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Abstract

Vaccines remain one of the main tools to control infectious diseases in domestic livestock.

Although a plethora of veterinary vaccines are on the market and routinely applied to protect

animals against infection with particular pathogens, the disease in question often continues

to persist, sometimes at high prevalence. The limited effectiveness of certain vaccines in

the field leaves open questions regarding the required properties that an effective vaccine

should have, as well as the most efficient vaccination strategy for achieving the intended

goal of vaccination programmes. To date a systematic approach for studying the combined

effects of different types of vaccines and vaccination strategies is lacking. In this paper, we

develop a theoretical framework for modelling the epidemiological consequences of vacci-

nation with imperfect vaccines of various types, administered using different strategies to

herds with different replacement rates and heterogeneity in vaccine responsiveness. Apply-

ing the model to the Porcine Reproductive and Respiratory Syndrome (PRRS), which

despite routine vaccination remains one of the most significant endemic swine diseases

worldwide, we then examine the influence of these diverse factors alone and in combination,

on within-herd virus transmission. We derive threshold conditions for preventing infection

invasion in the case of imperfect vaccines inducing limited sterilizing immunity. The model

developed in this study has practical implications for the development of vaccines and vacci-

nation programmes in livestock populations not only for PRRS, but also for other viral infec-

tions primarily transmitted by direct contact.

Introduction

For decades, vaccination has been considered the most powerful defense against a range of

infectious diseases. The major aims of veterinary vaccines are to improve the health of animals

and to prevent or reduce pathogen transmission, thereby mitigating the impact of infectious

diseases on livestock production in a cost-effective manner [1]. However, the potential of avail-

able vaccines to effectively control infectious diseases in livestock is contentious [2], because
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they often only confer limited sterilizing immunity and thus may not prevent infection, and

may only partly reduce pathogen transmission. A vaccine is considered effective if it can

reduce within-host pathogen burden as well as pathogen shedding, prevent or alleviate dis-

ease-induced clinical signs, and thus improve the general health conditions of exposed animals

[1]. More comprehensively, the desirable properties of an effective vaccine include: (i) high

safety (i.e. no reversion to virulence or disease caused by the vaccine strain) [3–5]; (ii) high

sterilizing immunity against a wide range of variant pathogen strains [6, 7]; (iii) fast onset of

protection [8]; (iv) high immunogenicity leading to reduction in pathogen load, shedding and

faster recovery [9], as well as (v) vaccine responsiveness in a broad range of hosts. Very few

vaccines on the market satisfy all of these properties. For example, vaccine safety is a major

concern for modified live vaccines [1, 10, 11], sterilizing immunity has been found to often

reach alarmingly low values [12], and heterogeneity in vaccine response, e.g. due to genetic or

age differences, seems ubiquitous [13–15].

All of these listed vaccine properties play an important role in pathogen transmission, and

thus in vaccine effectiveness on a population level. For example, sterilizing immunity affects

the susceptibility of a host to infection with a heterologous strain, whereas the impact of a vac-

cine on pathogen shedding affects an individual’s infectivity, i.e. its ability to transmit infection

to others [16]. Vaccines that accelerate host recovery reduce pathogen transmission by reduc-

ing the infectious period of a host [16–18]. In contrast, delay in onset of protection or host het-

erogeneity in vaccine response limit the time or extent of effective vaccine coverage in a

population, thus enable continued pathogen transmission.

The effectiveness of a given vaccine in the field depends not only on the properties of the

vaccine itself, but also on how the vaccine is applied and what other biosecurity measures are

in place. For example, herd closure during a disease outbreak has been promoted as a highly

effective disease control strategy, whereas continuous influx of new susceptible, possibly non-

vaccinated individuals contributes to long term persistence of the disease in a herd [17, 19].

Common vaccination strategies for livestock diseases include prophylactic (also known as pre-

ventative) and reactive mass vaccination [20]. Prophylactic vaccination is applied prior to

introduction of a pathogen into a herd, typically either as precaution to avoid recurrence of

previously resolved disease outbreaks in the herd or due to a perceived high risk occurring

from outbreaks in neighboring herds or farms. Although prophylactic mass vaccination is rare

in practice, it is considered the best strategy to prevent disease outbreaks and thus to minimize

the risk of a major epidemic [2]. Reactive vaccination on the other hand, although considered

less effective than prophylactic vaccination, is typically applied to control ongoing epidemics.

Application of either vaccination strategy is commonly hampered in practice by insufficient

vaccine availability, economic reasons or safety restrictions (e.g. clinical symptoms occurring

due to the vaccination) and logistic delays [20]. These affect the frequency and timing of vacci-

nation as well as the effective vaccine coverage in a population, i.e. the proportion of immu-

nized animals. One-off vaccination of a small proportion of animals in a herd with high

disease prevalence and high replacement rate may not be very effective, even if the applied vac-

cine contains all the desirable properties.

To the best of our knowledge, there is currently no theoretical framework to systematically

assess how different vaccine properties and vaccination strategies interactively influence infec-

tion invasion and transmission in herds with different demographics. This makes predictions

of vaccine effectiveness in the field extremely difficult. In particular, an infectious disease for

which a comprehensive framework that combines the diverse factors compromising vaccine

effectiveness would be extremely useful, is the Porcine Reproductive and Respiratory Syn-

drome (PRRS), which is caused by the PRRS virus (PRRSv) [21, 22]. PRRS is one of the most

significant and costly swine diseases globally [23], with estimated costs per year over $ 650
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million in the United states [24] and almost 1.5b € in Europe [25]. Although the first PRRS

vaccine has become commercially available more than two decades ago and several PRRS vac-

cines have been widely used since, the prevalence of PRRS remains high [26]. Failed vaccina-

tion programmes have raised an urgent demand for more effective vaccines [27, 28]. As PRRS

continues to spread rapidly all over the world, with more virulent PRRSv strains emerging in

Asia a few years ago, concerns have been raised about the epidemiological consequences of

vaccination and the evaluation of the vaccination effectiveness [29, 30].

The most common PRRS vaccines can be broadly categorised into modified-live virus

(MLV) vaccines or inactivated or killed virus (KV) vaccines. However, so far none of them has

been fully effective in preventing the spread of the virus within a herd [8, 21, 22, 26, 31, 32].

PRRS MLV vaccines are attenuated live vaccines, which have shown delayed but effective pro-

tection against homologous and some heterologous PRRSv strains [8]. They reduce clinical

signs, severity and the duration of viraemia and virus shedding [31, 33]. However, their limited

sterilizing immunity and immunogenicity to many circulating PRRSv strains have raised

major concerns regarding vaccine effectiveness [8, 21, 34–37]. PRRS KV vaccines, containing

adjuvants, on the other hand are known for their high safety, but the sterilizing immunity that

they provide against either homologous or heterologous PRRSv strains is extremely limited,

and they often fail to significantly reduce clinical signs [38], viremia and duration of shedding

in naïve animals [39]. While KV vaccines have failed to elicit detectable antibodies and also

barely elicit cell-mediated immune (CMI) response in PRRSv-negative pigs (i.e. ineffective

prophylactic vaccination) [40], in PRRSv-positive pigs (reactive vaccination) they have been

reported to strengthen both types of immune responses to the infecting virus [40, 41], thus

speeding up of recovery and potentially also reducing infectivity of the pigs. For this reason,

PRRS KV vaccines have been recommended for use as therapeutic vaccines for PRRSv treat-

ment rather than for disease prevention [42].

Despite tremendous efforts over the last three decades to understand PRRS pathogenesis

and vaccinology, effective PRRS vaccines, possessing safety, broad sterilizing immunity and

high immunogenicity, are still lacking [26, 28]. Furthermore, relatively little is known how the

existing vaccines affect virus transmission in a herd, or how these could be most effectively

applied to prevent PRRS outbreaks or reduce their impact. Experimental or field studies test-

ing the impact of a vaccine on virus transmission are not only rare but are limited to a specific

vaccine type, a specific vaccination strategy, a specific challenge strain, and specific pig breeds

[43]. Mathematical models, on the other hand, have been proven powerful tools to assess the

combined effects of several interacting factors on virus transmission and to predict the out-

come of different types of vaccines or vaccination strategies (see e.g. [2, 44, 45] and other refer-

ences therein).

The aim of this study is to develop a theoretical framework for modelling the combined epi-

demiological consequences of different vaccination strategies and different vaccine properties

applied to domestic livestock populations with different replacement rates. Table 1 lists the key

factors known to compromise vaccine effectiveness that are considered in this study. Vaccine

safety is not included in this table as in this study we only consider safe vaccines, i.e. vaccines

that do not revert to virulence and cause disease by themselves.

The core model developed in this study is generic to represent infection dynamics in differ-

ent livestock populations and for different pathogen species. However, to investigate the epide-

miological consequences of vaccination, we parameterize the model to represent a herd of pigs

exposed to a PRRSv strain different to the vaccine strain, when vaccination utilizing different

types of vaccines (outlined in Table 1) is applied either prophylactically or reactively, at differ-

ent time points and different frequencies, in herds with different replacement rates. In particu-

lar, we use the model to derive threshold conditions for preventing infection invasion even for
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vaccines with low sterilizing immunity. The model derived in this study provides new insights

for vaccine development and application for combating PRRS and other diseases threatening

domestic livestock populations, caused by viral infections primarily transmitted by direct

contact.

Materials and methods

Modelling transmission dynamics in a vaccinated population

The generic deterministic epidemiological Susceptible-Infected-Recovered (SIR) model pre-

sented below models transmission of a wild-type strain of a particular pathogen in a commer-

cial herd where vaccination is applied.

For an epidemiological SIR model in a homogenous non-vaccinated herd, the transmission

dynamics is controlled by two model parameters, the transmission term β and the recovery

rate γ. The transmission term β, loosely called transmission rate, is defined as the product of

the average contact rate and the probability that virus transmission occurs between an infected

and a susceptible hosts upon contact. In this study a frequency-dependent transmission, where

the number of contacts is independent of population size, is assumed.

Vaccination introduces heterogeneity in a population, dividing the proportions of pigs into

susceptible non-vaccinated (SN), susceptible vaccinated (SV), infected non-vaccinated (IN),

infected vaccinated (IV), and recovered non-vaccinated (RN) and recovered vaccinated (RV).

