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Abstract

African swine fever virus (ASFV) continues to spread across the world, and currently,

there areno treatments or vaccines available to combat this virus. Reliable estimatesof

transmission parameters for ASFV are therefore needed to establish effective contin-

gency plans. This study used data from controlled ASFV inoculations of pigs to assess

the transmission parameters. Three models were developed with (binary, piecewise-

linear and exponential) time-dependent levels of infectiousness based on latency

periods of 3–5days derived from the analysis of 294ethylenediamine tetraacetic acid–

stabilized blood samples originating from 16 pigs with direct and 10 pigs with indirect

contact to 8 inoculated pigs. The models were evaluated for three different discrete

latency periods of infection. The likelihood ratio test showed that a binary model had

an equally good fit for a latency period of 4 or 5 days as the piecewise-linear and

exponential model. However, for a latency period of 3 days, the piecewise-linear and

exponential models had the best fit. Themodelling was done in discrete time as testing

was conducted on specific days. The main contribution of this study is the estimation

of ASFV genotype II transmission through the air in a confined space. The estimated

transmission parameters via air are not much lower than for direct contact between

pigs. The estimated parameters should be useful for future simulations of control

measures against ASFV.

KEYWORDS

African swine fever, maximum likelihood, transmission

1 INTRODUCTION

African swine fever (ASF) is a contagious disease caused by the ASF

virus (ASFV), the only member of the family Asfarviridae (Alonso et al.,

2018). ASFV infects suids resulting in a disease characterized by fever,

depression, haemorrhages and often a high fatality rate (Gallardo et al.,

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited and is not used for commercial purposes.

© 2022 The Authors. Transboundary and Emerging Diseases published byWiley-VCHGmbH.

2017; Guinat et al., 2014). There are currently no treatments or com-

mercial vaccines against ASFVavailable; however, attempts to produce

a safe and effective vaccine are showing promising results (Blomeet al.,

2020; Sánchez et al., 2019; Waters, 2020). ASFV (genotype II) was

introduced into Georgia in 2007 and subsequently spread through the

Russian Federation, into the Baltic States and Poland and several other

3858 wileyonlinelibrary.com/journal/tbed Transbound Emerg Dis. 2022;69:3858–3867.
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Eastern European countries, including Bulgaria, Romania, Hungary,

Slovakia and the Czech Republic (Cwynar et al., 2019; Guinat et al.,

2016). The disease was then found in Western Europe in 2018, where

it was detected in the south-eastern part of Belgium (Forth et al., 2019;

Linden et al., 2019; OIE WAHIS, 2022). Furthermore, ASF has since

been detected in the Western part of Poland, Greece, in the Southern

part of Europe, and Germany in 2020 (Pacey et al., 2020; Perrin et al.,

2022). In 2022, the disease has been reported in northern Italy and

The Dominican Republic (OIE WAHIS, 2022). Belgium and the Czech

Republic have been able to eliminate the disease as of 2020. ASFV

also spread to South-East Asia in 2018, where it has been found in

numerous countries, including China,Mongolia, Vietnam, South Korea,

The Philippines, Malaysia, Indonesia, Timor-Leste, Papua New Guinea,

Thailand, Cambodia, Myanmar, Bhutan and India (Dixon et al., 2019;

FAO, 2021). Considering this extensive spread, there is an acute need

for effectivemeasures to control the transmission of the virus.

To understand the transmission dynamics of ASFV, simulation mod-

els of virus spread within and between wild boar populations (Halasa

et al., 2018; Lange & Thulke, 2017) as well as within and between

domestic pig populations have been developed (Halasa et al., 2016,

2016b). These models have provided insights into the spread dynam-

ics and maintenance of ASFV within these populations and have been

used to propose control measures to limit the impact of the virus

(Halasa et al., 2016a, 2018; Lange et al., 2018). However, predictions

from these models were highly susceptible to changes in the esti-

mates for the transmission rate of the virus (Halasa et al., 2016, 2018;

Lange & Thulke, 2017). The exact routes of ASFV introduction to pig

populations have not yet been determined. However, research regard-

ing indirect transmission indicates that ASFV can be transmitted via

contaminated objects, prepared and unprepared contaminated meat

products, feed and blood-feeding invertebrates (Blome et al., 2020;

Olesen et al., 2020). This shows the importance of accurate determi-

nations of the transmission parameters for ASFV to obtain reliable and

precise predictions from simulation models. Such predictions can be

used to update preparedness and contingency plans for countries that

are currently free of the disease but are at risk of ASFV introduction.

