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Abstract

Quarantine has been long used as a public health response to emerging infectious
diseases, particularly at the onset of an epidemic when the infected proportion of a
population remains identifiable and logistically tractable. In theory, the same logic
should apply to low-incidence infections; however, the application and impact of
quarantine in low prevalence settings appears less common and lacks a formal analysis.
Here, we present a quantitative framework using a series of progressively more
biologically realistic models of canine rabies in domestic dogs and from dogs to humans,
a suitable example system to characterize dynamical changes under varying levels of dog
quarantine. We explicitly incorporate health-seeking behaviour data to inform the
modelling of contact-tracing and exclusion of rabies suspect and probable dogs that can
be identified through bite-histories of patients presenting at anti-rabies clinics. We find
that a temporary quarantine of rabies suspect and probable dogs provides a powerful
tool to curtail rabies transmission, especially in settings where optimal vaccination
coverage is yet to be achieved, providing a critical stopgap to reduce the number of
human and animal deaths due to rabid bites. We conclude that whilst comprehensive
measures including sensitive surveillance and large-scale vaccination of dogs will be
required to achieve disease elimination and sustained freedom given the persistent risk
of rabies re-introductions, quarantine offers a low-cost community driven solution to
intersectoral health burden.

Author summary

Canine rabies remains a human health risk in many countries around the world,
particularly in lower and middle income settings where many dogs are free roaming and
able to interact more easily with other dogs and humans. In this paper, we present
results from a mathematical model that simulates the spread of rabies both between
dogs and from dogs to humans and investigate the impact of quarantine and vaccination
at reducing transmission. Our work demonstrates the effectiveness of quarantining both
infectious and exposed dogs - we observe that quarantine can have a substantial effect
on reducing the number of new animals subsequently infected and thereby lowering the
risk of humans being exposed to infection. Such a policy can have significant benefits,
particularly in settings where access to vaccinations is challenging and resources are
limited. Our research can therefore help to inform policy makers in countries where

November 1, 2023 1/23



canine rabies is circulating to develop appropriate strategies to reduce the human health
risks associated with canine rabies in the future.

Introduction 1

Canine rabies, an acute zoonotic infection, has been long an enigma in the field of 2

quantitative epidemiology. While deceivingly easy to trace and hence parameterize as 3

transmission happens predominantly among domestic dogs through saliva of an infected 4

individual, model-based predictions are scarcely ever consistent with empirical 5

observations [1]. It is likely due to the complexity and many interdependent and often 6

unobserved factors of canine rabies ecology that the traditional epidemiological models 7

fail to translate to real-world dynamics in their entirety leading to unrealistic parameter 8

and/or incidence estimates. The details of how rabies transmission operates across 9

temporal and demographic scales has only recently begun to be formally characterized 10

by Mancy et al., 2022 [2]; however, the broader aspects of the disease epidemiology have 11

been widely explored. 12

International organizations committed to the global elimination of human deaths 13

from dog-mediated rabies by 2030, and scientific guidance to facilitate progress towards 14

elimination has been underway [3, 4]. Decades of operational experience supported by a 15

mounting body of analytical work conclusively demonstrate that mass vaccination of the 16

dog population is the single most important and cost-effective way to control 17

rabies [5–7]. While implementation of high coverage-achieving, spatially comprehensive 18

annual mass dog vaccination campaigns should be prioritized where possible, the desired 19

control efforts may be impeded by logistical constraints such as availability of resources 20

and limited manpower. Supplementary measures to support vaccination campaigns 21

where coverage (temporarily) falls below the recommended threshold (< 70% in [8]) are, 22

however, sparse, and often focused on culling of dogs that has been repeatedly shown 23

ineffective in the case of rabies [6, 9, 10]. 24

While immunization of the susceptible population is the primary intervention 25

strategy in the modern world, quarantine – understood as an isolation of confirmed or 26

probable infected cases – is one of the oldest, low-technology forms of disease 27

control [11,12]. Transmission potential of an infectious disease is driven by the basic 28

reproduction number (R0), defined as the average number of secondary cases caused by 29

an infectious individual in a näıve (non immunized) population. R0 depends on the 30

probability of infection given contact between an infectious and susceptible individual, 31

the length of infectious period, and the number of contacts an infectious individual has 32

per a unit time [13]. Both vaccination and quarantine operate by lowering transmission 33

potential through reducing the number of disease-exposure contacts among hosts. 34

Vaccination focuses on the reduction of susceptible individuals available to infection and 35

is particularly of interest with regards to highly transmissible diseases for which a large 36

proportion of a population would be exposed to the disease agent [14–16]. For infections 37

that circulate endemically at low prevalence, or infections at the early stages of an 38

outbreak, contact-tracing followed by quarantine of probable/infectious individuals 39

provides a highly sensitive tool to curtail the transmission potential of a disease [17, 18]. 40

Classic examples of quarantine measures taken at the onset of an epidemic can be found 41

for outbreaks as old as the bubonic plague pandemic in European port cities and early 42

outbreaks of cholera [19,20], the 1918 pandemic of influenza [21], to more recent 43

emergencies of Ebola [22], the 2009 A(H1N1)pdm09 influenza [23] and COVID-19 [24]. 44