All recovered hosts (vaccinated or not) are assumed to gain full immunity to the modelled

pathogen field strain. The model is illustrated in Fig 1 and represented by the following set of

ordinary differential equations

dSN
dt
¼ lN � bNNSNIN � bNVSNIV � mSN ; ð1aÞ

Table 1. A list of factors that compromise vaccine effectiveness incorporated in our model. Vaccine responsiveness and administration are both captured by the same

parameter, p, which is the vaccine effective coverage. An incomplete coverage is either due to the vaccine only being administrated to a proportion of pigs or because not

all vaccinated pigs have developed protective immunity. A detailed description of the model parameters is given in Table 2.

Factors Effect on epidemiological characteristics Model parameters

Vaccine properties

Vaccine-induced sterilizing immunity Reduced transmission through lower host susceptibility �s

Vaccine-induced reduction in pathogen shedding Reduced transmission through lower host infectivity �i

Vaccine-induced increase in recovery rate Speed up recovery rate of infected host �γ

Time delay in onset of immunity Period between vaccination and the onset of vaccine-induced immunity time-dependent �s,i,γ (t)
Effective coverage (responsiveness) Proportion of immunized pigs p

Vaccination strategies

Prophylactic/Reactive � Vaccination before/after first infection incident �s,i,γ

Time & frequency Continuous vaccination/One-off vaccination λN, λV
Effective coverage (administration) Proportion of pigs to which the vaccine is administered p

Pathogen biology

Pathogen virulence Pathogen controlled infection transmission potential R0

Herd demography & management

Replacement rate Rate at which vaccinated/non-vaccinated pigs are replaced (zero in closed herds) λN, λV, μ

� Note that prophylactic versus reactive vaccination strategies are mainly described by the initial conditions (ICs) of the system as given in the following section.

https://doi.org/10.1371/journal.pone.0220738.t001
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dSV
dt
¼ lV � bVNSVIN � bVVSVIV � mSV ; ð1bÞ

dIN
dt
¼ bNNSNIN þ bNVSNIV � ðgN þ d þ mÞIN ; ð1cÞ

dIV
dt
¼ bVNSVIN þ bVVSVIV � ðgV þ mÞIV ; ð1dÞ

dRN
dt
¼ gNIN � mRN ; ð1eÞ

dRV
dt
¼ gVIV � mRV ; ð1fÞ

with the initial conditions (ICs):

Sjð0Þ ¼ Sj0 � 0; Ijð0Þ ¼ Ij0 � 0; Rjð0Þ ¼ 0; j ¼ N;V; ð2Þ

where βjk, j, k = N, V, are the transmission rates from an infected pig of type k to a susceptible

pig of type j, γj are the recovery rates, λj are the corresponding birth/replacement rates and μ is

the average death/removal rate. Moreover, d is the mortality rate due to the infection, which is

assumed to be non-zero only for non-vaccinated infected pigs. Equal birth/replacement and

death/removal rates are assumed, which corresponds to a constant population size when the

death rate due to the infection is zero, i.e. λN + λV = μ. The values Sj0 and Ij0 are non-negative

real values denoting the initial proportion of susceptible and infected in population. Table 2

presents a list of all model parameters together with their assumed values for the simulations

in this study and corresponding information source. For the simulations it is assumed that the

infection with the field pathogen strain in a herd is introduced by a proportion of non-vacci-

nated, IN0
, and/or vaccinated, IV0

, individuals in an otherwise fully susceptible population. In

Fig 1. Flow diagrams of the heterogeneous vaccine SIR model given by (1).

https://doi.org/10.1371/journal.pone.0220738.g001
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prophylactic vaccination IN0
and IV0

can take values greater than or equal to zero, while in reac-

tive vaccination it is always IV0
¼ 0.

The average number of secondary cases arising from one infection when the entire popula-

tion is susceptible, i.e. the basic reproductive ratio, denoted by R0 is given by the following Eq

[46]

R0 ≔
lNbNN

mðgN þ d þ mÞ
þ

lVbVV
mðgV þ mÞ

: ð3Þ

R0 is a key epidemiological measure for how “infectious” a disease is, with large R0 possibly

representing more virulent pathogen strains [47]. Vaccination ultimately aims to prevent the

invasion of an infection into a population, which corresponds to reducing R0 to below one

(R0 < 1).

One of the factors that compromise vaccine effectiveness is the effective vaccine coverage,

p, which may capture the proportion of herd members to which the vaccine has been applied

or the proportion of herd members that respond to the vaccine, i.e. are effectively immunized

(see Table 1). Vaccine coverage p is implemented into the model through the replacement

rates.

lN ¼ ð1 � pÞm and lV ¼ pm; 0 � p < 1: ð4Þ

Therefore, for 0� p� 1 the basic reproductive ratio in a population with effective vaccine

coverage p becomes

R0 ¼
ð1 � pÞbNN
ðgN þ d þ mÞ

þ
pbVV
ðgV þ mÞ

¼ ð1 � pÞRN
0
þ pRV

0
; ð5Þ

where RN
0

and RV
0

the basic reproductive ratios in non-vaccinated and vaccinated pigs, respec-

tively. In the case of no removal or replacement, the basic reproductive ratio of the closed herd

is

R0 ¼
ð1 � pÞbNN
ðgN þ dÞ

þ
pbVV
gV

: ð6Þ

Table 2. Description of the model parameters together with their assumed value ranges considered in this study.

Param. Description Value Reference

λN Replacment rate of non-vaccinated susceptible pigs 0 − 0.0017 [48–50]

λV Replacment rate of vaccinated susceptible pigs 0 − 0.0017 [48–50]

βNN Transmission rate between non-vaccinated pigs 0.030 − 0.426 [43, 49, 51, 52]

βNV, βVN Transmission rates between vac. and non-vac. pigs 0 − 0.426 Estimated by relations (7a) & (8a)

βVV Transmission rate between vaccinated pigs 0 − 0.426 Estimated by relations (7a) & (8b) (see also Ref. [43, 52])

γN Recovery rate of non-vaccinated pigs 0.004 − 0.1428 [43, 49, 50]

γV Recovery rate of vaccinated pigs 0.0057 − 0.1 Estimated by relation (9) (see also Ref. [43, 49, 53, 54])

μ Death/removal rate 0 − 0.037 [43, 49, 51, 52]

d Death rate due to infection 0 − 0.001 Estimated

RN
0

Basic reproductive ratio of non-vaccinated pigs 1 − 9.04 [43, 49, 52, 55]

RV
0

Basic reproductive ratio of vaccinated pigs 0 − 7.1 Estimated by relations (3) & (7)–(9) (see also Ref. [43, 49, 52])

https://doi.org/10.1371/journal.pone.0220738.t002
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Vaccine properties

To investigate vaccine effectiveness, we distinguish between different types of vaccines and dif-

ferent vaccination strategies (see Fig 2). In particular, we investigate how the diverse factors

compromising vaccine effectiveness, in addition to effective vaccine coverage, listed in Table 1

separately and combined affect the infection invasion and spread in the herd. Vaccine proper-

ties either affect the transmission rates βjk or the recovery rates γj, j, k = N, V, in the epidemio-

logical model (1). Transmission rates may be reduced by the vaccine in two ways, i.e. either

due to a reduction in host susceptibility, modelled by the vaccine’s sterilizing immunity �s, or

due to a reduction in host infectivity, modelled by a vaccine-induced effect �i on the transmis-

sion rate. Note that these effects may refer to two different mechanisms. For example vaccine-

induced reduction in host susceptibility may refer to mechanisms reducing pathogen entry

and establishment into the target cells, whereas vaccine-induced reduction in host infectivity

may refer to mechanisms regulating pathogen replication and shedding. Similarly, a vaccine

may trigger immune mechanisms that speed up recovery. Thus, we also model here the vac-

cine-induced effect on the recovery rate denoted by �γ.

Assuming that these vaccine properties act independently from each other (i.e. multiplica-

tive effects on the model parameters), the different vaccine properties are represented in the

model (1) as follows:

1. Vaccine-induced sterilizing immunity �s(0� �s� 1): In this case the vaccine reduces the sus-

ceptibility of the vaccinated individual with the following effects on the transmission rates

bVN ¼ ð1 � �sÞbNN; ð7aÞ

bVV ¼ ð1 � �sÞbNV : ð7bÞ

2. Vaccine-induced reduction in host infectivity �i(0� �i� 1): In this case the vaccine reduces

the propensity of a vaccinated infected host to transmit infection to a susceptible host upon

contact, which is represented by

bNV ¼ ð1 � �iÞbNN ; ð8aÞ

bVV ¼ ð1 � �iÞbVN: ð8bÞ

Fig 2. Tree diagram showing modelled scenarios. We refer to the text for definitions of the parameters and further explanations. Here, the vaccine coverage p
represents either the proportion of individuals to which the vaccine is administered or the proportion of vaccine responders. Also, delay in the onset of vaccine induced

immunity is not explicitly included as vaccine property, as it is equivalent to modelling a reactive vaccination strategy.

https://doi.org/10.1371/journal.pone.0220738.g002
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3. Vaccine-induced increase in recovery rate �γ(0 < �γ� 1): This is modelled by

gV ¼ gN=ð1 � �gÞ: ð9Þ

4. Delay in the onset of vaccine-induced immunity: The delay in the onset of vaccine-induced

immunity is incorporated in the model by changing the constants �s, �i and �γ to step func-

tions �s(t), �i(t) and �γ(t) with

�s;i;g tð Þ≔
0; for 0 � t < t0;

�s;i;g; for t � t0;

8
<

:
ð10Þ

where t0 denotes the time period between vaccination and the onset of vaccine-induced

immunity. As outlined below, these step functions are also used to model reactive vaccina-

tion. Finally, it should be noted that the limiting cases γV!1 and βjk = 0 in Eqs (7)–(9)

represent full protection of the vaccine and prevention of pathogen transmission when vac-

cination is applied, respectively.

Vaccination strategies

In this study we distinguish between two types of vaccination strategies, i.e. prophylactic and

reactive vaccination. In the case of prophylactic vaccination we assume that a proportion p of

the herd has been effectively vaccinated at the time of exposure to the field pathogen strain.