Quantitative data, such as symptoms, pathogenicity and virus distri-

bution in tissue, have been presented for different strains of the ASFV

genotype II currently circulating in Europe (Gallardo et al., 2021). That

study aimed at expanding current knowledge of ASFV transmission

through inoculation and direct transmission experiments using three

different strains (from Estonia, Latvia and Poland). The results indi-

cated that the different strains had different virulence, with the Polish

strain causing rapid and fatal disease. The Estonian variant caused sub-

acute infections, whereas the Latvian variant induced milder clinical

symptoms (Gallardo et al., 2021).

To our knowledge, only three studies have estimated the trans-

mission rate of genotype II ASFVs, two were based on experimental

studies (Guinat et al., 2016a; Pietschmann et al., 2015), and one was

based on mortality data from outbreak farms (Guinat et al., 2018).

In these studies, the transmission rates of the virus within a group

and between groups having direct contact (e.g. nose to nose) were

estimated by Guinat et al. (2016b) and Nielsen et al. (2017). The trans-

mission rate between groupswithout direct contact (only via air) has to

our knowledge not been estimated before for ASFV.

The current study aimed to estimate transmission parameters for an

ASFV genotype II from Poland (ASFV POL/2015/Podlaskie), including

transmission via direct contact, within and between pens, and via air,

based on data obtained from two transmission experiments.

2 MATERIALS AND METHODS

2.1 Data sets

The data set contained results from two separate animal experiments

performed as pig-to-pig transmission studies, described previously by

Olesen et al. (2017). As both experiments were conducted using the

same set-up (Figure 1), the data was pooled to increase the num-

ber of observations. Experiment A included 16 weaner pigs, whereas

experiment B included 18 weaner pigs when excluding the control

(uninfected) pigs. When pooling the data, care was taken to keep the

transmission of ASFV separate from each other in the two studies, that

is pigs from experiment A could not infect pigs from experiment B;

however, the disease progression of both experiments were utilized to

perform parameter estimation.

For eachexperiment, all animalswereallocated todifferent pen con-

figurations within the same room (Figure 1). In each experiment, pen 1

included four pigs inoculatedwithASFV/POL/2015/Podlaskie and four

naïve pigs for within-pen transmission estimation. The adjacent pen

2 contained four naïve pigs for between-pen transmission estimation.

The separate pen 3 contained four (experiment A) or six (experi-

ment B) naïve pigs for air transmission estimation. Pens 1 and 2 were

only separated with metal bars, allowing direct nose-to-nose/through-

fence contact between the pigs within these pens. Furthermore, faecal

matter and urine passed freely beneath themetal bars. Pen 3was sepa-

rated from pens 1 and 2 by an approximately one-meter-wide corridor.

Thus, pigs in pen 3 only shared air space with the pigs in the other 2

pens.

The two experiments produced data from 8 pigs to estimate within-

pen transmission via direct contact, from 8 pigs to estimate between-

pen transmission via direct contact, and from 10 pigs to estimate

transmission via air. In addition, six pigs located in a separate room

for experiment A and four pigs for experiment B were used as con-

trol groups for both studies. See Olesen et al. (2017) for more detailed

information on the experimental design.