Conversely, in the case of less-frequent/low-prevalence infections quarantine is 45

commonly applied as a community-based measure especially in low- and middle-income 46

settings. However, it is sparsely implemented as a public health response, possibly due 47

to the societal and psychological implications of isolation concerning human infections 48
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(that outweigh the potential benefits of quarantine in endemic settings) and the lack of 49

formal evidence of its effect for many zoonoses. 50

Here we seek to develop a set of epidemiological models for rabies transmission to 51

examine the effects of quarantine on the disease dynamics. We first focus on the 52

development of an analytical model to explore the qualitative impact of quarantine on 53

the long-term behaviour of the system, focusing on analysing the theoretical 54

underpinnings of disease persistence and extinction for low prevalence diseases. Building 55

upon the conceptual understanding gained through the mathematical model, we then 56

expand the existing baseline framework by incorporating probabilistic features relevant 57

to rabies ecology. This allows us to quantitatively investigate the changes in rabies 58

dynamics across varying levels of dog vaccination coverage and under the following 59

quarantine scenarios: (1) no quarantine, (2) quarantine of dogs identified through 60

bite-histories of patients presenting at anti-rabies clinics, and (3) enhanced quarantine 61

informed by contact-tracing of rabies suspect and probable dogs. 62

Materials and methods 63

Theoretical Model 64

In order to investigate the long term dynamics of canine rabies within the dog 65

population, we firstly develop a theoretical model that we can utilise to explore stability 66

properties of the system subject to different values of the basic reproduction number 67

(R0), quarantine rates and vaccination coverage. We consider here an SEIQV model, 68

whereby dogs are either susceptible to infection (S), exposed (infected but not yet 69

infectious, E), infectious (I), quarantined (infectious dogs that are placed in isolation 70

and cannot infect other dogs for the duration of quarantine, Q) and vaccinated (V ). 71

Note that for rabies we assume that all infected individuals subsequently die from 72

disease. We therefore do not explicitly consider the removed class for this model. The 73

equations governing this system can be defined as follows: 74

f(S,E, I,Q, V ) =
dS

dt
= bN − dS − δNS − βSI

N
− vcS + wnV (1)

g(S,E, I,Q, V ) =
dE

dt
=

βSI

N
− dE − δNE − σE (2)

h(S,E, I,Q, V ) =
dI

dt
= σE − (d+ δN + γ + q)I (3)

i(S,E, I,Q, V ) =
dQ

dt
= qI − (d+ δN + τ)Q (4)

j(S,E, I,Q, V ) =
dV

dt
= vcS − (d+ δN + wn)V (5)

where N = S + E + I +Q+ V . In this set of equations, b is the birth rate, d is the 75

natural death rate, σ is the rate of transition from the exposed to the infectious class, γ 76

is the death rate from disease, vc is the vaccination rate, wn is the rate of waning 77

immunity following vaccination and τ is the rate of removal from quarantine. We 78

assume that density dependent natural deaths of dogs occur at rate δN where δ = b−d
K 79

and K is the carrying capacity of the population in line with previous work by [25]. In 80

contrast to the computational model below in which vaccinated dogs can be 81

re-vaccinated before their immunity wanes, in the deterministic framework only 82

susceptible dogs can be vaccinated. 83

At epidemic onset and in the absence of quarantine (q = 0), we can therefore define 84

the basic reproduction number for this system as 85
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R0 =
σ

d+ δN + σ
× β

d+ γ + δN

where σ
d+δN+σ is the fraction of individuals who successfully progress from the 86

exposed to the infectious class and β
d+γ+δN is the transmission rate divided by the 87

average duration that an individual is infectious for. 88

We will now explore the stability of the system as it approaches equilibrium. 89

Equilibrium solutions occur when dS
dt = dE

dt = dI
dt = dQ

dt = dV
dt = 0. From equations 3 and 90

4, in equilibrium we find that 91

E∗ =
(d+ δN + γ + q) I∗

σ
(6)

Q∗ =
qI∗

d+ δN + τ
(7)

We now substitute our expression for E∗ in equation 6 into equation 2 such that, in 92

the endemic equilibrium (when dE
dt = 0 and I ̸= 0) we find: 93

S∗ =
N(d+ δN + σ)(d+ δN + γ + q)

βσ
(8)

Substituting this expression into equation 5, we can obtain an expression for V ∗ in 94

the endemic equilibrium: 95

V ∗ =
vcN(d+ δN + σ)(d+ δN + γ + q)

βσ (d+ δN + wn)
(9)

We can now substitute our expressions for S∗ and V ∗ into equation 1 to obtain an 96

expression for I∗: 97

I∗ =
bNσ

(d+ δN + σ) (d+ δN + γ + q)
− N (d+ δN + vc)

β
+

wnNvc
β (d+ δN + wn)

(10)

Finally, we can substitute the expression for I∗ into equations 6 and 7 to obtain 98

expressions for E∗ and Q∗: 99

E∗ =
bN

d+ δN + σ
− N (d+ δN + vc) (d+ δN + γ + q)

βσ

+
wnNvc (d+ δN + γ + q)

βσ (d+ δN + wn)
(11)

Q∗ =
q

d+ δN + τ

(
bNσ

(d+ δN + σ) (d+ δN + γ + q)

−N (d+ δN + vc)

β
+

wnNvc
β (d+ δN + wn)

)
(12)

In order to analyse the stability of the system, we need to calculate the Jacobian 100

matrix, J . Given that N = S +E + I +Q+ V and assuming that N is fixed (such that 101

the natural birth rate compensates for natural death and death as a result of infection), 102

we can set V = N − S −E − I −Q and reduce the system to consider the four variables 103

S, E, I and Q. J for this system is 104

J =


∂f
∂S

∂f
∂E

∂f
∂I

∂f
∂Q

∂g
∂S

∂g
∂E

∂g
∂I

∂g
∂Q

∂h
∂S

∂h
∂E

∂h
∂I

∂h
∂Q

∂i
∂S

∂i
∂E

∂i
∂I

∂i
∂Q
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=


−d− δN − βI

N − vc − wn −wn −wn −wn
βI
N −d− δN − σ βS

N 0
0 σ −d− δN − γ − q 0
0 0 q −d− δN − τ


To determine the behaviour of this system, we need to calculate the eigenvalues of 105

the Jacobian. We therefore need to find the solution of |J − λI| = 0 such that: 106