The initial conditions for this case are

SNð0Þ ¼ ð1 � pÞð1 � I0Þ; INð0Þ ¼ ð1 � pÞI0;RNð0Þ ¼ 0; ð11aÞ

SVð0Þ ¼ pð1 � I0Þ; IVð0Þ ¼ pI0;RVð0Þ ¼ 0; ð11bÞ

where I0 > 0 the total proportion of individuals (vaccinated and non-vaccinated) infected with

the field pathogen strain. Thus in the case of full vaccine coverage SN(0) = IN(0) = RN(0) = 0.

Reactive vaccination refers to the situation when vaccination is applied only after a propor-

tion of non-immunized individuals has become infected either due to delayed vaccination or a

delayed onset of vaccine-induced immunization. It is modelled by the step functions (10),

describing the effect of vaccination on transmission and recovery rates once the vaccination is

applied at the time point t0 > 0.

Besides the two vaccination strategies, which mainly specify the proportion of vaccinated

individuals in a specific period, another factor that controls transmission dynamics within a

herd included in the model is the frequency of vaccination, and in particular whether vaccina-

tion is applied continuously or only once (hereafter denoted as one-off vaccination). In an

open herd with constant replacement of removed or dead individuals, continuous versus one-

off vaccination affect the replacement rates λN and λV as follows:

1. Continuous vaccination in an open herd: In this case we assume a continuous vaccination of

incomers, with constant vaccine coverage p, i.e. λN = (1 − p)μ, λV = pμ.

2. One-off vaccination in an open herd: In this case we assume that vaccination is not applied

to incoming animals, i.e. λN = μ, λV = 0.

In a closed herd, vaccination is assumed to be applied only once, and in this case the replace-

ment rates λN and λV are zero, i.e. there are no incomers. In summary, different vaccination

frequencies in open or closed herds can be modelled through different replacement rates.
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Fig 2 illustrates the different scenarios corresponding to different vaccine properties and

vaccination strategies modelled in this study.

Application to PRRS

The model presented in Eqs (1) and (2) above can be applied to model PRRSv transmission

dynamics in pig herds under different vaccination scenario [48, 49, 51]. Values of the model

parameters were obtained from the literature (see references listed in Table 2). The large value

range for these may represent the large variety in existing PRRSv strains (e.g. low or highly vir-

ulent strains), types of pig herds (e.g. breeding herds vs growing pigs, multi-site or single-site

production), environments and management structures, etc. This large range in values for epi-

demiological parameters leads to a range of R0 values between one and nine in non-vaccinated

herds (Table 2) and thus allows assessment of vaccine and vaccination effects under a wide

range of conditions. We therefore present results for relatively low and high R0 values R0� 2

and R0� 6, respectively.

In each simulated scenario, the infection in a herd is introduced by assuming 0.1% of

the pigs are infected at the beginning of the observation period. Depending on the model sce-

nario, these are either vaccinated (prophylactic vaccination) or non-vaccinated (reactive

vaccination).

To assess vaccine effectiveness we focus on three important epidemiological measures [45]

(i) the risk of infection invasion (or infection eradication if already invaded), represented by

R0; (ii) the peak prevalence of infection; (iii) the time at which the peak prevalence occurs.

Table 2 lists the parameter value ranges used in the simulations together with the literature

source. Here we show results for two different average values of RN
0

, i.e. RN
0
¼ 2 and 6 [43, 49,

52, 55], representing a moderate and a severe PRRS epidemic, respectively. These values were

produced by assuming an average duration of the infectious period of 56 days [49, 55, 56], cor-

responding to a recovery rate for non-vaccinated pigs of γN = 0.01785 per day. The assumed

transmission rate corresponding to RN
0
¼ 2 was βNN = 0.04 per day, whereas the transmission

rate corresponding to RN
0
¼ 6 was βNN = 0.12 per day. Choosing different parameters sets of

βNN, γN can lead to the same RN
0

values, generalising a bit the results and giving a good theoreti-

cal framework, since presenting all the possible sets is not possible.

Results

1 Prophylactic vaccination

1.1 Continuous vaccination. To quantify the effect of a vaccine on infection invasion in a

herd we use relation (5), which becomes

R0 ¼
ð1 � pÞbNN
ðgN þ d þ mÞ

þ
pð1 � �sÞð1 � �iÞbNN

gN
1� �g
þ m

� � : ð12Þ

Assuming negligible infection induced death rate d (see Table 2), Eq (12) simplifies to:

R0 � ½ð1 � pÞ þ pð1 � �sÞð1 � �iÞð1 � �gÞ�RN0 : ð13Þ

Relation (13) shows that the vaccine properties �s, �i and �γ exhibit an equivalent effect on R0.

Because of the assumed independence between these vaccine properties (Eqs (7)–(9)), different

effects of a vaccine act multiplicatively on R0. Thus, assuming vaccine coverage of one (p = 1),

a vaccine providing 50% sterilizing immunity (�s = 0.5), but having no effect on the infectivity

or recovery rate of individuals, reduces the R0 by approximately 50%. A vaccine that in addi-

tion to a 50% sterilizing immunity also reduces infectivity or speeds up recovery by 50%, leads
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to 75% reduction in R0, whereas vaccines that have a beneficial effect on all three host traits

susceptibility, infectivity and recovery, reduces R0 by 88.5%. This symmetry is also illustrated

in Fig 3A and 3B, which shows a surface plot (panel A) and a contour plot (panel B) of the

dependence of R0 on vaccine-induced sterilizing immunity, �s, and vaccine-induced effects on

infectivity, �i, and recovery, �γ, respectively, for vaccine coverage p = 1. The coloured surface/

curves correspond to the threshold R0 = 1 in Eq (12), between scenarios in which the infection

is expected to invade (R0 > 1; area below the threshold) or not invade (R0 < 1; are above the

threshold) a herd. The graphs show that even for large RN
0

(e.g. virulent PRRSv strains), one of

the investigated vaccine properties alone can prevent the infection invasion if the effect size is

sufficiently large (e.g. �s,i� 0.84 or �γ� 0.85 for RN
0
¼ 6). However, considerably less sterilizing

immunity or reduction in infectivity are required, if the vaccine also simultaneously speeds up

recovery (e.g. �s,i� 0.5 is sufficient if �γ = 0.7).

Fig 3. The dependence of R0 on the vaccine-induced sterilizing immunity, �s, vaccine-induced reduction in host

infectivity, �i, vaccine-induced increase in recovery rate, �γ, and vaccine coverage, p. A. 3D surface plot

corresponding to R0 = 1 in Eq (12), for a high average transmission potential (RN
0
¼ 6) and full immunization coverage

(p = 1). B. 2D contour plot showing the dependence of R0 on �i and �γ, for different values of �s and p = 1. C. 3D surface

plot corresponding to R0 = 1 in Eq (12), for a high average transmission potential (RN
0
¼ 6) and �i = 0.5. D. 2D contour

plot showing the dependence of R0 on the effective vaccine coverage, p, and �γ, for different values of �s and �i = 0.5.

The coloured continuous curves in 2D plots correspond to R0 = 1 in Eq (12) for a high average transmission potential

(RN
0
¼ 6) and dotted curves correspond to R0 = 1 for a low virulent PRRSv strain (RN

0
¼ 2). Areas above these curves

correspond to R0 < 1 where the infection cannot invade the herd. Here d = 0.001, μ = 0.0017. The transmission and

recovery rates are values within the ranges given in Table 2, that satisfy RN
0
¼ 6 and RN

0
¼ 2 for the continuous and

dotted curves, respectively.

https://doi.org/10.1371/journal.pone.0220738.g003
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Fig 3C and 3D show equivalent plots for incomplete vaccine coverage. The graphs demon-

strate that infection invasion can be prevented even if the vaccine offers low or zero vaccine-

induced sterilizing immunity, given sufficiently high vaccine coverage and vaccine-induced

effect on host infectivity or recovery. For the plots in Fig 3C and 3D it was assumed that �i =

0.5, i.e. the vaccine reduces host infectivity by 50%. For lower values of �i higher levels of effec-

tive coverage or/and vaccine-induced increase in recovery rate would be needed to prevent

infection invasion for given levels of sterilizing immunity. Only when the vaccine is fully pro-

tective (i.e. any of �s,i,γ = 1) the required vaccine effective coverage no longer depends on the

other vaccine effects, but only on the RN
0

value in the equivalent non-vaccinated population

(see gold continuous and dotted lines in Fig 3B). For example, for RN
0
¼ 2, vaccination with a

fully protective vaccine would require at least 49% vaccine coverage, whereas 83% coverage

would be required for RN
0
¼ 6 (Fig 3D).

In contrast to the near symmetric effect of the different vaccine properties, represented by

�s,i,γ, on R0, their effect on the infection dynamics can be diverse. Both vaccine-induced steriliz-

ing immunity and vaccine-induced reduction in host infectivity have a symmetric effect on the

transmission rate (Eqs (7) and (8)). However, Fig 4 shows that the effects of �s and �i, on the

infection dynamics are different to those corresponding to �γ. Higher vaccine-induced steriliz-

ing immunity, �s, or greater reduction in infectivity, �i, (not shown here) leads to milder, but

prolonged epidemics due to the slower rate at which infection is transmitted, causing also a

later occurrence of the first infection incidence and peak prevalence, and a slower rate of post-

peak prevalence decline (Fig 4A). In contrast, vaccine-induced increase in recovery rate, �γ,

mainly affects peak prevalence, but not the timing at which it occurs or the rate of decline (Fig

4C). For continuous prophylactic vaccination, vaccine-induced effects on transmission or

recovery rates also affect the long-term steady-state prevalence of infection. Higher vaccine-

induced effect on transmission or recovery rate leads to a greater reduction of the long-term

endemic steady state. For example a 50% vaccine-induced sterilizing immunity, �s (or 50% vac-

cine-induced reduction in host infectivity, �i), will reduce the endemic steady state of the

infected animals by 25%, while a 50% vaccine-induced increase in recovery rate will reduce the

endemic steady state of the infected animals by 59%. As would be expected, multiple vaccine

properties combined affect both the timing and level of peak infection prevalence, and the rate

of decline (Fig 4E). The infection dynamics also confirm the results shown in Fig 3A and 3B,

that an 85% of susceptibility, infectivity or recovery alone (Fig 4A and 4C) or a 50% combined

effect of all (Fig 4E) is required to prevent infection from invading a herd.

