality due to disease, we opted to apply the first approach
and let « be a rate. w, the rate at which convalescent horses are checked
for carriership by (e.g. by guttural pouch sampling) is also a rate, which
resembles reality as treatment of carriers is swift compared to y¢.

Based on Equations (1) - (5), Rg without interventions can be
described as a function of p:

s 4 fp

+p* * 6
Rolp) = o+;4 ruta Py i ura . u ©)

If the time-span is short enough to assume p = 0 (because no horse
has had sufficient time passed since infection to be able to be considered
a carrier), which was the case for ﬁo = 2.7 (Houben et al., 2022) in new
outbreaks, the second term on the right hand side of Equation (6) van-
ishes, and the contact parameter  can be directly calculated as:

$=Ro(0) *

*(r+u+a @

The force of infection is described by:

JJe

A= N N ®
2.2.1. Dynamics at the population scale

Having calculated a contact parameter f using Equation (7),
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Fig. 9. Depiction of combinations of the delay in detection of acute cases (1/x), delay in detection of convalescent carriers(1/w), and vaccination coverage, required
to achieve R < 1. The acute disease detection delay is given in days, the carrier detection delay is given in months. The non-shaded areas of the graph indicate
combinations of parameter values for x and  that lead to an R < 1, indicating that the combination of acute disease and carrier detection is sufficient for R < 1. For
combinations of parameter values in the shaded area of the graph, the shading colour indicates the level of vaccination required to prevent major outbreaks under

those circumstances.

Equation (6) can be used to calculate Ry for time-spans exceeding those
of a single outbreak. The relative influence of unknown or uncertain
parameters (f, p, yc, yr) on the final estimate of Ry was evaluated. The
compartmental model was run for 10,000 days (until a steady state was
reached), at which point (R + I¢)/N*100 at steady state was taken to be
the expected seroprevalence, (Ic)/N*100 the expected prevalence of
carriers, and I/N*100 the prevalence of animals with clinical signs of
strangles. Results were compared to real-world observational data
(Minai and Araghi-Sooreh, 2020; Todd, 1910).

Finally, the interventions presented in Figure 1 were used to
construct the following equation for the reproduction number R in a
population where control measures are active:

S S S |
o+pu y+putatx ytoat+tuy+o y.+pt+o

9

R =1 was then computed for a range of assumptions for w, x, p and f.
For this paper, vaccinations are not explicitly modelled but vaccination
is evaluated in the context of the herd immunity threshold of 1 — %. This
implies the assumption of a perfect vaccine, with 100% efficacy for the
prevention of both clinical disease and infectiousness. Although data is

available on clinical efficacy of S. equi vaccines (Jacobs et al., 2000;
Robinson et al., 2020), no quantitative data on the effect of vaccination
on infectiousness or R is currently available. We therefore use the herd
immunity threshold as a means to assess what vaccine efficacy would be
required to achieve the effect of vaccination that is being modelled. Any
interaction between vaccination, w and x was not evaluated.

2.3. Stochastic agent-based model

The stochastic agent-based model algorithm is described in the text
box. In the agent-based stochastic model, values for 4, o, y¢c and yg for
different individuals are independent and identically distributed and
drawn randomly from a Poisson distribution with a rate of 2 = Value. yg
is randomly and independently distributed with a Normal distribution;
yr is also independent of the individual’s prior infections or prior values
for yg. Two implementations were trialled: For a model applying the
Sellke construction (Diekmann et al., 2013) a horse acquires an infection
if 2 > Q where Q is a an individual’s threshold for becoming infected; Q
is randomly drawn from an exponential distribution with a mean rate of
1 (Diekmann et al., 2013) and 4 is recalculated for each time-step via
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Fig. 10. As figure 9, but with p = 0.2.

Equation (8). For the second model, for all daily contacts between an
infectious and susceptible individual (occurring at probability 3) a
Bernoulli trial (Lequime et al., 2020) of # > Q; Q € (0, 1) (where Q is
randomly drawn from a uniform distribution) determines whether the
contact is successful. Discrete-time simulation with time steps of one day
were applied for both implementations.