2.2 Sampling protocol

In both experiments, ethylenediamine tetraacetic acid-stabilized blood

(EDTA-blood) samples were collected from the inoculated and contact

pigs on pre-selected days post inoculation. Due to animal welfare rea-

sons, samples could not be collected every day, resulting in planned

gaps in the data. The sampling days for experiment B were modified

based on the results obtained from experiment A. The sampling days
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Pen 2: Between-pen transmission
Pen 1: Within-pen transmission (inoculated

and naïve pigs)

Pen 3: Across-pen transmission via air

F IGURE 1 The design of the transmission experiments illustrating the different pen groups and contact modalities

TABLE 1 Sampling day schedule for different groups of pigs in relation to the original studies A and B byOlesen et al. (2017)

Current

name

Original

name nPigs Sampling day after inoculation nPigs

Start 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 End

WP 1a 4 x x x x x † † x x x 0

WP 2a 4 x x x x x x x x x 0

BP 3a 4 x x x x x x x x † x 0

AC 4a 4 x x x x x x x x † x 1

5a‡ 6 x x x x x x x x x 0

WP 1b 4 x x x x x † x x x † 0

WP 2b 4 x x x x x x x x † † x x 1

BP 3b 4 x x x x x x x x x x † 0

AC 4b 6 x x x x x x x x x x † † † 1

5b‡ 4 x x x 0

Note: nPigs, number of pigs available for parameter estimation; ‘x’ indicates planned sampling days; ‘†’ Indicates dayswhere extra samples were collected due

to the euthanasia of pigs; ‘5a‡’ and ‘5b‡ ’ were control pigs kept in a separate room.Results from thesepigswerenot included in the calculations of transmission

rates.WP, BP and AC represent within-pen, between-pen and across-pen transmissions, respectively.

are shown in Table 1 where each specified sample is a new sample. For

more information about inoculation dose and sampling days, see Ole-

sen et al. (2017). EDTA-blood samples were analysed for the presence

of ASFV using a quantitative polymerase chain reaction (qPCR). EDTA-

blood samples with a threshold cycle value (Cq value) at which FAM

dye emission appeared above background within 35 cycles were con-

sideredpositive forASFVDNA(log2-scale). Apredetermined threshold

value for when a blood sample was considered positive was used when

analysing the amountofDNApresent. Thenumberof times theamount

of DNA would have to be doubled to reach the threshold is defined as

the threshold cycle number Cq resulting in a Cq value on a log2-scale.

In the earlier study (Olesen et al., 2017), EDTA-blood sampleswith aCq

value below 40 were considered positive for ASFV DNA, but a cut-off

of 35was used for swab samples. It is common to use aCq value of<40.

To be more stringent, a single cut-off was used throughout here. Only

nine samples of 294 were in the range between 35 and 40; therefore,

little difference in the parameter estimates was expected. A sensitivity

analysis was performed for a Cq< 40.

2.3 Models

The transmission of ASFV can occur via direct contact within the

pen (βw), by direct contact between pens (βb), and across separated

pens through the air (βac). It was assumed that the transmission of

ASFV followed homogeneous mixing. The underlying structure of the

transmission of ASFV can be thought of as a susceptible-exposed-

infected-recovered model where each pig transitions through the

model until it is removed from the study (recovered/dead). According

to Velthuis et al. (2003), the rate at which an animal has infectious

 18651682, 2022, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tbed.14757 by D

et K
ongelige, W

iley O
nline L

ibrary on [16/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



MAIN ET AL. 3861

contacts can be assumed to be proportional to the density of the pop-

ulation with a constant 𝛽. Therefore, within a period of Δt, the number

of contacts that a pig has can be described using a Poisson distribution

with the parameter
𝛽I

N
Δt, where I is the number of infectious individu-

als, and N is the total population. Using this formula, the probability of

becoming infected with ASFVwas originally mathematically described

by Nielsen et al. (2017) by Equations (1) (within pen transmission) and

(2) (between pen transmission), respectively:

p1,t = 1 − exp

(
−

(
𝛽w

I1,t
N1,t

+ 𝛽b
I2,t

N1,t + N2,t

)
Δt

)
(1)

p2,t = 1 − exp

(
−

(
𝛽w

I2,t
N2,t

+ 𝛽b
I1,t

N1,t + N2,t

)
Δt

)
(2)