1.2 One-off vaccination. One-off vaccination in an open herd with constant replacement

rate implies that λV = 0 and thus does not reduce the basic reproductive ratio, i.e. R0 ¼ RN0 (see

relation (3)). This is due to the immediate influx of non-vaccinated pigs into the herd. If there

is a continuous influx of non-vaccinated pigs into the herd, one-off vaccination is not adequate

for preventing infection invasion. However, as shown in Fig 4 (right column), vaccination can

substantially reduce the severity of the epidemic. For example, in the simulations of Fig 4, a

50% vaccine effect on susceptibility, infectivity and recovery can reduce the peak prevalence

up to 57.1% (Fig 4F). Moreover, the greater the effect of a vaccine on host susceptibility or

infectivity, the later the occurrence of peak prevalence (Fig 4B). Comparison of the continuous

(left-column) with the one-off (right-column) prophylactic vaccination shows that the short-

term effects are very similar in both cases (Fig 4). In contrast, whereas in the one-off vaccina-

tion scenario, the endemic steady state is not affected by vaccination (i.e. the endemic steady

state is the same for every value of 0� �s,i,γ< 1; Fig 4B, 4D and 4F), continuous vaccination

alters the endemic steady state values, whereby more effective vaccines (i.e. greater values of

�s,i,γ; Fig 4A, 4C and 4E) correspond to lower prevalence in the long-term.
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Fig 4. The effect of prophylactic mass vaccination for different � = �s,i,γ values on the infection dynamics for

continuous vaccination, i.e. λN = 0, λV = 0.0017 (left column), and one-off vaccination, i.e. λN = 0.0017, λV = 0

(right column). A.-B. The vaccine only affects host susceptibility, i.e. sterilizing immunity � = �s, �γ = �i = 0 (see

relation (7)); C.-D. The vaccine only affects recovery rate, i.e. � = �γ, �s = �i = 0 (see relation (9)); E.-F. The vaccine

equally affects host susceptibility, infectivity and recovery rate, � = �s,i,γ (see relations (7)–(9)). Other chosen parameter

values were βNN = 0.12, γN = 0.01785, d = 0.001, μ = 0.0017, and the initial conditions are SV (0) = 0.999, IV (0) = 0.001

(see relation (11) for p = 1 and I0 = 0.001).

https://doi.org/10.1371/journal.pone.0220738.g004
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1.3 Closed herd. Based on relation (6), the effect of vaccination on infection invasion (or

eradication if already invaded) in a closed herd is given by

R0 ¼
ð1 � pÞbNN
ðgN þ dÞ

þ
pð1 � �sÞð1 � �iÞbNN

gN
1� �g

� � ð14Þ

which is the same as R0 for the continuous vaccination of a herd with replacement when μ = 0

(see Eq (12)). Therefore, the vaccine properties, �s,i,γ, will have a similar effect on preventing an

infection to invade a herd as the continuous vaccination in an open herd. This can be easily

seen by comparing the left columns of Figs 4 and 5 (prophylactic vaccination in a closed herd).

In other words, even for severe epidemics in non-vaccinated herds with corresponding

RN
0
¼ 6, a vaccine with sufficiently strong effect on either host susceptibility, infectivity or

recovery can prevent infection invasion (e.g. �s,i,γ� 0.852 for RN
0
¼ 6), and this can also be

achieved by a combination of effects with weaker effect size (e.g. �s = �i = �γ = 0.5 for RN
0
¼ 6).

The main difference of a closed herd compared to an open herd is that in a closed herd, the

R0 value corresponding to the same values for the epidemiological model parameters (βjk, γj, j,
k = N, V and d) is greater and thus the infection invasion is more likely. This implies that for a

closed herd, vaccine requirements for preventing the invasion of infections are stricter than

for open herds. Differences in the infection dynamics between open and closed herds occur

mainly in the long term, where the infection dies out in closed herds, regardless of whether or

not vaccination is applied, whereas it reaches an endemic equilibrium in open herds (Figs 4

and 5 and [17]).

2 Reactive Vaccination

In modelling terms, reactive vaccination is equivalent to applying prophylactic vaccination

with delayed onset of immunity at a stage where infection invades a herd before the full vac-

cine-induced immunization effects have been reached. Thus, although these types of vaccina-

tion cannot prevent the infection from invading, they can still reduce the prevalence of

infection and may ultimately eliminate the infection from a herd. Fig 6 shows prevalence pro-

files resulting from reactive vaccination in a herd with replacement, either applied continu-

ously (left column) or one-off (right column). Overall, the vaccine effects on the infection

dynamics are similar to those observed for the corresponding prophylactic vaccinations (see

Fig 4), with continuous vaccination leading to a long-term reduction in the prevalence of

infection and one-off vaccination only affecting infection prevalence in the short-term, but

reaching the same endemic equilibrium as that corresponding to the equivalent non-vacci-

nated herd (Fig 6). Reactive vaccination, even if applied as a one-off disease control, can sub-

stantially reduce peak prevalence. In fact, prevalence profiles corresponding to reactive

vaccination applied prior to the time of peak prevalence, look remarkably similar to those cor-

responding to prophylactic vaccination with the same vaccine, although prevalence generally

reaches its peak slightly later in the prophylactic vaccination scenario (Fig 6A–6F). Moreover,

reactive vaccination, when applied continuously can eliminate infection in a herd, under the

same required vaccine properties as for prophylactic vaccination, regardless of when it is

applied (Fig 6E). For example, Fig 6E shows a scenario where the infection can be eliminated

from a herd when reactive vaccination inducing 50% combined vaccine effect on transmission

and recovery rate is applied. The timing of the reactive vaccination affects primarily peak prev-

alence and total number of infectees (early vaccination corresponds to lower the peak preva-

lence and less infectees), rather than whether and when the infection is eliminated from the

herd (Fig 6).
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Fig 5. The effect of fully effective mass vaccination (i.e. p = 1 at the time of vaccination) with vaccines of different

properties on the infection dynamics in the case of prophylactic (left column) and reactive (right column)

vaccination in a closed herd. Profiles of different colours correspond to different � = �s,i,γ values on the infection

dynamics (left column; see caption in Fig 4), or different times when vaccination is applied (right column; see caption in

Fig 6). A.-B. The vaccine only affects host susceptibility, i.e. sterilizing immunity, but no effect on infectivity or recovery
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Somewhat surprisingly, Fig 6B and 6F indicate a slightly higher peak prevalence in the case

of one-off prophylactic mass vaccination compared to one-off reactive mass vaccination when

applied early in the epidemics. This is because the time and level of peak prevalence partly

depends on the relative proportion of infected animals when the vaccination is applied and the

proportion of new non-vaccinated incomers. At the time when prophylactic vaccination is

applied the initial proportion of infected vaccinated animals is very low and infection can only

spread slowly initially. However, prevalence rises relatively quickly as the non-vaccinated ani-

mals become infected and start to transmit the infection. In contrast, at the time when reactive

vaccination is applied (e.g. at 1/4 of peak prevalence time) all infected non-vaccinated animals

become vaccinated with lower transmission rate (assuming �i> 0), so that the proportion of

new non-vaccinated incomers will not face many highly infectious animals in the herd. Thus,

this case illustrates that a one-off reactive vaccination applied at the right time of an ongoing

epidemic can be more effective than the one-off prophylactic vaccination.

Fig 5 shows that in a closed herd the vaccine properties, �s,i,γ, will have a similar effect on

eradicating an infection as the continuous reactive vaccination in an open herd (see left col-

umn in Fig 6). Similar to the prophylactic vaccination, the main difference of a closed herd to

an open herd is that the infection will eventually die out in all vaccination scenarios (even

without vaccination) in a closed herd.

Discussion and conclusion

Imperfect vaccines that do not prevent infection transmission and heterogeneous response to

vaccines are common in livestock production and threaten the success of vaccination pro-

grams [57–59]. It is well known that the success of vaccination programs depends on the effec-

tive vaccination coverage as well as on the type of vaccine (e.g. [60]). However, vaccination

programs differ not only in these components, but also in when and how a particular vaccine

is applied as a single control measure or in combination with others such as herd closure. Yet,

to date relatively little is known how these factors interact with each other and affect the out-

come of vaccination programs. The epidemiological model developed in this study provides

for the first time detailed quantitative understanding of the relationship between these diverse

factors and disease invasion and spread in domestic livestock. The model predicts within-herd

infection dynamics in livestock populations following the application of imperfect vaccines,

and provides threshold conditions for vaccine properties and vaccination strategies to prevent

infection invasion or eliminate infection from a herd after infection invasion. This model was

parameterised and applied to PRRS as one of the major livestock examples where imperfect

vaccines are commonly applied and much debated in the scientific literature [8, 25, 26].

Most previous modelling studies have mainly focused on differences in vaccine efficacy

captured by reduction in β. Vaccine efficacy is however multi-faceted and most vaccines

reduce pathogen transmission not only by offering sterling immunity, but also by reducing

host infectivity and duration of infection. We therefore distinguished between multiple effects

in our model and we found that a vaccine can deviate substantially from perfect in one or all of

these properties, as long as they reduce pathogen transmission in several ways. For instance for

disease with an average transmission potential of R0 = 6 in a non-vaccinated herd, we found

that vaccines that reduce susceptibility, infectivity and recovery rate by 50% could prevent

(see Eqs (7) and (10)); C.-D. The vaccine only speeds up recovery, but offers no protection from infection and no

reduction in infectivity (see Eqs (9) and (10)); E.-F. The vaccine equally affects host susceptibility, infectivity and

recovery rate (see Eqs (7)–(9) and (10)). Here βNN = 0.12, γN = 0.01785, p = 1, d = 0.001, μ = λN,V = 0, and the initial

conditions are SV (0) = 0.999, IV (0) = 0.001 (left column) and SN (0) = 0.999, IN (0) = 0.001 (right column).

https://doi.org/10.1371/journal.pone.0220738.g005
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Fig 6. The effect of complete mass vaccination (i.e. p = 1) with vaccines of different properties on the infection

dynamics in the case of continuous (left column) and one-off (right column) reactive vaccination. Profiles of

different colours correspond to different times when vaccination is applied, i.e. (i) at the start of the epidemic,

equivalent to prophylactic vaccination (red continuous curves), (ii) at one quarter of the time of peak prevalence (green

dotted curves), (iii) at one half of the time of peak prevalence (blue dotted curves), (iv) at the time of peak prevalence
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infection invasion or eradication invaded infection. Moreover, our model revealed that imper-

fect vaccines, that only offer partial protection from infection with a heterologous virus strain,

can substantially reduce pathogen transmission and infection risk and prevalence in herds,

when applied as prophylactic strategy. Unsurprisingly, our model predicts that prophylactic

mass vaccination with a vaccine that confers high sterilizing immunity in all individuals is the

most effective strategy for preventing infection in a herd or for reducing prevalence. However,

our model also shows that even vaccines that offer no or little sterilizing immunity or only pro-

vide partial effective coverage can prevent infection invasion into a herd if the vaccine simulta-

neously reduces host infectivity e.g. by reducing pathogen shedding or speeding up recovery

time. In this case the occurrence of secondary infection cases can be successfully prevented, as

indicated by a reduction of the basic reproductive ratio of the vaccinated herd to values below

1. The results are relevant to certain MLV vaccines showing low sterilizing immunity [8, 21,

26, 31, 32], but significant reduction in viral shedding and infectious period. The model results

suggest that these vaccines, despite far from perfect, could achieve drastic reduction in the

occurrence and severity of PRRS outbreaks in commercial pig populations, and even help to

eliminate the disease.