2.3.1. Validation of the stochastic agent-based models

The compartmental deterministic and individual-based stochastic
models were run with parameter assumptions from Table 1 and
compared to longitudinal incidence data from reports of naturally
occurring outbreaks (Newton et al., 2000; Tscheschlok et al., 2018). The
proportion of simulations resulting in an outbreak and the mean size of
major outbreaks were compared to expected values, based on Ry (Die-
kmann et al., 2013).

2.3.2. Remount depot dynamics

Since the interpretation that 1 in 4 horses do not mount lasting
convalescent immunity, which was taken from Todd’s data a posteriori,
has not been substantiated since, the possibility of an alternative inter-
pretation of the data was investigated. The necessity for the assumption
of a bimodal distribution of the duration of convalescent immunity was
assessed by reproducing the proportions observed in the remount depot

described in Todd (1910). We wished to determine this to validate our
choice for a single Recovered compartment in the compartmental
deterministic model, instead of two R compartments each representing
one of the fractions. A stable population of horses was assumed; no new
horses were added throughout the simulation, and also there were no
exits from the population; it is unclear whether horses entered and/or
exited the population that is described by Todd (1910). It is also unclear
from the report whether any outbreaks occurred in the four year
observation period, but since only about a third of the population
escaped infection (1641/(2195 + 543 + 121 + 1641) = 0.36) it is likely
transmission of S. equi was ongoing during the observation period. As
the immune status of the horses entering the remount in question is
unknown, the proportion of horses that escaped infection throughout
the four year period was ignored, as that quantity is dependent on the
prior immune status of individuals in the herd at the start of the
observation period. Instead, the recorded outcome, for each run of the
simulation, was the proportion, out of all horses that presented signs at
least once, that presented signs once, twice, or three times. These dis-
tributions were assessed for similarity to the distribution reported by
Todd (1910) of 2195/2859 (77%), 543/2859 (19%), and 121/2859
(4%) respectively. An outbreak was seeded on the first day of the
simulation in a fully susceptible population of 1000 adult horses without
interventions and then run for four years. Parameters (1/o1, 1/0p, 7, vc)
were identically and independently distributed as described in Table 1
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Fig. 11. Single four-year run outcomes of a remount depot simulation of 1000
adult horses, with p = 0.1, f = 0.25, 1/yr = 4 + 2 years, 1/yz. =5 years.
Outcomes of the proportion of horses infected once, twice or three or more
times are identified by colour and compared to the outcome reported by Todd
(1910), which is provided in the column labelled Todd on the right.

and the text section Model parametrisation. A value for yg was assigned
randomly for each infection; in other words, the assigned duration of
protective immunity in a horse after a repeat infection was independent
of the duration of protective immunity after a previous infection. This
means that there was no assumption of consistent poor responders in the
population.

3. Results

A Kaplan-Meier plot (Figure 2) of collated data from two reports of
carriership duration (Newton et al., 1999; Pringle et al., 2019) shows
that 50% of horses remain carriers between 1 and 4 years. As can be seen
in the Kaplan-Meier plot, a large proportion of horses are censored; most
censoring is because the horse is treated before it can self cure. We
predominantly use the range of one to five years for the mean duration
of carriership as model inputs.

3.1. Dynamics at the population scale

3.1.1. Expected range for mean duration of convalescent immunity,
carriership, and f

The deterministic compartmental models were run until a steady
state was reached, for a range of values of f, y¢ and yg, and with the value
of p fixed at 0.1. The resulting prevalence of horses showing clinical
signs of strangles (compartment I, at steady state) is presented in
Figure 3. Neither y¢ nor f matters much here and the main driver of the
outcome is the duration of convalescent immunity - in a large enough
herd, the prevalence of infectious animals is so high that an animal can
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be expected to become re-infected soon after protective immunity has
waned. Assuming a prevalence of clinical disease of 0.88% (Todd,
1910), the duration of protective immunity post-infection is estimated to
be 4-6 years, depending on both f and y¢, where the precise value for fis
only of influence in the range of 0 < f < 0.5.