The transmission parameters were multiplied together with the

relevant proportions of infectious pigs and the total number of pigs

present in relation to the transmission type. For example, the within

transmission parameter in pen 1 was multiplied by the number of

infected pigs in pen 1 (I1,t) divided by the total number of pigs in

pen 1 (N1,t) resulting in an expression of the density of the popula-

tion that was infectious. The relevant pigs on which the densities were

calculated were contained in pen 1. The between-pen transmission

parameter, however, was multiplied by the number of infectious pigs

in pen 2 (I2,t) and divided by the number of pigs in both pens 1 and 2

(N1,t + N2,t) due to the transmission originating in a different pen and

being distributed over both populations resulting in a different expres-

sionof thedensityof the infectiouspopulation.Due to theplannedgaps

in the data caused by days without sampling, the probability of becom-

ing infectedwas calculated for a given time point (t) within a given time

interval (Δt). Due to the sampling days being discrete, it was chosen to

model the spread of ASFV using a discrete stochastic model with each

time point referencing days post-inoculation.

This model was expanded to include transmission via air (βac). The
transmission of viruses via air depended on the number of infected pigs

and the total number of pigs. The probabilities of becoming infected

in pens 1–3 were calculated from Equations (3)–(5), respectively. The

probability of becoming infected in pen 1 included the within-pen, the

between-pen and the across-pen transmission. The across pen trans-

mission only accounted for the number of infected animals in the

isolated pen 3 and was divided by the transmission over the popula-

tions in all pens. The air transmission parameter was multiplied by the

number of infected individuals in both pens 1 and 2 whereafter it was

divided by the total population. The higher the estimated parameter

values are, the higher the force of infection is from the specified source:

p1,t = 1 − exp

(
−

(
𝛽w

I1,t
N1,t

+ 𝛽b
I2,t

N1,t + N2,t
+ 𝛽ac

I3,t
N1,t + N2,t + N3,t

)
Δt

)
(3)

p2,t = 1 − exp

(
−

(
𝛽w

I2,t
N2,t

+ 𝛽b
I1,t

N1,t + N2,t
+ 𝛽ac

I3,t
N1,t + N2,t + N3,t

)
Δt

)
(4)

p3,t = 1 − exp

(
−

(
𝛽w

I3,t
N3,t

+ 𝛽ac
I1,t + I2,t

N1,t + N2,t + N3,t

)
Δt

)
(5)

The number of infectious animals had to be estimated for those days

when the animals were not tested. To account for the days with data

gaps, a weighted average (𝛼) of the number of infectious animals the

day before and the day after sampling was used to fill in the missing

observations with 𝛼 representing the day before and 1 − 𝛼 the day

after. When estimating the weighted average parameter, an expres-

sion was created containing the probability of becoming infected using

either the day before or the day after substitution, thereby creating an

expression as Equations (3) and (4) using either substitution method.

Theweighted average between these probabilities then represents the

type of substitution which has the highest likelihood.

The parameters were estimated using numerical methods. To avoid

numerical instability, the maximum log-likelihood values were com-

puted using Equation (6).Where ni is the number of blood tests (trials),

ki is the number of positive cases (successes) and pi is the probability

of becoming infected described in Equations (3)–(5) for each individual

pig i:

log (𝜃|x) = log
N∏
i=1

pkii (1 − pi)
ni−ki (6)

Hereafter, the asymmetrical confidence intervals (CIs) were found

using profile likelihood (Madsen & Thyregod, 2011). Asymmetrical CIs

ensured that no transmission parameters became negative.

In the previous studies with genotype II ASFVs, the infectiousness

of the pigs was considered to be binary (infectious or not infectious)

(Nielsenet al., 2017). In addition to thebinarymodel,wedeveloped two

alternative models to estimate a continuous level of infectiousness of

the pigs. In onemodel, the continuous level of infectiousness consisted

of a piecewise-linear function, and the other model of an exponen-

tial function. The models represent that a pig can be partially positive

rather than fully negative/positive. The piecewise-linear function con-

tained a break point, which indicated when a pig would be considered

fully infectious andwas estimated by the parameter (Break). The expo-

nential function described the relative infectiousness as a function of

Cq-values andwas estimated by the parameter (a).

The piecewise-linear and exponential models were compared to the

binarymodel as the ‘gold standard’ to find theonewhichbest described

thedata. Thiswasdoneusing a log-likelihood ratio test (Pawitan, 2013).

The binarymodelwas chosen as a ‘gold standard’ (baseline) as previous

research assumed binary infectiousness.