As herd closure is a common control measure, a vaccination strategy considering a closed

herd was studied. According to our model results, similar levels of reduction in infection peak

prevalence can be achieved with one-off vaccination in closed herds as with continuous vacci-

nation of herds with constant replacement rate, for the same type of vaccine. However, when

prophylactic vaccination is applied in herds with constant influx of new animals, infection pre-

vention can only be achieved through continuous vaccination. One-off vaccination may be

used to delay and reduce peak prevalence, but cannot reduce long-term prevalence and hence

eliminate the infection from the herd.

Both, prophylactic and reactive vaccination are routinely applied to control PRRS in pig

farms [25, 61]. Reactive vaccination in particular is commonly used in farms where the virus

has been found endemic [8, 26]. Our model results indicate that the timing of vaccination is

crucial for achieving effective reduction in the prevalence of infection, whereas the frequency

of vaccination controls the chance of eliminating the infection from a herd. Indeed, reactive

vaccination campaigns are racing against the timeline in which the infection spreads within a

herd, and timely distribution of vaccines in response to an ongoing epidemic can prevent new

infection cases [20, 62, 63]. In our model, continuous reactive vaccination with a vaccine that

has combined positive effects on host transmission and recovery rates could eliminate the

infection from a herd even for high average transmission potential characterized by high RN
0

in

non-vaccinated populations. As PRRS KV vaccines are known to elicit immune responses to

the infecting virus in PRRSv-positive pigs (reactive vaccination) [40, 41], and offer low steriliz-

ing immunity in PRRSv-negative pigs, they are often not considered as effective vaccines for

disease prevention (i.e. PRRS KV vaccines are no longer available in the United States since

2005 [8]), but might exert a potential role as a therapeutic vaccine for PRRSV treatment [8,

26]. However, immune studies have shown further that KV vaccines can reduce pathogen

shedding in seropositive animals, hence host infectivity, and speed up recovery [42]. In line

(red dotted curves), (v) at double the time until peak prevalence (gold dotted curves) and when (vi) vaccination is not

applied at all (black continuous curves). A.-B. The vaccine only affects host susceptibility, i.e. sterilizing immunity, but

no effect on infectivity or recovery (�s = 0.5, �γ = �i = 0) (see relations (7) and (10)); C.-D. The vaccine only speeds up

recovery, but offers no protection from infection and no reduction in infectivity (�γ = 0.5, �s = �i = 0) (see Eqs (9) and

(10)); E.-F. The vaccine equally affects host susceptibility, infectivity and recovery rate, � = �s,i,γ = 0.5 (see Eqs (7)–(9)

and (10)). Here βNN = 0.12, γN = 0.01785, p = 1, d = 0.001, μ = 0.0017, and the initial conditions are SN(0) = 0.999, IN(0)

= 0.001 (see relation (11) for p = 0 and I0 = 0.001).

https://doi.org/10.1371/journal.pone.0220738.g006
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with this study, our model suggests that PRRS KV vaccines can still effectively reduce the

transmission of the infection or eliminate infection from herds by reducing pathogen shedding

and speeding up recovery. Thus, from a purely epidemiological perspective, the results would

imply that KV, if adequately applied could lead to drastic reduction infection prevalence. As

prophylactic vaccination is often avoided in practice in order to reduce the risk of side effects

from vaccination (e.g. vaccination alone may cause low percentages of abortions when used in

breeding herds), timely and targeted reactive vaccination may be the most effective way to mit-

igate PRRS transmission within herds. The large differences in vaccine effectiveness associated

with different vaccination strategies indicate the importance of designing vaccination pro-

grams appropriately as vaccine effectiveness depends largely on the timing and frequency of

vaccination, in addition to the particular vaccines properties.

The model developed in this study is a generic epidemiological SIR model adapted to PRRS

by adopting a large range for the model parameter values from the literature to represent

PRRSv strains of different virulence, different pig populations and different management

structures. This generic modelling approach combined with large parameter ranges was delib-

erately chosen to gain relevant qualitative insight of vaccine and vaccination effects for a wide

scope of scenarios. Obtaining reliable quantitative predictions for specific situations would

require obtaining accurate estimates of the epidemiological model parameters β and γ and the

vaccine effects �s, �i and �γ for existing vaccines; although inferring these from existing data

may be challenging and may require specific experimental designs [43, 52, 55]. Other model

limitations include that specific herd or farm structure, or environmental and management

effects known to influence within-herd transmission dynamics of pathogens (see e.g. [48, 49,

51, 64]), were not explicitly considered in our model. For example, the type of the production

system, the type of animal flow (e.g. continuous vs all-in, all-out) and biosecurity measures, as

well as the spatial proximity to other swine herds and environmental parameters such as aero-

sols, temperature and terrain types (flat vs steep) are established risk factors for PRRS spread

[64–66]. In our model these are only implicitly captured through different R0-values. Further-

more, we only considered horizontal infection transmission in this study, thus ignoring the

potential impact of vaccination on vertical transmission from infected sows or boars to piglets

from the time of insemination during gestation until after birth [25, 67]. In line with the defini-

tion of vaccine effectiveness [68], our model focuses on vaccine effects on reducing disease

invasion and transmission, as reducing the number of infecteds automatically leads to

improved herd health. However, another major aim of PRRSv vaccines is to reduce the impact

of infection on individual health and also on the growth performance in growing piglets or

reproductive failure in pregnant sows [21, 69]. Like most epidemiological models, our model

does not explicitly distinguish between infection and disease, and hence additional parameters

would be required to model the relationship between the prevalence of infection and overall

herd health or productive or reproductive herd performance. Finally, the model developed in

this study considered only transmission of a single wild-type strain in vaccinated populations,

but PRRSv is a diverse quasi-species and different PRRSv strains can circulate simultaneously

in single a herd [70, 71]. The effects of partial protection against single strains are considered

in this model, but the effects of heterogeneous protection against multiple variants simulta-

neously are not included in the present study. This may affect virus evolution and vaccine

safety, and therefore also the predicted long-term effects of vaccination.

In the past, several mathematical models studied the transmission of PRRS in a homoge-

neous population [49, 55, 56], while other studies [43, 48, 51] focused on populations where

vaccination is applied (considered heterogeneous in the sense of vaccination). These studies

provide insight on the evaluation of transmission and recovery from PRRSv infection, and on

the effect of vaccination on epidemic risk and severity. Many of them have a more explicit
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representation of the farm structure with detailed description of the demographics. Building

on simple compartmental models, we performed a comprehensive study of different key

factors that compromise the effectiveness of an incomplete vaccine, where our focus was to

investigate the interactive effects of vaccine properties and vaccination strategies rather than

modelling specific demographic properties. However, the high sensitivity of our model results

on the replacement rate parameters indicate that demographic properties would need to be

adequately represented to achieve high predictive power.

In summary, this study presents a systematic generic modelling framework to investigate

the effectiveness of imperfect vaccines for preventing, mitigating or eliminating infectious dis-

eases in animal populations as a function of vaccine properties, vaccination strategies and

replacement rate of vaccinated and non-vaccinated individuals. The model results suggest that

even imperfect vaccines with no or low levels of sterilizing immunity, or less than 100% effec-

tive coverage, when appropriately applied can prevent, eliminate or largely reduce the preva-

lence of PRRSv and other virus infections, as long as the vaccine sufficiently speeds up

recovery and reduces pathogen shedding. The nearly multiplicative effect of diverse vaccine

properties on the R0 in continuous vaccination highlights the importance of considering the

combined effects of diverse vaccine properties in preventing infection invasion if applied

prophylactically, or in eradicating the infection if applied reactively. In contrast, one-off vacci-

nation with incomplete vaccines only cause a limited short-term reduction in infection preva-

lence, in particular in populations with high replacement rates. Overall, although continuous

prophylactic mass vaccination is the most effective strategy in preventing infection invasion,

one-off reactive vaccination can be more effective when applied at the right time of an ongoing

epidemic than applied one-off prophylactically. The results have practical implications for the

design of vaccines and vaccination programs in livestock populations. In particular, they sug-

gest that in the absence of evolutionary constraints, the control or even elimination of PRRS

through vaccination may well be within reach.

Supporting information

S1 Interactive Modelling App. An interactive app for the model dynamics in the prophy-

lactic vaccination under different replacement rates and different vaccine properties is

available as an R Shiny app from (link). Further details of the model and the interactive app

can be found at this link, which is situated at the University of Edinburgh wiki-server, and out-

lines the components underlying vaccine effectiveness in the field, and their individual and

interactive effects.

(PDF)

Acknowledgments

We would like to thank the coordinator of the SAPHIR project Prof. Isabelle Schwartz for her

constructive comments to the manuscript.

Author Contributions

Conceptualization: Vasiliki Bitsouni, Samantha Lycett, Andrea Doeschl-Wilson.

Data curation: Vasiliki Bitsouni.

Formal analysis: Vasiliki Bitsouni.

Funding acquisition: Andrea Doeschl-Wilson.