In Figure 4 the expected prevalence of carriers, again in a steady
state, is presented. These percentages are only expected to occur in
populations where no control effort for S. equi is in place. Unfortunately,
no suitable real-world data to compare these outcomes to was available;
retrieved reports on carrier prevalence do not meet the assumption of no
intervention or are not random cross-sectional surveys (Jaramillo-Mor-
ales et al., 2022; Durham and Kemp-Symonds, 2020; Libardoni et al.,
2016).

The expected seroprevalence, as a proxy for convalescent immunity,
in populations without control of S. equi is presented in Figure 5. As in
the previous paragraphs, runs of the deterministic compartmental model
until steady state were repeated for a range of values for f, y¢ and yg, and
with p = 0.1.

Assuming that mean carrier duration is 0.5-5 years, and that
convalescent immunity lasts >2 years and is measurable serologically

(which for bacterial diseases is not always true), ]Ac € (0.05, 0.5). This
estimate is based on the highest reported seroprevalence in (likely) non-
vaccinated horses, which is 74% (Minai and Araghi-Sooreh, 2020). The
results of repeating this analysis with p = 0.2 are presented in the Ap-
pendix (Figure A2). Another noteworthy conclusion from Figure 5 is that
at least 55% of horses would expected to have convalescent immunity in
this scenario of no control effort, regardless of f, y¢ and yg.

3.1.2. The basic reproduction number at the population scale

The dependency of population-level Ry on p and f is visualised in
Figure 6a and b. Figure 6b indicates that variation between the current
best guess of p € (0.1, 0.4) is in the flat section of the graph and does not
have much effect on Ry unless f is high. This holds true for alternative
assumptions of 1/y¢ € (0.5, 10) years (Figure Al in the Appendix). As
the Ry of 2.7 (Houben et al., 2022) for horses with acute disease
(ignoring carriers altogether) was used to inform the parameters of this
model, all estimates of Ry incorporating infectious animals with acute
disease as well as carriers are > 2.7.

A closer look with a smaller range for f € (0.05, 0.5); p fixed at 0.1;
and 1/y¢ € (1, 10) is shown in Figure 6c.

3.1.3. Could S. equi be eliminated by vaccination alone?

Figure 7 demonstrates the parameter values for f, y¢ and p that are
required to arrive at a population-level Ry > 18, the point at which the
herd immunity threshold is > 94%, which is higher than currently
available vaccines can possibly achieve (Robinson et al., 2020). So if Ry
> 18, control and/or elimination of S. equi by vaccination alone is
impossible and additional control measures will always be required
besides vaccination. The non-shaded areas of the graph indicate a situ-
ation where f > 1 (i.e. carriers are more infectious than acutely ill ani-
mals) which is highly implausible; we can therefore safely assume that
for those combinations of p, f and 1/y¢, Rp will never be > 18.

3.1.4. Can carriers alone sustain endemicity c.q. can S. equi be eliminated
without addressing carriers?

Figure 8 shows R for a range of values for f, y¢ and p, if acutely ill
horses are assumed to have no role in epidemiology (due to, for example,
immediate identification and isolation of acute cases) and 1/y = 1. In the
non-shaded areas of the graph, Ry < 1 which means that under those
parameter assumptions, carriers alone would not suffice to keep S. equi
endemic.

Figure 8 demonstrates that for this question, p is important. Withp =
0.4, R < 1 for carriers only for very short (and implausible (Newton
et al., 1997; Riihimaki et al., 2018) assumptions of 1/y¢ is R from car-
riers alone < 1. With p = 0.1 however, the non-shaded area of the graph
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covers values of 1/y¢ and f that may apply for natural infections of
S. equi.