∣∣∣∣∣∣∣∣
−d− δN − βI

N − vc − wn − λ −wn −wn −wn
βI
N −d− δN − σ − λ βS

N 0
0 σ −d− δN − γ − q − λ 0
0 0 q −d− δN − τ − λ

∣∣∣∣∣∣∣∣ = 0

To evaluate the stability of the endemic equilibrium in the context of intervention 107

strategies that might be applied to the system, we use a numerical solving method to 108

evaluate the Jacobian at the endemic equilibrium and calculate the eigenvalues for given 109

values of R0, vaccination rate vc and quarantine rate q. We determine both when the 110

endemic equilibrium is stable and how the number of infected individuals at the 111

endemic equilibrium depends upon these quantities. A flow diagram of the 112

single-species model is shown in Fig 1. All computational work is performed in the 113

programming environment R, version 4.3.0. 114

Computational Model 115

Whilst the theoretical model presented above provides useful insights regarding the 116

evolution of a rabies-like system in the presence of vaccination and quarantine, 117

transmission of the virus in real-world settings is highly stochastic and can be 118

significantly influenced by low probability events, such as incursions of infected animals 119

into the population or super-spreading events. Stability analyses of deterministic models 120

ignore the role of stochasticity with regards to the pathogen extinction and 121

reintroduction (both locally and globally) despite its influential impact on the future 122

trajectories for diseases that operate at low transmission levels. For example, the 123

probability of a disease going extinct decreases with an increasing value of R0 and vice 124

versa [26]. As such, the deterministic threshold for elimination will be modulated by 125

chance processes that can break individual chains of transmission resulting in a faster 126

elimination, or allow the pathogen to persist for longer through a series of infection 127

events and chance re-introductions in spite of an overall high level of immunity within 128

the population. In the case of the analytical model, we also ignore the variability in the 129

duration of exposure which spans a wide temporal range. Symptoms of rabies in dogs 130

usually manifest in the first month since exposure, but the incubation period may last 131

for several months, effectively functioning as an “endogenous” incursion [27,28]. This 132

becomes particularly relevant when we allow for Exposed dogs that are quarantined but 133

do not show any symptoms of the disease by the end of the quarantine period to re-enter 134

the population and cause further infection despite their previous quarantine status. 135

We therefore develop a stochastic SEIRQV compartmental model to simulate the 136

spread of disease in the dog population, coupled with an SEIRV model for humans. The 137

system is summarised in Fig 2. In order to introduce a degree of biological realism, we 138

expand the existing SEIQV model by the following additions most relevant from the 139

empirical work. We first (1) introduce the role of stochasticity by modelling both the 140

disease and population dynamics as a probabilistic process, (2) re-define the 141

transmission rate to capture heterogeneity in individual biting behaviour, and (3) allow 142
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for exogenous incursions to enter the population. We then introduce an R compartment 143

to keep count of all dogs “Removed” from the population by natural death and the 144

disease (4). We build further realism to modelling the dog quarantine practice, by (5) 145

allowing for a potential removal of Exposed dogs from quarantine when disease 146

symptoms do not occur within the recommended time period of dog exclusion. Lastly, 147

we extend the single host model to (6) include transmission from dogs to humans, and 148

(7) to incorporate information on health-seeking behaviour collected through a 149

longitudinal enhanced surveillance study of dog bite-injury patients [29] in order to 150

approximate the probability of quarantine under different surveillance scenarios. 151

Specifically, we model the time stepping process weekly using the Tau leap 152

algorithm [11,30,31]. We then parameterise rabies transmission explicitly as the number 153

of rabid bites per infectious individual. Offspring exposures (here representing a 154

secondary exposure resulting from a biting incident caused by a primary case individual, 155

not a vertical transmission from a parent to its offspring) are drawn from a negative 156

binomial distribution as 157

βi ∼ NB (R0, k)

where R0 is the expected number of new infectious bites and k takes different values 158

for humans and dogs. The k value here can be understood as analogous to variance 159

around a mean which tends to be wider for dog-dog transmission (leading to longer 160

tailed distributions) as opposed to dog-human transmission.The total transmission rate 161

β at each time step is then formulated as a sum of all offspring exposures present in the 162

system at the modelled time step, multiplied by the probability of a bite becoming a 163

case (∼ 50% in [32]), and distributed proportionally to the size of each compartment 164

available to exposure (all except for individuals in Quarantine). 165

β = 0.49 ∗
I∑

i=1

βi

Incursions ic are drawn from a Poisson distribution where 166

ic ∼ Poiss (̄i)

The true probability at which a population receives an incursion will likely vary over 167

time as control is implemented in neighbouring populations, and geographically given 168

the localized heterogeneous nature of rabies incidence. Here, we incorporate incursions 169

to maintain fluidity in the disease system but initially set the value to function only as a 170

“background” probability (̄i = 1.5). We then test the role of incursions on rabies 171

dynamics by either removing the incursions entirely or increasing the incursion 172

probability by two fold. 173

We define dog quarantine as the number of dogs identified through a triage of 174

patients presenting at anti-rabies clinics. The number of quarantined dogs is then drawn 175

from a Conway-Maxwell-Poisson distribution as an extension to a Poisson distribution 176

that allows for modelling both over- and under-dispersion): 177

Qi ∼ CMPoiss (q, range)

where q and range differ between investigations of case (understood as patients 178

bitten by a rabid dog) and non-case (understood as patients bitten by a non-rabid dog) 179

incidents. For rabies Exposed and Infected dogs (divided proportionally according to 180

the duration of incubation and infectious periods) identified through patient 181

investigations, the total number of additional dogs per time step moved into quarantine 182

is then calculated as 183
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Q = η

Vh∑
i=1

Qi (13)

where η is the probability that the dogs identified through following rabid animals 184

responsible for exposed case patients are also infected with rabies (i.e., Exposed or 185

Infected). It is important to note that η only captures those dogs identified through 186

following rabid animals responsible for case patients and therefore is only a fraction of 187

the total dogs that may be exposed or infectious in the population at any time. From 188

field observations we believe that η is relatively high [29], but for modelling purposes 189

here we opt for a more conservative assumption of 70% as more data are needed for 190

rigorous estimates. Otherwise, the dogs responsible for non-case incidents both in 191

humans and dogs are distributed in proportion to the size of each relevant compartment 192