The transmission parameters were estimated for different latency

periods. The latency period represents the time from when a pig was

infected until it started shedding virus and hence became infectious.

Based on previous studies, it was assumed that the latency period for

ASFV was either 3, 4 or 5 days (Guinat et al., 2016a; Nielsen et al.,

2017).

Several assumptions were made for the estimation of the parame-

ters. Itwas assumed that susceptible pigs had equal amounts of contact

with the source of infection, and the contacts were homogeneous for

each contact modality. It was also assumed that no pigs could become

infectious before the third day after exposure. Once a pig tested pos-

itive for ASFV DNA in EDTA-blood, it was assumed that it was not
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TABLE 2 Estimation of transmission parameters by binary interpretation of quantitative polymerase chain reaction (qPCR) cycles

Parameter description

Parameter

symbol

Latency period (L) in days

L= 3 L= 4 L= 5

Within-pen transmission (1/day) 𝛽w 0.68 [0.31; 1.25] 0.96 [0.42; 1.82] 1.67 [0.73; 3.24]

Between-pen transmission (1/day) 𝛽b 0.82 [0.34; 1.62] 1.10 [0.48; 2.13] 1.57 [0.68; 3.04]

Across-corridor transmission (by air) (1/day) 𝛽ac 0.48 [0.18; 0.98] 0.67 [0.27; 1.32] 0.91 [0.37; 1.78]

Weighted average between the day before

and the day after

𝛼 0.50 [0.00; 1.00] 0.50 [0.00; 1.00] 1.00 [0.00; 1.00]

Maximum log-likelihood values max log −55.67 −50.89 −45.67

Note: CIs for the estimated transmission parameters are given in square brackets.

possible to test negative again (within the course of the experiment).

The geometric layout of the experimental set-up was not considered

when estimating the transmission parameters.

2.4 Software

Data management and statistical calculations were performed using

theopen-sourceplatform languageRversion4.2.1 (RCoreTeam,2022)

with the user platform RStudio version 2022.07.1 (RStudio Team,

2022). To perform the modelling, two packages were used: tidyverse

v. 1.3.2 (Wickham et al., 2019) and tibble v. 3.1.8 (Müller & Wickham,

2022).

3 RESULTS

The raw data sets indicated that the transmission rate by air would be

lower than transmission rates for contacts within and between pens

because pigs in the across pen became infected last. The estimated

parameters were as expected. In the following subsection, the param-

eters derived from using a Cq value < 35 as positive are presented.

Sensitivity analysis was performed using aCq value of<40.Onlyminor

changes in parameter estimates were found when using a Cq value

of <40 (see Tables S1–S4 for the binary, piecewise-linear, exponential

models and likelihood ratio tests, respectively).

3.1 Parameter estimation with the binary model

Transmission parameters for the binarymodel are presented in Table 2.

A latency period of 5 days yielded the best model with the highest

maximum log-likelihood value of −45.67. In addition, as the estimated

latency periods increased from 3 to 5 days, all transmission rates

(𝛽w, 𝛽b, 𝛽ac) in this model also increased.

3.2 Parameter estimation with the
piecewise-linear model

Transmission parameters for a piecewise-linear risk of infectiousness

are presented in Table 3. A latency period of 4 days yielded the best

model fit with a maximum log-likelihood value of −49.34. As for the

binary model, the transmission parameter estimates increased as the

latency period increased from 3 to 5 days. The results for each latency

period are shown in Figure 2 and Table 3. The figure contains the CIs

for each latency period represented by the hatched areas. The wide

overlapping CIs become very apparent. The piecewise-linear function

generally estimated a break point at a specific qPCR cycle repetition

number that resulted in steep slopes.

3.3 Parameter estimation with the exponential
model

The transmission parameters estimated by an exponential model are

shown in Table 4. A latency period of 5 days yielded the best model

fit with a maximum log-likelihood value of −48.41. The transmission

parameter estimates differed from the previous results (binary and

piecewise-linear), as they did not change systematically with latency

day numbers. The previous models indicated that for a higher latency

period, the transmission parameter estimates would increase. How-

ever,with a latency of 5 days, the parameters for the exponentialmodel

were lower thanwith a latency of 3 days, yet higher thanwith a latency

of 4 days. The different estimated percentage changes for each latency

period are shown in Figure 3 and Table 4. As before, the figure contains

the CIs for each latency period represented by the hatched areas. The

estimates and CIs overlap between the models. For a latency period of

5 days, an almost binary pattern of infectiousness was found.