3.1.5. Incorporating test-and-isolate and vaccination strategies

Results are presented in Figures 9 and 10. These graphs highlight
that if all animals are screened for carriership prior to re-introduction to
the herd (i.e. ® = 1), an interval for screening for acute disease of ~ 8
days should suffice to prevent the occurrence of major outbreaks. It
becomes apparent that the assumption for y¢ matters less for the overall
outcomes than those for f and p.

3.2. Stochastic model

3.2.1. Model validation
Steps taken to validate the stochastic model are presented in the
Appendix.

3.2.2. Stochastic model of remount depot dynamics

The mean proportion of horses infected once, twice, or three or more
times in 10 repeated runs of 1000 adult horses for a duration of 4 years
are presented for 1/yp of 1 or 5 years, 1/yg of 1-6 years, and standard
deviation for 1/yg of 1 or 2 years, is presented in a supplementary item
(Figure A7). Figure 11 demonstrates that assuming p = 0.1, f = 0.25,

10

1/yc = 1825 days,1/yg = 1460 + 7 days results in a distribution of
horses infected once, twice, or three times over the course of four years
which are similar the proportion given by Todd (1910). Variation in
assumptions forp € (0.1, 0.4) and f € (0.1, 0.5) had minimal effect on the
overall outcome (Appendix Figure A7).

4. Discussion

Expected range for mean duration of convalescent immunity, carriership,
and f

For the duration of convalescent immunity, the range of 4-6 years
drawn from the simulations in Figure 3 are similar to existing assump-
tions on the duration of convalescent immunity (Waller et al., 2014).

It should be noted here that estimates (for f and 1/yg) are based on
assumptions that in the populations where the highest seroprevalence
was recorded, horses were able to mix unhindered and no effort was
made to control S. equi, which may be incorrect. In addition, carrier
horses were assumed to consistently have detectable antibody titers,
which also may be incorrect (Grondahl et al., 2015; Durham and
Kemp-Symonds, 2020). More data on seroprevalence in stable herds

were S. equi is uncontrolled could increase the precision of )? achieved by
modelling.
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Fig. A3. Runs of the individual-based stochastic model with 10 young horses and 40 adults.

Our estimate of # = 0.199 was derived from an estimate for Ry from
previous work (Houben et al., 2022) which was a weighted mean of
individual R( estimates from outbreaks in naive herds. It differs sub-
stantially from the estimate by Shi et al. of # = 4.091 x 10~°. However,
in the simulation from Shi et al. it was assumed that all horses present at
the breeding farm or newly arrived during the months of the outbreak
were fully susceptible, which may not be a correct assumption, as their
actual immune status and strangles history were not reported in the

11

original outbreak report. If a substantial proportion of the horses is
assumed to be susceptible but is in fact not, the resulting estimate of
may be an underestimation. The model used in the present manuscript
was more simple than the model applied by Shi et al. as our aims were
principally to estimate ranges for key epidemiological parameters rather
than to fit our model to specific circumstances.

Our estimated range for f € (0.1, 0.5) is substantially higher than the
4.86 x 10™* of Shi et al.. One reason why the estimate by Shi et al. may
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Fig. A4. Deterministic compartmental model prediction (blue line), repeated runs of the stochastic model in a herd of 100 group housed adults (grey lines) and two
naturally occurring outbreaks in green (Tscheschlok et al., 2018) and orange (Newton et al., 2000) dots (with number of animals normalised to 100), showing the
cumulative number of cases for the exponential part of the outbreak, for both the model applying the Sellke construction (a) and the model applying a Bernoulli trial

to determine successful contacts (b).

) 50 100

time (d)

(a) Sellke construction

50 100 150

time (d)

(b) Bernoulli trial

Fig. A5. Deterministic compartmental model prediction (green line), repeated runs of the stochastic model in a herd of 100 group housed adults (grey lines), for both
the model applying the Sellke construction (a) and the model applying a Bernoulli trial to determine successful contacts (b).

be incorrect is their assumption that the total of four horses which
during the course of the several-months long outbreak were diagnosed
with some form of guttural pouch pathology, were in fact strangles
carriers at the start of the outbreak, even though the authors of the
outbreak report described that these were sequelae of strangles episodes
during the outbreak.