(i.e., S, E, Q, and V within the dog population). 193

As the current recommendations by the Bureau of Animal Industry and the 194

Department of Health in the Philippines are that unvaccinated dogs that bite a known 195

patient should be quarantined and observed for 14 days, we utilise this period in our 196

analysis [33,34]. In our model, given the duration of the incubation period is longer 197

than the duration of quarantine (22.3 days in [32] and 14 days respectively), a fraction 198

of Exposed quarantined dogs may not become symptomatic before their release. To 199

account for such a possibility, we explicitly generate days until symptomatic for each 200

exposed dog held in quarantine, and return those individuals showing no symptoms 201

after the 14-day period back into the population. 202

Immunity of humans is defined as achieved through administration of PEP upon 203

attendance at a clinic (note, here we assume that two doses of PEP delivered at days 1 204

and 7 would provide immunity). The weekly proportion of bite-injury patients ϵ is 205

drawn from a zero truncated normal distribution (as the number of patients presenting 206

at the clinics follows a normal distribution bounded by zero from below the mean) of 207

weekly throughput records collected at the anti-rabies clinics [29]. The percentage of 208

rabies exposed case patients that will receive PEP (µ) varies extensively across 209

geographical areas and socioeconomic backgrounds. Here, we assume that with 210

enhanced surveillance 80% of human cases would be detected in a timely manner and 211

administered the lifesaving vaccine. 212

Lastly, we incorporate bias in re-vaccination of dogs (vv) directed towards 213

individuals that are easy to capture for administration of the vaccine. Importantly, the 214

model structure has been developed such that we are able to capture not just rabid dogs 215

that bite other dogs and humans, but also rabid dogs that do not bite as well as 216

potentially exposed humans that do not attend a clinic or receive PEP. We are thus able 217

to provide a close-to-realistic representation of canine rabies dynamics in most low- and 218

middle-income settings for which this modelling study is intended. All parameters are 219

summarized in Table 1. 220

We utilise our computational model to investigate the impact of varying levels of 221

quarantine on rabies dynamics under four vaccination scenarios: 0%, 25%, 50% and 75% 222

of the dog population. We then test three progressively strengthened quarantine 223

scenarios motivated by an Integrated Bite Case Management study conducted in the 224

Philippines [29]. Here Rysava et al. (2022) collected information on bite-histories of 225

patients presenting at anti-rabies clinics through a series of interviews and phone 226

follow-ups combined with field investigations to determine the epidemiological status of 227

biting animals and to provide quarantine recommendations. In the model, no 228

quarantine is implemented under Scenario 1. In Scenario 2 we assume only dogs 229

identified through bite-injury patients presenting at anti-rabies clinics would be 230

quarantined, suggesting a medium-level quarantine (understood as a smaller proportion 231

of the dog population ending in quarantine, rather than a less-strict practice) with an 232
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average number of dogs per patient (both non-case, and case patients) around 1 (drawn 233

from Conway-Maxwell-Poisson distribution where q = 2.5 and range = 4.3). Under 234

Scenario 3 we assume a triage of bite-injury patients as per Scenario 2, but this time 235

coupled with further field investigations and contact tracing of patient biting dogs. In 236

scenario 3 we expect the number of dogs identified for quarantine through non-case 237

patients to remain within the same range as in Scenario 2 but to increase for 238

investigations informed by case patient incidents (drawn from Conway-Maxwell-Poisson 239

distribution again where q = 2.8 and range = 1.5). A computed distribution of the 240

number of dogs identified for quarantine under each of the tested treatments is shown in 241

figure 3. Lastly, we observe rabies dynamics under three incursion scenarios by setting 242

the incursion probability to ī = 0, 1.5 (default) and 3. Given the highly stochastic 243

nature of the model, each scenario is iterated 1000 times, run over 10 consecutive years 244

and explored across the same range of R0 values as in the analytical model above 245

(spanning from 1 to 2 in 0.1 sized increments). 246

Results 247

Stability Analysis of Theoretical Model 248

Existing models fitted to rabies time-series data suggest that the distribution of R0 falls 249

predominantly between 1 and 2 [6, 32,35,36]. As such, we vary the transmission rate β 250

by gradually increasing the value of R0 from 1 to 2 in increments of 0.1 (where q = 0 251

initially to emulate the baseline transmission rate under no intervention). We then set 252

the percentage of Infectious dogs terminating in quarantine every week (qp) to vary 253

between 0 and 100% in 5% increments, where the rate of quarantine q = − ln(1−qp/52)
∆t 254

and ∆t = 1 (note, all parameters are expressed as weekly rates). To explore the stability 255

of the endemic equilibrium dependent upon given vaccination coverage, quarantine rates 256

and values of R0, we also vary the mean percentage of dogs vaccinated per year, vp in 257

5% increments from 0% to 100%. The weekly vaccination rate is calculated in terms of 258

the percentage of vaccinated dogs such that vc = − ln(1−vp/52)
∆t where ∆t = 1. All 259

remaining parameters used in both models are summarized in Table 1, except for the 260

rate at which Infectious dogs leave the quarantine class, which is defined as 261

τ = γ/(1− γρ), where ρ is the mean delay from an individual becoming infectious to 262

entering quarantine. 263

For each combination of parameter values, we then calculate representative 264

eigenvalues to determine the stability of the endemic equilibrium and the size of the 265

infected population (i.e., the number of Exposed and Infectious dogs) for parameter 266

combinations at which the endemic equilibrium is found to be stable. The results are 267

summarised in figure 4. 268

Initially we consider the case of R0 = 1.3, which previous research indicates as the 269

most likely value for the basic reproduction number for rabies [2]. In the absence of 270

quarantine, we find that as vaccination rates approach 0.35 the endemic equilibrium 271

loses stability and the disease free equilibrium becomes stable. Similarly, in the absence 272

of vaccination, the same result occurs for quarantine rates above 0.45 (figure 4 panel A). 273