Predicting vaccine effectiveness in livestock populations

PLOS ONE | https://doi.org/10.1371/journal.pone.0220738 August 30, 2019 19 / 23

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0220738.s001
https://vbitsouni.shinyapps.io/Prophylactic_mass_app/
https://www.wiki.ed.ac.uk/display/saphir/
https://doi.org/10.1371/journal.pone.0220738


Investigation: Vasiliki Bitsouni, Samantha Lycett, Andrea Doeschl-Wilson.

Methodology: Vasiliki Bitsouni, Samantha Lycett, Andrea Doeschl-Wilson.

Project administration: Andrea Doeschl-Wilson.

Software: Vasiliki Bitsouni, Samantha Lycett, Andrea Doeschl-Wilson.

Validation: Tanja Opriessnig.

Writing – original draft: Vasiliki Bitsouni.

Writing – review & editing: Vasiliki Bitsouni, Samantha Lycett, Tanja Opriessnig, Andrea

Doeschl-Wilson.

References
1. Meeusen EN, Walker J, Peters A, Pastoret PP, Jungersen G. Current status of Vet. vaccines. Clin

Microbiol Rev. 2007; 20(3):489–510. https://doi.org/10.1128/CMR.00005-07 PMID: 17630337

2. Keeling M, Woolhouse M, May R, Davies G, Grenfell B. Modelling vaccination strategies against foot-

and-mouth disease. Nature. 2003; 421(6919):136. https://doi.org/10.1038/nature01343 PMID:

12508120

3. Jorge S, Dellagostin OA. The development of veterinary vaccines: a review of traditional methods and

modern biotechnology approaches. Biotechnology Research and Innovation. 2017. https://doi.org/10.

1016/j.biori.2017.10.001

4. Lee NH, Lee JA, Park SY, Song CS, Choi IS, Lee JB. A review of vaccine development and research

for industry animals in Korea. Clinical and Experimental Vaccine Research. 2012; 1(1):18. https://doi.

org/10.7774/cevr.2012.1.1.18 PMID: 23596575

5. Roth JA, Henderson LM. New technology for improved vaccine safety and efficacy. Vet Clin: Food A.

2001; 17(3):585–597.

6. Tibbetts SA, McClellan JS, Gangappa S, Speck SH, Virgin HW. Effective vaccination against long-term

gammaherpesvirus latency. J Virol. 2003; 77(4):2522–2529. https://doi.org/10.1128/JVI.77.4.2522-

2529.2003 PMID: 12551990

7. McShane H, Williams A. A review of preclinical animal models utilised for TB vaccine evaluation in the

context of recent human efficacy data. Tuberculosis. 2014; 94(2):105–110. https://doi.org/10.1016/j.

tube.2013.11.003 PMID: 24369986

8. Charerntantanakul W. Porcine reproductive and respiratory syndrome virus vaccines: Immunogenicity,

efficacy and safety aspects. World J Virol. 2012; 1(1):23. https://doi.org/10.5501/wjv.v1.i1.23 PMID:

24175208

9. Olsen S. Recent developments in livestock and wildlife brucellosis vaccination. Rev Sci Tech. 2013;

32(1):207–17. https://doi.org/10.20506/rst.32.1.2201 PMID: 23837378

10. Scortti M, Prieto C, Martı́nez-Lobo FJ, Simarro I, Castro JM. Effects of two commercial European modi-

fied-live vaccines against porcine reproductive and respiratory syndrome viruses in pregnant gilts. Vet

J. 2006; 172(3):506–514. https://doi.org/10.1016/j.tvjl.2005.07.015 PMID: 16169756

11. Shoemaker CA, Klesius PH, Evans JJ, Arias CR. Use of modified live vaccines in aquaculture. Journal

of the World Aquaculture Society. 2009; 40(5):573–585. https://doi.org/10.1111/j.1749-7345.2009.

00279.x

12. Sutmoller P, Olascoaga RC. Unapparent foot and mouth disease infection (sub-clinical infections and

carriers): implications for control. Revue scientifique et technique-Office international des épizooties.

2002; 21(3):519–524.

13. Bishop S, Chesnais J, Stear M. Breeding for disease resistance: issues and opportunities. In: Proc. 7th

World Congress on Genetics Applied to Livestock Production, Montpellier, Communication 13–01);

2002. p. 597–604.

14. Glass EJ. Genetic variation and responses to vaccines. Anim. Health Res. Rev. 2004; 5(2):197–208.

https://doi.org/10.1079/AHR200469 PMID: 15984325

15. Menanteau-Horta A, Ames T, Johnson D, Meiske J. Effect of maternal antibody upon vaccination with

infectious bovine rhinotracheitis and bovine virus diarrhea vaccines. Can. J. Comp. Med. 1985; 49

(1):10. PMID: 2985214

16. Tsairidou S, Allen A, Banos G, Coffey M, Anacleto O, Byrne AW, et al. Can We Breed Cattle for Lower

Bovine TB Infectivity? Frontiers Vet Sci. 2018; p. 310. https://doi.org/10.3389/fvets.2018.00310

Predicting vaccine effectiveness in livestock populations

PLOS ONE | https://doi.org/10.1371/journal.pone.0220738 August 30, 2019 20 / 23

https://doi.org/10.1128/CMR.00005-07
http://www.ncbi.nlm.nih.gov/pubmed/17630337
https://doi.org/10.1038/nature01343
http://www.ncbi.nlm.nih.gov/pubmed/12508120
https://doi.org/10.1016/j.biori.2017.10.001
https://doi.org/10.1016/j.biori.2017.10.001
https://doi.org/10.7774/cevr.2012.1.1.18
https://doi.org/10.7774/cevr.2012.1.1.18
http://www.ncbi.nlm.nih.gov/pubmed/23596575
https://doi.org/10.1128/JVI.77.4.2522-2529.2003
https://doi.org/10.1128/JVI.77.4.2522-2529.2003
http://www.ncbi.nlm.nih.gov/pubmed/12551990
https://doi.org/10.1016/j.tube.2013.11.003
https://doi.org/10.1016/j.tube.2013.11.003
http://www.ncbi.nlm.nih.gov/pubmed/24369986
https://doi.org/10.5501/wjv.v1.i1.23
http://www.ncbi.nlm.nih.gov/pubmed/24175208
https://doi.org/10.20506/rst.32.1.2201
http://www.ncbi.nlm.nih.gov/pubmed/23837378
https://doi.org/10.1016/j.tvjl.2005.07.015
http://www.ncbi.nlm.nih.gov/pubmed/16169756
https://doi.org/10.1111/j.1749-7345.2009.00279.x
https://doi.org/10.1111/j.1749-7345.2009.00279.x
https://doi.org/10.1079/AHR200469
http://www.ncbi.nlm.nih.gov/pubmed/15984325
http://www.ncbi.nlm.nih.gov/pubmed/2985214
https://doi.org/10.3389/fvets.2018.00310
https://doi.org/10.1371/journal.pone.0220738


17. Keeling MJ, Rohani P. Modeling infectious diseases in humans and animals. Princeton University

Press; 2008.

18. Lipschutz-Powell D, Woolliams JA, Doeschl-Wilson AB. A unifying theory for genetic epidemiological

analysis of binary disease data. Genetics Selection Evolution. 2014; 46(1):15. https://doi.org/10.1186/

1297-9686-46-15

19. Corzo CA, Mondaca E, Wayne S, Torremorell M, Dee S, Davies P, et al. Control and elimination of por-

cine reproductive and respiratory syndrome virus. Virus Res. 2010; 154(1-2):185–192. https://doi.org/

10.1016/j.virusres.2010.08.016 PMID: 20837071

20. Azman AS, Lessler J. Reactive vaccination in the presence of disease hotspots. Proc R Soc B. 2015;

282(1798):20141341. https://doi.org/10.1098/rspb.2014.1341 PMID: 25392464

21. Kimman TG, Cornelissen LA, Moormann RJ, Rebel JM, Stockhofe-Zurwieden N. Challenges for por-

cine reproductive and respiratory syndrome virus (PRRSV) vaccinology. Vaccine. 2009; 27(28):3704–

3718. https://doi.org/10.1016/j.vaccine.2009.04.022 PMID: 19464553

22. Lunney JK, Fang Y, Ladinig A, Chen N, Li Y, Rowland B, et al. Porcine Reproductive and Respiratory

Syndrome Virus (PRRSV): Pathogenesis and Interaction with the Immune System. Annual Rev Animal

Biosc. 2016; 4(1):129–154. https://doi.org/10.1146/annurev-animal-022114-111025

23. Hill H. Overview and history of mystery swine disease (swine infertility respiratory syndrome). In: Pro-

ceedings of the mystery swine disease committee meeting. vol. 6. Livestock Conservation Institute

Madison, WI, USA; 1990. p. 29–30.

24. Holtkamp DJ, Kliebenstein JB, Neumann E, Zimmerman JJ, Rotto H, Yoder TK, et al. Assessment of

the economic impact of porcine reproductive and respiratory syndrome virus on United States pork pro-

ducers. J Swine Health Prod. 2013; 21(2):72.