Figure 4 can be compared to reports of S. equi positives on cross-
sectional surveys, in herds where it is likely no control effort for

12

S. equi is in place, such as Jaramillo-Morales et al. (2022) and Libardoni
et al. (2016) which reported 13.5% and 2.3% respectively. There are
important caveats to extrapolating from these studies however. Libar-
doni et al. reports PCR results of nasal swabs of 1010 apparently healthy
equines from 341 farms in Rio Grande, Brazil and Jaramillo-Morales
et al. reports culture results of endoscopically-guided guttural pouch
swabs from 137 horses from 15 farms. Results from both studies were
likely affected by clustering of samples within farms, as for S. equi, it is
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Fig. A6. Plots demonstrating the binomial distribution of outbreak size of (a) the Sellke construction and (b) the Bernoulli trial method.

Table Al
Performance of the stochastic models; 100 runs in herds of 1000 horses for 150
days.

Method Bernoulli Sellke Expected
Proportion of major outbreaks 0.87 0.90 0.915a or 0.63b
Mean size of major outbreaks 863 916 915

Runtime (s) 7971 8657 N/a

2 For Reed-Frost model or
b general stochastic epidemic (Diekmann et al., 2013)

likely that the presence of one positive animal on the farm influences the
likelihood of other horses on the farm testing positive. Jaramillo-Mor-
ales et al. tested 9 animals per farm, and Libardoni et al. tested 3 animals
per farm, on average, indicating that the prior study is more prone to
distortion of results by clustering than the latter. Secondly, the method
of diagnosis of shedding influences sensitivity of testing (Pringle et al.,
2019). Neither report applied the gold standard of guttural pouch lavage
and PCR of the acquired sample, therefore both were affected by
decreased sensitivity (compared to the reference standard), and their
results were likely underestimations. Considering the issues affecting
these two studies, it is difficult to draw meaningful conclusions on the
likely values of 1/yg or f based on these two reports. The carrier prev-
alence of 13.5% from Jaramillo-Morales et al. does not really fit with any
of other estimates derived from the models - a prevalence this high
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would only be possible with a much shorter duration of convalescent
immunity. The report of 2.3% Libardoni et al. would fit with our other
assumptions if 1/yg ~ 2 years, but this prevalence was established using
an insensitive detection method and is likely an underestimation. We
must therefore conclude that there currently is insufficient real-world
data that can be used to compare to the model outcome parameters.

The basic reproduction number at the population scale

The expected range for Ry at the population scale remains wide.
When assuming p = 0.1, 1/y¢ € (1, 10) years and f € (0.05, 0.25),
43 < ﬁo < 13.2). It is clear, therefore, that further precision for these
estimates is needed to be able to come to a truly usable estimate for the
effort required to control (or eradicate) strangles.

Could S. equi be eradicated by vaccination alone?

If p = 0.1, the mean duration of carriership would need to be < 2.5
years for eradication of S. equi to be possible by vaccination alone,
assuming 100% of animals is vaccinated with a vaccine with an efficacy
of 94% (Robinson et al., 2020). If p is actually closer to 0.2, then the
mean carrier duration would need to be half that. Of course, it is unlikely
that it will ever be possible to achieve a vaccination coverage of 100%,
nor is it likely that carriers would remain unaddressed in any eradication
effort.
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Can carriers alone sustain endemicity?