As the levels of vaccination increase, lower levels of quarantine are required to result in 274

the endemic equilibrium losing stability and the virus being eliminated. As we approach 275

this transition we note that the number of both Infectious and Exposed dogs in the 276

endemic equilibrium decreases, highlighting the effectiveness of vaccination and 277

quarantine at reducing the overall transmission in the population (figure 4 panel B and 278

C). However, to maintain disease endemicity for R0 = 1.3 in the absence of both 279

interventions, the model predicts unrealistically high incidence of the disease (> 135 280

infected dogs per 10,000) exceeding what is suggested by empirical evidence. 281
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We now explore the impact of different values of R0 upon the stability properties of 282

the endemic equilibrium as vaccination and quarantine rates are varied. When R0 is 283

close to 1 only very low rates of vaccination and/or quarantine are required in order for 284

elimination to occur. As R0 increases towards 2, much higher quarantine and 285

vaccination resources are required in order for the endemic equilibrium to become 286

unstable. When R0 = 2 (which we note represents the upper limit of a realistic value for 287

the basic reproductive number for rabies) we observe that it is possible for rabies to be 288

eliminated provided that sufficient rates of quarantine and vaccination are maintained 289

(figure 4 panel B and C). However, the increased rates of vaccination and particularly 290

quarantine required for elimination in this scenario may be unrealistic and/or infeasible 291

in practice given constrained resources for vaccination, the limited capacity to 292

successfully identify infected dogs for quarantine and the ability to isolate a large 293

number of dogs at any given time. In particular, the levels of quarantine required for 294

elimination in the absence of vaccination would not be possible in practice in real world 295

settings, which emphasises the critical role vaccination plays in achieving elimination of 296

rabies. 297

Computational Analysis 298

Any deterministic framing precludes variability in parameter values and the role of 299

chance. To address the key limitations of the deterministic framework, we build a 300

stochastic discrete-time multispecies SEIRVQ model with explicit individual biting 301

behaviour and the probability of rabies incursions entering the system from outside. 302

Here we observe the impact of chance events on the disease dynamics under a varying 303

degree of dog vaccination and quarantine, and increasing incursion probabilities. 304

In line with the previous results obtained from the deterministic setting, increasing 305

quarantine and vaccination coverage has a positive effect on curtailing the epidemic and 306

leads to significant reductions in the overall number of infections, both in humans and 307

dogs (figure 5 and table 2). However, introductions of rabies cases from outside the 308

population pose an additional impediment to disease elimination. Exogenous incursions 309

increase the magnitude of transmission temporarily and decrease the probability of 310

extinction in the long term. In the stochastic formulation, neither the vaccination nor 311

the quarantine interventions result in a complete interruption of transmission when the 312

incursion probability >= 1.5. In fact, under intensified vaccination efforts and with 313

increased detection and quarantine of infected dogs, endemicity appears to be sustained 314

predominantly through incursions (figures 6 and 7). 315

Similar dynamics have been reported for diseases with lower transmission rates [37] 316

and/or during the endgame (i.e. pre-elimination/pre-eradication epidemiological stage 317

as described in [38,39], when heterogeneities in the force of infection (often driven by 318

incursions) and the level of immunity may result in unpredictable stochastic 319

outbreaks [38, 40] .Conversely, in the absence of incursions, rabies transmission appears 320

to die out regardless of the vaccination coverage and for R0 < 2 (figure 6), albeit the 321

timelines to elimination decrease with increasing control efforts. For R0 = 2 rabies 322

transmission persists only in no vaccination settings upon removal of exogenous 323

incursions. 324

To further probe the interaction between vaccination and quarantine measures, we 325

test four incrementally increasing levels of vaccination coverage (i.e., 0%, 25%, 50% and 326

75%. Whilst for the deterministic framework, > 20% vaccination coverage was found to 327

be sufficient in order to drive the system to extinction in the presence of low-level 328

quarantine (figure 4 panel A), this threshold is likely inaccurate for a system receiving 329

infected cases form outside, with fast turnover of susceptible individuals through high 330

birth and death rates, and variability in the number of offspring cases for each 331

Infectious dog. The effects of quarantine (both medium and high level - scenarios 2 and 332
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3 respectively) on the number of infections in the population as well as human deaths 333

appear particularly significant in no- and low-vaccination settings, with less apparent 334

yet statistically significant impact as the vaccination coverage increases (figure 5 and 335

table 2). 336

Discussion 337

Canine rabies circulating in domestic dogs represents a serious burden on public health 338

budgets and local communities. Mass dog vaccination campaigns, the cornerstone of 339

effective rabies control, has led to elimination of human deaths and interruption of 340

rabies transmission at the source in most countries across the Global North [41]. Such 341

campaigns, however, require systematic efforts delivered at scale and sustained over long 342

periods of time [6]. As the availability of human and financial resources is typically 343

limited in low- and middle-income countries, questions remain over the most effective 344

strategies to control rabies given extensive technical and structural constraints. 345