25. Pileri E, Mateu E. Review on the transmission porcine reproductive and respiratory syndrome virus

between pigs and farms and impact on vaccination. Vet Res. 2016; 47(1):108. https://doi.org/10.1186/

s13567-016-0391-4 PMID: 27793195

26. Nan Y, Wu C, Gu G, Sun W, Zhang YJ, Zhou EM. Improved vaccine against PRRSV: current progress

and future perspective. Frontiers in Microbiol. 2017; 8:1635. https://doi.org/10.3389/fmicb.2017.01635

27. Butler J, Lager K, Golde W, Faaberg KS, Sinkora M, Loving C, et al. Porcine reproductive and respira-

tory syndrome (PRRS): an immune dysregulatory pandemic. Immunol Res. 2014; 59(1-3):81–108.

https://doi.org/10.1007/s12026-014-8549-5 PMID: 24981123

28. Mateu E, Diaz I. The challenge of PRRS immunology. Vet J. 2008; 177(3):345–351. https://doi.org/10.

1016/j.tvjl.2007.05.022 PMID: 17644436

29. Rowland R, Lunney J, Dekkers J. Control of porcine reproductive and respiratory syndrome (PRRS)

through genetic improvements in disease resistance and tolerance. Frontiers in Genetics. 2012; 3:260.

https://doi.org/10.3389/fgene.2012.00260 PMID: 23403935

30. Zhou L, Yang H. Porcine reproductive and respiratory syndrome in China. Virus Res. 2010; 154(1-

2):31–37. https://doi.org/10.1016/j.virusres.2010.07.016 PMID: 20659506

31. Murtaugh MP, Genzow M. Immunological solutions for treatment and prevention of porcine reproduc-

tive and respiratory syndrome (PRRS). Vaccine. 2011; 29(46):8192–8204. https://doi.org/10.1016/j.

vaccine.2011.09.013 PMID: 21925560

32. Thanawongnuwech R, Suradhat S. Taming PRRSV: revisiting the control strategies and vaccine

design. Virus Res. 2010; 154(1-2):133–140. https://doi.org/10.1016/j.virusres.2010.09.003 PMID:

20851723

33. Hu J, Zhang C. Porcine reproductive and respiratory syndrome virus vaccines: current status and strat-

egies to a universal vaccine. Transbound Emerg Dis. 2014; 61(2):109–120. https://doi.org/10.1111/

tbed.12016 PMID: 23343057

34. Martı́nez-Lobo FJ, de Lome LC, Dı́ez-Fuertes F, Segalés J, Garcı́a-Artiga C, Simarro I, et al. Safety of

porcine reproductive and respiratory syndrome modified live virus (MLV) vaccine strains in a young pig

infection model. Vet Res. 2013; 44(1):115. https://doi.org/10.1186/1297-9716-44-115 PMID: 24308693

35. Nielsen HS, Oleksiewicz MB, Forsberg R, Stadejek T, Bøtner A, Storgaard T. Reversion of a live por-

cine reproductive and respiratory syndrome virus vaccine investigated by parallel mutations. J Gen

Virol. 2001; 82(6):1263–1272. https://doi.org/10.1099/0022-1317-82-6-1263 PMID: 11369869

36. Savard C, Alvarez F, Provost C, Chorfi Y, D’Allaire S, Benoit-Biancamano MO, et al. Efficacy of Fostera

PRRS modified live virus vaccine against a Canadian heterologous virulent field strain of porcine repro-

ductive and respiratory syndrome virus. Can J Vet Res. 2016; 80(1):1–11. PMID: 26732457

37. Wang R, Xiao Y, Opriessnig T, Ding Y, Yu Y, Nan Y, et al. Enhancing neutralizing antibody production

by an interferon-inducing porcine reproductive and respiratory syndrome virus strain. Vaccine. 2013;

31(47):5537–5543. https://doi.org/10.1016/j.vaccine.2013.09.023 PMID: 24063978

Predicting vaccine effectiveness in livestock populations

PLOS ONE | https://doi.org/10.1371/journal.pone.0220738 August 30, 2019 21 / 23

https://doi.org/10.1186/1297-9686-46-15
https://doi.org/10.1186/1297-9686-46-15
https://doi.org/10.1016/j.virusres.2010.08.016
https://doi.org/10.1016/j.virusres.2010.08.016
http://www.ncbi.nlm.nih.gov/pubmed/20837071
https://doi.org/10.1098/rspb.2014.1341
http://www.ncbi.nlm.nih.gov/pubmed/25392464
https://doi.org/10.1016/j.vaccine.2009.04.022
http://www.ncbi.nlm.nih.gov/pubmed/19464553
https://doi.org/10.1146/annurev-animal-022114-111025
https://doi.org/10.1186/s13567-016-0391-4
https://doi.org/10.1186/s13567-016-0391-4
http://www.ncbi.nlm.nih.gov/pubmed/27793195
https://doi.org/10.3389/fmicb.2017.01635
https://doi.org/10.1007/s12026-014-8549-5
http://www.ncbi.nlm.nih.gov/pubmed/24981123
https://doi.org/10.1016/j.tvjl.2007.05.022
https://doi.org/10.1016/j.tvjl.2007.05.022
http://www.ncbi.nlm.nih.gov/pubmed/17644436
https://doi.org/10.3389/fgene.2012.00260
http://www.ncbi.nlm.nih.gov/pubmed/23403935
https://doi.org/10.1016/j.virusres.2010.07.016
http://www.ncbi.nlm.nih.gov/pubmed/20659506
https://doi.org/10.1016/j.vaccine.2011.09.013
https://doi.org/10.1016/j.vaccine.2011.09.013
http://www.ncbi.nlm.nih.gov/pubmed/21925560
https://doi.org/10.1016/j.virusres.2010.09.003
http://www.ncbi.nlm.nih.gov/pubmed/20851723
https://doi.org/10.1111/tbed.12016
https://doi.org/10.1111/tbed.12016
http://www.ncbi.nlm.nih.gov/pubmed/23343057
https://doi.org/10.1186/1297-9716-44-115
http://www.ncbi.nlm.nih.gov/pubmed/24308693
https://doi.org/10.1099/0022-1317-82-6-1263
http://www.ncbi.nlm.nih.gov/pubmed/11369869
http://www.ncbi.nlm.nih.gov/pubmed/26732457
https://doi.org/10.1016/j.vaccine.2013.09.023
http://www.ncbi.nlm.nih.gov/pubmed/24063978
https://doi.org/10.1371/journal.pone.0220738


38. Scortti M, Prieto C, Alvarez E, Simarro I, Castro J. Failure of an inactivated vaccine against porcine

reproductive and respiratory syndrome to protect gilts against a heterologous challenge with PRRSV.

Vet Rec. 2007; 161(24):809–813. PMID: 18083979

39. Zuckermann FA, Garcia EA, Luque ID, Christopher-Hennings J, Doster A, Brito M, et al. Assessment of

the efficacy of commercial porcine reproductive and respiratory syndrome virus (PRRSV) vaccines

based on measurement of serologic response, frequency of gamma-IFN-producing cells and virological

parameters of protection upon challenge. Vet Microbiol. 2007; 123(1-3):69–85. https://doi.org/10.1016/

j.vetmic.2007.02.009 PMID: 17376612

40. Kim H, Kim HK, Jung JH, Choi YJ, Kim J, Um CG, et al. The assessment of efficacy of porcine reproduc-

tive respiratory syndrome virus inactivated vaccine based on the viral quantity and inactivation methods.

Virol J. 2011; 8(1):323. https://doi.org/10.1186/1743-422X-8-323 PMID: 21703032

41. Bassaganya-Riera J, Thacker BJ, Yu S, Strait E, Wannemuehler MJ, Thacker EL. Impact of immuniza-

tions with porcine reproductive and respiratory syndrome virus on lymphoproliferative recall responses

of CD8+ T cells. Viral Immunol. 2004; 17(1):25–37. https://doi.org/10.1089/088282404322875430

PMID: 15018660

42. Papatsiros V, Alexopoulos C, Kritas S, Koptopoulos G, Nauwynck H, Pensaert M, et al. Long-term

administration of a commercial porcine reproductive and respiratory syndrome virus (PRRSV)-inacti-

vated vaccine in PRRSV-endemically infected sows. Zoonoses Public Hlth. 2006; 53(6):266–272.

43. Rose N, Renson P, Andraud M, Paboeuf F, Le Potier M, Bourry O. Porcine reproductive and respiratory

syndrome virus (PRRSv) modified-live vaccine reduces virus transmission in experimental conditions.

Vaccine. 2015; 33(21):2493–2499. https://doi.org/10.1016/j.vaccine.2015.03.040 PMID: 25820061

44. Elbasha EH, Dasbach EJ, Insinga RP. Model for assessing human papillomavirus vaccination strate-

gies. Emerg infect Dis. 2007; 13(1):28. https://doi.org/10.3201/eid1301.060438 PMID: 17370513

45. Feng Z, Towers S, Yang Y. Modeling the effects of vaccination and treatment on pandemic influenza.

AAPS J. 2011; 13(3):427–437. https://doi.org/10.1208/s12248-011-9284-7 PMID: 21656080

46. Gandon S, Day T. The evolutionary epidemiology of vaccination. J R Soc Interface. 2007; 4(16):803–

817. https://doi.org/10.1098/rsif.2006.0207 PMID: 17264055

47. Anderson RM, May RM. Infectious diseases of humans: dynamics and control. Oxford University

Press; 1992.

48. Arruda AG, Friendship R, Carpenter J, Greer A, Poljak Z. Evaluation of Control Strategies for Porcine

Reproductive and Respiratory Syndrome (PRRS) in Swine Breeding Herds Using a Discrete Event

Agent-Based Model. PloS ONE. 2016; 11(11):e0166596. https://doi.org/10.1371/journal.pone.0166596

PMID: 27875546

49. Nodelijk G, De Jong M, Van Nes A, Vernooy J, Van Leengoed L, Pol J, et al. Introduction, persistence

and fade-out of porcine reproductive and respiratory syndrome virus in a Dutch breeding herd: a mathe-

matical analysis. Epidemiol Infect. 2000; 124(1):173–182. https://doi.org/10.1017/s0950268899003246

PMID: 10722145

50. Wills RW, Doster AR, Galeota JA, Sur JH, Osorio FA. Duration of infection and proportion of pigs persis-

tently infected with porcine reproductive and respiratory syndrome virus. J Clin Microbiol. 2003; 41

(1):58–62. https://doi.org/10.1128/JCM.41.1.58-62.2003 PMID: 12517825

51. Jeong J, Aly SS, Cano JP, Polson D, Kass PH, Perez AM. Stochastic model of porcine reproductive

and respiratory syndrome virus control strategies on a swine farm in the United States. Am J Vet Res.