Carriers are assumed to play an important role in endemicity of
strangles (Newton et al., 1997; Mitchell et al., 2021), but their impor-
tance in S. equi epidemiology has so far not been quantified. From
Figure 8, and with information gained from Figure 5 that 0.05 < f < 0.5,
mean carrier duration would need to be ~ 3 years or less for Ry < 1. With

p=0.2, it is ~ 14 months. With higher f, the tolerance for carriers de-
creases, but f may be as low as 0.05. In the absence of good data or
estimates on the mean duration of carriership, it is not possible to
conclude with certainty whether carriers on their own suffice to keep Ry
> 1 and to keep S. equi endemic. Control efforts which ignore the carrier
state may therefore be unsuccessful.
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Incorporating test-and-isolate and vaccination strategies

The range of combinations of w and « which result in R < 1 can be
considered favourable. For large, extensively managed herds, a weekly
check for clinical signs of strangles (including fever) would suffice to
prevent outbreaks occurring, as long as all affected horses are screened
and treated for carriership after clinical disease, prior to re-introduction
into the herd. If for example, checks for strangles are performed daily,
there exists a tolerance for a prolonged presence of carriers in the herd at
least for the lower ranges of f. This might explain why, for example, the
S. equi screening process described by de Brauwere and Kirton (2019)
was highly successful at preventing strangles outbreaks, despite relying
on serological screening for carriers before allowing horses into the
herd, which has been demonstrated to be an imperfect predictor of
carriership (Durham and Kemp-Symonds, 2020). This study did not
investigate the effect of vaccination on transmission dynamics and only
provided an insight into the vaccine coverage that would be required for
a perfect (protection against disease and protection against infectious-
ness) vaccine. Future work could explicitly explore the effects of vac-
cines when realistic estimates their effectiveness during field use are
available.

For the scenarios with higher p and f, it becomes apparent that
currently available vaccines might not suffice to prevent major out-
breaks under those circumstances. Vaccine efficacy (both in terms of
reduction of clinical signs and infectiousness) would need to be up to
80% which may be difficult to achieve with currently available vaccines,
based on data from experimental challenge studies that used a high in-
fectious dose. Future data from the use of vaccination to prevent out-
breaks of natural infection are required in order to determine the actual
impact of vaccination strategies.

When interpreting the results from Figures 9 and Figures 10, it is
important to note here that an absence of major outbreaks does not
mean absence of transmission; if R < 1 minor outbreaks (short outbreak
chains) are still possible, but the number of infected individuals will not
be in the same order of magnitude as the number of individuals at risk at
the start of the outbreak. However, in future work evaluating cost-
benefit of prevention strategies, the monetary and reputations costs of
even a minor outbreak should be taken into consideration as well.

Our results here are similar to those of Shi et al. (2023) who
concluded that screening was the most effective measure.

Remount depot dynamics

The results from the agent-based stochastic simulation in Figure 11
suggest that the current assumption that there must be a bimodal dis-
tribution for the duration of convalescent protective immunity may be
incorrect and that future modelling studies do not need to incorporate
this assumption. When assuming a duration of convalescent protective
immunity of 4 years with a standard deviation of 2 years, only 6.7% of

Stochastic model pseudocode
Read disease parameters

Create horses

- infect new horses (see text for description) and write to record

- collate daily totals, write daily record

- assign latency and infectious period (random draw from poisson distribution)
- assign duration of carriership (random draw from poisson distribution)
Start day simulations (repeat until required number of days is reached)

- disease status evolution (latent to infectious, infectious to recovered, etc)
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infections leads to immunity of < 365 days and 3.9% of infections leads intersection with the y-axis would change corresponding to the change
to protective immunity of < 180 days. The results presented in Figure 11 in 7g. To incorporate the assumption of decreasing infectiousness over a
suggests the assumption that 25% of horses fail to mount a protective  Jonger time, a two-phase approach for / could have been chosen: higher
immune response after natural infection does not need to be true to in the first weeks, lower in later weeks. However, this approach was
explain the results cited by Todd (1910) over a four-year period. Inour  considered unnecessarily detailed for the current purposes of the model.
model to replicate Todd’s data, we did not account for the possibility It can be considered for future implementations.