Contact tracing and subsequent quarantine of infected individuals play an important 346

role in the control of infectious diseases at the onset of an outbreak or during the 347

endgame [42,43]. Concentrating control on infected contacts can be potentially 348

extremely effective, but it relies on a sensitive surveillance system and a logistically 349

traceable fraction of the infected population. Such conditions are typically met for 350

diseases with easily recognizable symptoms and during the early and/or final stages of 351

an epidemic or for endemic pathogens persisting at low prevalence when only a limited 352

number of infections is present within the system. 353

Whilst largely endemic, rabies provides a suitable system to test a wider use of 354

quarantine outside its traditional application. Biting behaviour is the primary indicator 355

of rabies; transmission events, particularly from dogs to humans, are extremely 356

memorable as often inducing severe distress or even psychological trauma. Thus, they 357

are relatively easy to identify (when investigated) and traced back and forward as the 358

local communities remember the bite histories long after they have occurred. In 359

addition, rabies circulates at a low prevalence with R0 < 2, indicating only a small 360

percentage of the population is being infected at any time [32,44]. 361

The concept of quarantine for rabies suspect and probable dogs has long been part 362

of the general guidelines for community-based rabies control, particularly in low- and 363

middle-income countries. The dynamical impact of such an intervention has, however, 364

never been formally assessed. Using a combination of mathematical and computational 365

models developed to capture rabies dynamics in the context of control interventions 366

guided by contact tracing of dogs informed by patient bite-histories, here we investigate 367

the impact of quarantine and vaccination on the stability of the system with potential 368

application to other low incidence diseases. 369

We found that in the deterministic settings even medium levels of quarantine of 370

infected dogs pose a strong pressure on the stability of the system, and in combination 371

with minimal vaccination efforts quarantine would lead to a complete elimination of the 372

disease. Analytical models are powerful tools to explore global dynamics of a system and 373

its long-term evolution, but the insights are relevant only when assessed qualitatively. 374

As such, the theoretical findings suggest that introducing formal quarantine into the 375

rabies management strategies alongside mass dog vaccination campaigns would result in 376

a reduction in the overall burden of rabies cases whilst potentially providing a critical 377

stopgap in areas where immunity coverage falls temporarily below the optimal levels. 378

However, the exact parameter thresholds for when elimination can be expected are only 379

conceptual and will be modulated in empirical settings. 380

In fact, in the expanded probabilistic SEIRVQ framework the temporal exclusion of 381

dogs through quarantine does not result in elimination of the pathogen in spite of higher 382
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vaccination coverage levels than suggested by the analytical model. Stochastic 383

extinctions of individual transmission chains offset by re-introductions of rabies from 384

outside the population via exogenous incursions create a highly non-linear landscape of 385

transmission, requiring more extensive efforts than predicted deterministically given the 386

probabilistic nature of individual transmission events (e.g. barriers to achieving 387

elimination of polio in [38]). Demography may also play an important role; fast 388

population turnover due to high vital rates leads to constant restructuring of the dog 389

population and its immunity profile. Particularly in areas where the dog population 390

undergoes a substantial demographic change, annual high coverage achieving mass dog 391

vaccination campaigns are essential to countervail the immunity loss due to removal of 392

vaccinated dogs and their replacement with susceptible puppies [5, 6]. 393

It is, however, important to note, that the depletion of the susceptible population is 394

not associated with rabies, suggesting that changes in the size of the dog population 395

alone will not affect rabies transmission unless accompanied by additional measures in a 396

holistic manner. Given the nature of rabies transmission dynamics, previous research 397

has typically utilised frequency dependence for modelling purposes [6, 32,45,46]. Both 398

empirical data and models demonstrating that canine rabies circulates at low prevalence 399

around the world regardless of the size of the dog population [32] indicate that rabies 400

transmission between dogs occurs mostly independently of the population density under 401

a vast range of conditions, implying that a rabid dog will produce on average the same 402

number of infected contacts in a population of any realistic size [2, 6, 9]. 403

Conversely, contacts leading to disease transmission are largely context specific, and 404

they will change as the interventions are being implemented and in response to the 405

phase of the epidemic curve. Social, cultural, environmental and incidental backgrounds 406

can vary widely even across small spatial ranges, resulting in many loosely connected 407

metapopulations that act, for most time, as individual foci of infection [47,48]. For 408

diseases with higher transmission rates, smaller scale differences can be averaged across 409

larger spatial aggregates/population, whilst for the lower incidence infections detailed 410

spatial models provide partial leverage in capturing some of the system’s heterogeneities. 411

For example, a variability in the incubation and infectious period distributions can 412

dramatically alter the characteristics of rabies outbreaks depending on the immunity 413

profile of a given setting. Populations in which susceptibility levels fall low (and in an 414

erratic manner) as a result of inconsistent vaccination efforts are more sensitive to such 415

endogenous incursions, resulting in higher case burdens and longer transmissions 416

chains [47]. Similarly, when spatially structured and coupled with heterogeneous 417

immunity backgrounds, exogenous incursions may pose even stronger pressure than 418

observed in our model, leading to further elimination delays and increased control 419

requirements. Whilst critical to answer such questions, extensive spatial models can be 420

costly and intractable in terms of deriving generalizable results across settings and 421

require robust parameterization efforts. In addition, investigations into the biological 422

drivers of variation in disease transmission beyond population-level factors are likely to 423

provide promising insights; however, these are yet to be captured formally in a 424

mathematical framework. 425

Our findings add onto the existing body of information on rabies management 426

including actionable guidelines and tools supported by decades of operational research, 427

and offer a deeper understanding of the principles and effectiveness of quarantine on 428

rabies dynamics. Implementing contact tracing and quarantine of suspect and probable 429

dogs may bring enormous benefits to public health and the affected communities, 430

particularly in lower vaccination settings challenged by exogenous incursions, directly 431

reducing the number of canine and human deaths due to rabid bites. Nonetheless, while 432

active investigations and quarantine appear a powerful component of the One Health 433

response in curtailing transmission, large-scale vaccination of dogs is necessary for 434
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complete interruption of transmission of the virus and sustained elimination of rabies, 435

given the enduring risk of re-introductions from neighbouring populations [49–51]. With 436

the aspiration to eliminate dog-mediated human rabies by 2030, we conclude that a 437

successful outcome depends on a combination of complementary intersectoral control 438

measures, integrating and building upon operational capacities of both public health 439

and veterinary sectors. 440
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18. Berge T, Ouemba Tassé A, Tenkam H, Lubuma J. Mathematical modeling of 485

contact tracing as a control strategy of Ebola virus disease. International Journal 486

of Biomathematics. 2018;11(07):1850093. 487

19. Morris RJ. Cholera 1832: The social response to an epidemic. vol. 20. Routledge; 488

2022. 489

20. Beckmann J. A history of inventions, discoveries, and origins. Musaicum Books; 490

2021. 491

21. Peltier M. The influenza epidemic that occurred in New Caledonia in 1921. Bull 492

de l’Office Int d’Hygiene Publique. 1922;6:677–685. 493

22. Pandey A, Atkins KE, Medlock J, Wenzel N, Townsend JP, Childs JE, et al. 494

Strategies for containing Ebola in West Africa. Science. 2015;346(6212):991–995. 495