2014; 75(3):260–267. https://doi.org/10.2460/ajvr.75.3.260 PMID: 24564311

52. Pileri E, Gibert E, Soldevila F, Garcı́a-Saenz A, Pujols J, Diaz I, et al. Vaccination with a genotype 1

modified live vaccine against porcine reproductive and respiratory syndrome virus significantly reduces

viremia, viral shedding and transmission of the virus in a quasi-natural experimental model. Vet Micro-

biol. 2015; 175(1):7–16. https://doi.org/10.1016/j.vetmic.2014.11.007 PMID: 25439650

53. Cano JP, Dee SA, Murtaugh MP, Trincado CA, Pijoan CB. Effect of vaccination with a modified-live por-

cine reproductive and respiratory syndrome virus vaccine on dynamics of homologous viral infection in

pigs. Am J Vet Res. 2007; 68(5):565–571. https://doi.org/10.2460/ajvr.68.5.565 PMID: 17472459

54. Linhares DC, Cano JP, Wetzell T, Nerem J, Torremorell M, Dee SA. Effect of modified-live porcine

reproductive and respiratory syndrome virus (PRRSv) vaccine on the shedding of wild-type virus from

an infected population of growing pigs. Vaccine. 2012; 30(2):407–413. https://doi.org/10.1016/j.

vaccine.2011.10.075 PMID: 22063389

55. Charpin C, Mahé S, Keranflec’h A, Belloc C, Cariolet R, Le Potier MF, et al. Infectiousness of pigs

infected by the Porcine Reproductive and Respiratory Syndrome virus (PRRSV) is time-dependent. Vet

Res. 2012; 43(1):69. https://doi.org/10.1186/1297-9716-43-69 PMID: 23061672

56. Evans C, Medley G, Creasey S, Green LE. A stochastic mathematical model of the within-herd trans-

mission dynamics of porcine reproductive and respiratory syndrome virus (PRRSV): fade-out and

Predicting vaccine effectiveness in livestock populations

PLOS ONE | https://doi.org/10.1371/journal.pone.0220738 August 30, 2019 22 / 23

http://www.ncbi.nlm.nih.gov/pubmed/18083979
https://doi.org/10.1016/j.vetmic.2007.02.009
https://doi.org/10.1016/j.vetmic.2007.02.009
http://www.ncbi.nlm.nih.gov/pubmed/17376612
https://doi.org/10.1186/1743-422X-8-323
http://www.ncbi.nlm.nih.gov/pubmed/21703032
https://doi.org/10.1089/088282404322875430
http://www.ncbi.nlm.nih.gov/pubmed/15018660
https://doi.org/10.1016/j.vaccine.2015.03.040
http://www.ncbi.nlm.nih.gov/pubmed/25820061
https://doi.org/10.3201/eid1301.060438
http://www.ncbi.nlm.nih.gov/pubmed/17370513
https://doi.org/10.1208/s12248-011-9284-7
http://www.ncbi.nlm.nih.gov/pubmed/21656080
https://doi.org/10.1098/rsif.2006.0207
http://www.ncbi.nlm.nih.gov/pubmed/17264055
https://doi.org/10.1371/journal.pone.0166596
http://www.ncbi.nlm.nih.gov/pubmed/27875546
https://doi.org/10.1017/s0950268899003246
http://www.ncbi.nlm.nih.gov/pubmed/10722145
https://doi.org/10.1128/JCM.41.1.58-62.2003
http://www.ncbi.nlm.nih.gov/pubmed/12517825
https://doi.org/10.2460/ajvr.75.3.260
http://www.ncbi.nlm.nih.gov/pubmed/24564311
https://doi.org/10.1016/j.vetmic.2014.11.007
http://www.ncbi.nlm.nih.gov/pubmed/25439650
https://doi.org/10.2460/ajvr.68.5.565
http://www.ncbi.nlm.nih.gov/pubmed/17472459
https://doi.org/10.1016/j.vaccine.2011.10.075
https://doi.org/10.1016/j.vaccine.2011.10.075
http://www.ncbi.nlm.nih.gov/pubmed/22063389
https://doi.org/10.1186/1297-9716-43-69
http://www.ncbi.nlm.nih.gov/pubmed/23061672
https://doi.org/10.1371/journal.pone.0220738


persistence. Prev Vet Med. 2010; 93(4):248–257. https://doi.org/10.1016/j.prevetmed.2009.11.001

PMID: 20004990

57. Berg TPVD. Acute infectious bursal disease in poultry: a review. Avian Pathol. 2000; 29(3):175–194.

https://doi.org/10.1080/03079450050045431 PMID: 19184804

58. Radford AD, Dawson S, Coyne KP, Porter CJ, Gaskell RM. The challenge for the next generation of

feline calicivirus vaccines. Vet Microbiol. 2006; 117(1):14–18. https://doi.org/10.1016/j.vetmic.2006.04.

004 PMID: 16698199

59. Read AF, Baigent SJ, Powers C, Kgosana LB, Blackwell L, Smith LP, et al. Imperfect vaccination can

enhance the transmission of highly virulent pathogens. PLoS Biology. 2015; 13(7):e1002198. https://

doi.org/10.1371/journal.pbio.1002198 PMID: 26214839

60. Gandon S, Mackinnon M, Nee S, Read A. Imperfect vaccination: some epidemiological and evolution-

ary consequences. Proc Biol Sci. 2003; 270(1520):1129–1136. https://doi.org/10.1098/rspb.2003.2370

PMID: 12816650

61. Linhares DC, Johnson C, Morrison RB. Economic analysis of vaccination strategies for PRRS control.

PloS ONE. 2015; 10(12):e0144265. https://doi.org/10.1371/journal.pone.0144265 PMID: 26673898

62. Azman AS, Luquero FJ, Rodrigues A, Palma PP, Grais RF, Banga CN, et al. Urban cholera transmis-

sion hotspots and their implications for reactive vaccination: evidence from Bissau city, Guinea bissau.

PLoS Neglect Trop D. 2012; 6(11):e1901. https://doi.org/10.1371/journal.pntd.0001901

63. Grais R, Conlan A, Ferrari M, Djibo A, Le Menach A, Bjørnstad O, et al. Time is of the essence: explor-

ing a measles outbreak response vaccination in Niamey, Niger. J R Soc Interface. 2007; 5(18):67–74.

https://doi.org/10.1098/rsif.2007.1038

64. Arruda AG, Vilalta C, Perez A, Morrison R. Land altitude, slope, and coverage as risk factors for Porcine

Reproductive and Respiratory Syndrome (PRRS) outbreaks in the United States. PloS ONE. 2017;

12(4):e0172638. https://doi.org/10.1371/journal.pone.0172638 PMID: 28414720

65. Arruda A, Friendship R, Carpenter J, Hand K, Poljak Z. Network, cluster and risk factor analyses for por-

cine reproductive and respiratory syndrome using data from swine sites participating in a disease con-

trol program. Prev Vet Med. 2016; 128:41–50. https://doi.org/10.1016/j.prevetmed.2016.03.010 PMID:

27237389

66. Mortensen S, Stryhn H, Søgaard R, Boklund A, Stärk KD, Christensen J, et al. Risk factors for infection

of sow herds with porcine reproductive and respiratory syndrome (PRRS) virus. Prev Vet Med. 2002; 53

(1-2):83–101. https://doi.org/10.1016/S0167-5877(01)00260-4 PMID: 11821139

67. Madson DM, Ramamoorthy S, Kuster C, Pal N, Meng XJ, Halbur PG, et al. Infectivity of porcine circo-

virus type 2 DNA in semen from experimentally-infected boars. Vet Res. 2009; 40(1):1. https://doi.org/

10.1051/vetres:2008048

68. Shim E, Galvani AP. Distinguishing vaccine efficacy and effectiveness. Vaccine. 2012; 30(47):6700–

6705. https://doi.org/10.1016/j.vaccine.2012.08.045 PMID: 22944629

69. Nathues H, Alarcon P, Rushton J, Jolie R, Fiebig K, Jimenez M, et al. Modelling the economic efficiency

of using different strategies to control Porcine Reproductive & Respiratory Syndrome at herd level. Prev

Vet Med. 2018; 152:89–102. https://doi.org/10.1016/j.prevetmed.2018.02.005 PMID: 29559110

70. Goldberg TL, Lowe JF, Milburn SM, Firkins LD. Quasispecies variation of porcine reproductive and

respiratory syndrome virus during natural infection. Virol. 2003; 317(2):197–207. https://doi.org/10.

1016/j.virol.2003.07.009

71. Meng X. Heterogeneity of porcine reproductive and respiratory syndrome virus: implications for current

vaccine efficacy and future vaccine development. Vet Microbiol. 2000; 74(4):309–329. https://doi.org/

10.1016/S0378-1135(00)00196-6 PMID: 10831854

Predicting vaccine effectiveness in livestock populations

PLOS ONE | https://doi.org/10.1371/journal.pone.0220738 August 30, 2019 23 / 23

https://doi.org/10.1016/j.prevetmed.2009.11.001
http://www.ncbi.nlm.nih.gov/pubmed/20004990
https://doi.org/10.1080/03079450050045431
http://www.ncbi.nlm.nih.gov/pubmed/19184804
https://doi.org/10.1016/j.vetmic.2006.04.004
https://doi.org/10.1016/j.vetmic.2006.04.004
http://www.ncbi.nlm.nih.gov/pubmed/16698199
https://doi.org/10.1371/journal.pbio.1002198
https://doi.org/10.1371/journal.pbio.1002198
http://www.ncbi.nlm.nih.gov/pubmed/26214839
https://doi.org/10.1098/rspb.2003.2370
http://www.ncbi.nlm.nih.gov/pubmed/12816650
https://doi.org/10.1371/journal.pone.0144265
http://www.ncbi.nlm.nih.gov/pubmed/26673898
https://doi.org/10.1371/journal.pntd.0001901
https://doi.org/10.1098/rsif.2007.1038
https://doi.org/10.1371/journal.pone.0172638
http://www.ncbi.nlm.nih.gov/pubmed/28414720
https://doi.org/10.1016/j.prevetmed.2016.03.010
http://www.ncbi.nlm.nih.gov/pubmed/27237389
https://doi.org/10.1016/S0167-5877(01)00260-4
http://www.ncbi.nlm.nih.gov/pubmed/11821139
https://doi.org/10.1051/vetres:2008048
https://doi.org/10.1051/vetres:2008048
https://doi.org/10.1016/j.vaccine.2012.08.045
http://www.ncbi.nlm.nih.gov/pubmed/22944629
https://doi.org/10.1016/j.prevetmed.2018.02.005
http://www.ncbi.nlm.nih.gov/pubmed/29559110
https://doi.org/10.1016/j.virol.2003.07.009
https://doi.org/10.1016/j.virol.2003.07.009
https://doi.org/10.1016/S0378-1135(00)00196-6
https://doi.org/10.1016/S0378-1135(00)00196-6
http://www.ncbi.nlm.nih.gov/pubmed/10831854
https://doi.org/10.1371/journal.pone.0220738