that during the observation period, other infectious diseases besides Some questions were omitted from analyses in the current study. For
S. equi were circulating and may have contributed to some clinical res- one, the potential influence of the presence of carriers in the herd on the
piratory disease. We cannot know whether or not this was the case, but it duration of convalescent immunity in herdmates was not investigated.

is worth pointing out that the interpretation of the data that says 25% of
horses do not mount convalescent immunity also does not account for
the circulation of other infectious agents causes respiratory disease.
Furthermore, the presence of persistently infected carriers within these
populations may have re-stimulated the immune responses of recovered
horses, such that they may have appeared to have maintained protective
immunity for longer. Although these remount depot incidence data may
be old, they are reliable and were also acquired under circumstances
where control of the disease appears to have been near absent, making
them good reference data for this simulation.

This finding should be considered good news; if it were true that a
large proportion of the population fails to mount an immune response of
substantial duration after natural disease, then there may be concerns as
to whether a significant proportion of vaccinated horses are likewise
poor responders. Results from vaccine efficacy trials (Jacobs et al., 2000;
Robinson et al., 2020) did not indicate such an effect, which is consistent
with the findings from this simulation. The findings from our stochastic
agent-based model provide clarity for future work in mathematical
modelling of S. equi on the input parameter of convalescent immunity.

5. Conclusion

Through compartmental deterministic modelling, this study made an
estimate of the duration for convalescent immunity of 4-6 years, and
that carriers may be up to 20 times less infectious than horses with
strangles. Through stochastic modelling, we have demonstrated that it is
not necessary to assume that 1/4 convalescent horses fail to mount an
effective immune response after infection. Further, this study has
highlighted the importance of a more precise estimate for the duration of
convalescent immunity, of relative infectiousness of carriers, and, to a
lesser extent, the probability of becoming a carrier after infection and
the duration of carriership. We have provided predictions as to which
combinations of intensity of screening and/or vaccination will result in
the prevention of major outbreaks, showing that weekly screenings
might suffice in otherwise ideal circumstances. In our worst-case sce-
narios, we demonstrated that vaccination alone may not be able to
prevent the occurrence of major outbreaks.

4.1. Main limitations Funding
This research did not receive any specific grant from funding

The mean duration of infectiousness chosen as a starting parameter o . . ¢
agencies in the public, commercial, or not-for-profit sectors.

was 14 days in all analyses in this paper, while acknowledging that an
assumption of infectiousness of two weeks may seem short when
infectiousness can last up to six weeks (Boyle et al., 2018). However, the
period of two weeks was chosen to reflect the observation that infec-
tiousness probably is highest over a shorter period, when the production
of infectious discharge is greatest. In this paper, § was calculated directly
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Appendix A. Additional deterministic model output figures
Figures A1 - A2.
A.1. Stochastic model validation

Example simulation outputs are shown in Figure A3

Predictions from the deterministic compartmental and repeated runs of stochastic models are displayed in Figure A5, and compared to to two
naturally occurring outbreaks (Newton et al., 2000; Tscheschlok et al., 2018) in Figure A4. Table A1 lists model metrics of performance. Figure A6
demonstrates the expected bimodal distribution of outbreak final sizes is present in both versions of the stochastic model Fig. A5, Fig. A6.

Because of the threshold properties of the prototype stochastic model, on which the current stochastic model is based, a two-point distribution of
outbreak final sizes in individual simulation runs is expected, with either outbreaks where only a handful of individuals get infected, and larger
outbreaks where the number of individuals that become infected over the course of the epidemic is in the order of magnitude of the population size at
the start. The probability and eventual size of a major outbreak can be predicted based on R (Diekmann et al., 2013). For sufficiently large pop-
ulations, the probability of only a minor outbreak occurring can be calculated as the smallest solution to § = e Ro(1=9) and the final size of major
outbreaks as the positive solution to x = 1 —e ®oX (Diekmann et al., 2013). The results for both implementations of the model are provided in Table A1

A.2. Results from remount depot simulations

Figure A7.
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