23. Schoch-Spana M, Bouri N, Rambhia KJ, Norwood A. Stigma, health disparities, 496

and the 2009 H1N1 influenza pandemic: how to protect Latino farmworkers in 497

future health emergencies. Biosecurity and bioterrorism: biodefense strategy, 498

practice, and science. 2010;8(3):243–254. 499

24. CDC, Rothstein MA, Alcalde MG, Elster NR, Majumder MA, Palmer LI, et al. 500

Quarantine and isolation: Lessons learned from SARS. University of Louisville 501

School of Medicine, Institute for Bioethics, Health . . . ; 2003. 502

25. Hampson K, Dushoff J, Bingham J, Brückner G, Ali Y, Dobson A. Synchronous 503

cycles of domestic dog rabies in sub-Saharan Africa and the impact of control 504

efforts. Proceedings of the National Academy of Sciences. 2007;104:7717–7722. 505

26. Lloyd-Smith J, Schreiber S, Kopp P, Getz W. Superspreading and the effect of 506

individual variation on disease emergence. Nature. 2005;438(7066):355–359. 507

27. Kaplan C, Turner G, Warrell D, Brown F, Crick J, Haig D, et al. Rabies THE 508

FACTS. Oxford University Press; 1977. 509

28. Hemachudha T, Laothamatas J, Rupprecht CE. Human rabies: a disease of 510

complex neuropathogenetic mechanisms and diagnostic challenges. The Lancet 511

Neurology. 2002;1(2):101–109. 512

29. Rysava K, Espineda J, Silo EAV, Carino S, Aringo AM, Bernales RP, et al. One 513

Health Surveillance for Rabies: A Case Study of Integrated Bite Case 514

Management in Albay Province, Philippines. Frontiers in Tropical Diseases. 515

2022;3. doi:10.3389/fitd.2022.787524. 516

30. Gillespie DT. Approximate accelerated stochastic simulation of chemically 517

reacting systems. The Journal of Chemical Physics. 2001;115(4):1716–1733. 518

doi:10.1063/1.1378322. 519

November 1, 2023 13/23



31. Padgett JMA, Ilie S. An adaptive tau-leaping method for stochastic simulations 520

of reaction-diffusion systems. AIP Advances. 2016;6(3):035217. 521

doi:10.1063/1.4944952. 522

32. Hampson K, Dushoff J, Cleaveland S, Haydon D, Kaare M, Packer C, et al. 523

Transmission Dynamics and Prospects for the Elimination of Canine Rabies. 524

PLOS Biology. 2009;7(3):e1000053. 525

33. BAI. Manual of Animal Quarantine.; 2021. Available from: 526

https://www.bai.gov.ph/media/5sbf3vzn/ 527

10-animal-quarantine-rabies-exposed-animals.pdf. 528

34. DOH. Revised Guidelines on the Management of Rabies Exposures.; 2018. 529

Available from: https://www.psmid.org/wp-content/uploads/2020/03/ 530

CPG-rabies-AO-2018-0013.pdf. 531

35. Kurosawa A, Tojinbara K, Kadowaki H, Hampson K, Yamada A, Makita K. The 532

rise and fall of rabies in Japan: A quantitative history of rabies epidemics in 533

Osaka Prefecture, 1914–1933. PLOS Neglected Tropical Diseases. 534

2017;11(3):e0005435. 535

36. Cori A, Nouvellet P, Garske T, Bourhy H, Nakouné E, Jombart T. A 536
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Fig 1. Single-species SEIQV deterministic compartmental model diagram.
Epidemiological classes are indicated by circles and arrows suggest the directionality of
transitional flows of individuals and the virus moving between compartments.
Susceptible individuals can become either Exposed at rate β or Vaccinated at rate vc.
Vaccinated individuals then return to the Susceptible class with waning immunity of the
vaccine at rate wn which is given by the reciprocal of the average longevity of the
vaccine. Infectious individuals can be taken out of their class and placed into
Quarantine at rate q (note that here we assumed that only Infectious individuals can
transition into the Quarantined class). In this scheme, all infectious dogs are removed
from the population and die at rate γ for Infected individuals and rate τ for the
Quarantined dogs. Here τ = γ/(1− γρ) where ρ is the mean delay from an individual
becoming infectious to entering quarantine, assuming all Quarantined individuals will
always die and be removed from the population.
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Fig 2. Multi-species SEIRVQ compartmental model diagram. Dog and human
epidemiological classes are indicated by circles and squares respectively. Arrows show
directions at which individuals and the pathogen move through the system. Compared
to the single-species model, here we allow for any epidemiological class of the dog
population (except for the Removed class) to be placed in quarantine. Susceptible and
Vaccinated quarantined dogs are returned to their respective compartments upon
completion of the quarantine at the rate qr. Infected quarantined dogs are removed
from the population as a result of disease-induced death at the rate γ. Depending on
the progression of the disease in Exposed quarantined dogs, two distinct scenarios can
occur. For those individuals that will become Infectious within the time frame of their
quarantine, disease-induced death follows at the same rate as for Infected individuals,
whereas Exposed quarantined dogs that are asymptomatic by the end of their
quarantine are returned back into the Exposed class at the rate qr. Transmission of the
disease between dogs, and from dogs to humans is defined as a sum of offspring rabid
bites seeded by Infected individuals, drawn from a negative binomial distribution taking
different parameter values for dogs and human. Lastly, the overall level of infection in
the system can be elevated by an introduction of exogenous incursion entering the
system at the rate ic. All model parameters associated with the disease and
demographic process illustrated here are summarized in Table 1.
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Fig 3. Distributions of the number of dogs identified for quarantine across
surveillance scenarios. Frequency distribution of the number of dogs identified for
quarantine per biting dog responsible for (from left to right) non-case patients, rabies
exposed case patients, and rabies exposed case patients coupled with additional in-field
contact tracing investigations of these incidents. Estimates are drawn from a
Conway-Maxwell-Poisson distribution with different parameter values taken for each
scenario.
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Fig 4. Rabies dynamics across vaccination and quarantine parameter space
for different values of R0. A: Stability analysis for the deterministic SEIQV model
under R0 values ranging from 1 to 2. Raster shading shows the stability at the endemic
equilibrium for different combinations of vaccination and quarantine rates. The blue
shading indicates the region where the endemic equilibrium is stable, whilst the red
region indicates where the endemic equilibrium is unstable. B: Case incidence of
infected dogs per 10,000 for vaccination and quarantine rates from 0 to 1 when the
system is in endemic equilibrium. In this panel grey shading indicates the region where
the disease free equilibrium is stable. C: Case incidence of exposed dogs per 10,000 for
vaccination and quarantine rates equivalent to values shown in B.
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Fig 5. Incremental decline in the case incidence (Exposed and Infected dog cases) per
10,000 dogs across 1000 simulations with increasing levels of dog quarantine and
vaccination coverage. Summaries shown as individual panels for a range of R0 values
(note the differential scale of y-axes between the panels). Differences between
quarantine scenarios in the number of Exposed and Infected dogs is particularly striking
in low vaccination coverage settings and/or for higher values of R0 as supported by the
statistical analysis summarized in Table 2. The simulation data points do not include
the initial burn-in period of the first six months.

Fig 6. Summary of case incidence (Exposed and Infected dog cases) per 10,000 dogs
across 1000 simulations assuming increasing incursion probability and vaccination
coverage values. Summaries organized as in Figure 5. Incursion scenarios 1, 2 and 3
indicate an incursion probability ī equal to 0, 1.5, and 3 respectively. In the absence of
exogenous incursions, rabies transmission in the modelled population eventually dies out
regardless of the vaccination coverage for all values of R0 expect for R0 = 2. The time to
elimination will, however, decrease with intensified vaccination efforts. The simulation
data points again do not include the initial burn-in period of the first six months.
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Fig 7. Example time series for R0 = 1.3 demonstrating rabies dynamics across
increasing vaccination coverage levels and incursion probabilities. Incursion scenarios 1,
2, and 3 stand for ī = 0, ī = 1.5 and ī = 3 respectively. Vaccination coverage of 0%, 25%
50% and 75% shown in (A), (B), (C) and (D) in the same order. Regardless of the
vaccination rate, complete elimination of the virus from the population occurred in the
absence of incursions. However, to achieve elimination with incursion probabilities
> 1.5, high levels of vaccination coverage and extended time lines are to be expected.
Shading around projected trajectories indicate the 95% confidence envelope. Note that
the time series omit the model burn-in period of the initial six months.
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Table 2. Trends in the weekly number of infected dogs (Exposed and Infectious) (Top
table) and human deaths due to rabid bites (Bottom table) under vaccination and
quarantine scenarios. All variables statistically significant with p << 0.005. Incident
rates for vaccination (continuous) and quarantine (categorical) treatments are
calculated from regression coefficients obtained via a negative binomial general linear
model fitted to the simulated time series. The incident rates indicate a multiplicative
effect on the unit change in the response variable. For example, for R0 = 1.3 the
expected number of canine rabies cases is 0.79 times the reference value (intercept)
when Quarantine Scenario 2 is implemented as opposed to no quarantine, and 0.59
times the reference value when Quarantine Scenario 3 is implemented compared to no
quarantine (i.e., reducing the expected mean of 55.87 to 44.58 and 33.13 for Scenarios 2
and 3 respectively). For the same value of R0, every unit increase in vaccination efforts
(i.e., 1%) would change the expected mean of canine cases by 0.2%, giving to the
expected mean of 25.23 infected dogs for 50% vaccination coverage. Whilst the impact
of quarantine on human health is only indirect through the reduced number of rabid
dogs circulating in the population and the weekly incident rates of the quarantine
scenarios relatively low, on average three humans lives would be saved every month
when either quarantine scenario is implemented assuming the same basic reproductive
number as above.

R0 Canine Vaccination Quarantine Quarantine
Infections Incident Scenario 2 Scenario 3
Intercept Rate Incident Incident

Rate Rate

1.0 34.82 0.302 0.834 0.648
1.1 40.47 0.268 0.825 0.628
1.2 47.37 0.235 0.815 0.613
1.3 55.87 0.204 0.798 0.593
1.4 66.25 0.174 0.779 0.571
1.5 80.48 0.147 0.756 0.543
1.6 99.63 0.120 0.732 0.521
1.7 128.66 0.093 0.687 0.480
1.8 175.71 0.069 0.628 0.431
1.9 277.10 0.045 0.535 0.359
2.0 579.98 0.023 0.380 0.251

R0 Human Vaccination Quarantine Quarantine
Deaths Incident Scenario 2 Scenario 3
Intercept Rate Incident Incident

Rate Rate

1.0 0.91 0.605 0.875 0.797
1.1 0.99 0.563 0.858 0.772
1.2 1.09 0.510 0.846 0.753
1.3 1.21 0.462 0.832 0.729
1.4 1.36 0.409 0.813 0.704
1.5 1.55 0.351 0.785 0.668
1.6 1.82 0.299 0.752 0.638
1.7 2.24 0.232 0.699 0.577
1.8 2.98 0.171 0.633 0.505
1.9 4.63 0.103 0.519 0.404
2.0 9.49 0.046 0.361 0.265
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