3.4 Model performance

The models containing a piecewise-linear or exponential risk of infec-

tiousnesswith five parameterswere evaluated in relation to the binary

risk model with four parameters. There was a significant difference

between themodels for a latency period of 3 days, but not for a latency

period of 4 or 5 days. The likelihood ratio tests and the corresponding

p-values can be found in Table 5. For all latency periods (3, 4 or 5

days), the 95% CI for the alpha parameter, describing the weighted

average between the day before and the day after, was [0.00; 1.00],

and therefore, not conclusive for whether a missing value, based on

a no-sampling day, should be replaced with the value from the day

before or after.
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MAIN ET AL. 3863

TABLE 3 Estimation of transmission parameters by piecewise-linear interpretation of quantitative polymerase chain reaction (qPCR) cycles

Parameter description

Parameter

symbol

Latency period

L= 3 L= 4 L= 5

Within-pen transmission (1/day) 𝛽w 0.84 [0.37; 3.34] 1.15 [0.50; 4.24] 1.94 [0.19; 4.27]

Between-pen transmission (1/day) 𝛽b 1.00 [0.41; 4.09] 1.29 [0.56; 4.67] 1.87 [0.17; 4.82]

Across-corridor transmission (by air) (1/day) 𝛽ac 0.56 [0.21; 2.46] 0.75 [0.31; 2.78] 1.02 [0.08; 2.14]

Break point (Cq) for assumption of infectious

individual

Break 24.86 [0.00; 33.89] 27.54 [0.00; 35.00] 27.54 [18.65; 35.00]

Weighted average between the day before

and the day after

𝛼 0.50 [0.00; 1.00] 0.50 [0.00; 1.00] 1.00 [0.00; 1.00]

Maximum log-likelihood values max log −53.13 −49.34 −53.01

Note: CIs for the estimated transmission parameters are given in square brackets.
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F IGURE 2 Illustration of estimated break points (Break) from a piecewise-linear assessment of quantitative polymerase chain reaction (qPCR)
(on log2-scale) cycles for each latency period (L).Relative infectiousness given as a proportion between 0 and 1. The hatched area represents the
95% confidence intervals of the estimations, whereas the thicker lines are the actual estimates. Estimates for L= 4 and L= 5 coincide

TABLE 4 Estimation of transmission parameters by exponential interpretation of quantitative polymerase chain reaction (qPCR) cycles

Parameter description

Parameter

symbol

Latency period

L= 3 L= 4 L= 5

Within-pen transmission (1/day) 𝛽w 1.80 [0.81; 3.38] 1.19 [0.49; 4.75] 1.75 [0.76; 3.39]

Between-pen transmission (1/day) 𝛽b 2.13 [0.90; 4.14] 1.35 [0.55; 5.00†] 1.68 [0.72; 3.25]

Across-corridor transmission (by air) (1/day) 𝛽ac 1.22 [0.47; 2.48] 0.79 [0.30; 3.12] 0.94 [0.39; 1.85]

Change in relative infectiousness‡ a 0.00 [0.00; 1.00] 0.21 [0.00; 1.00] 1.00 [0.46; 1.00]

Weighted average between the day before

and the day after

𝛼 0.50 [0.00; 1.00] 0.50 [0.00; 1.00] 1.00 [0.00; 1.00]

Maximum log-likelihood values max log −53.20 −49.89 −48.41

Note: Estimation of transmission parameters by exponential interpretation of qPCR cycles. (‘†’ Upper bound estimated feasible transmission rate hit. ‘‡’

Relative infectiousness given as a proportion between 0 and 1.)

4 DISCUSSION

In this study, the transmission rate parameters of a genotype II ASFV

(ASFV POL/2015/Podlaskie) were quantified for direct contact of pigs

within and between pig pens and transmission via air based on data

obtained in two transmission experiments (Olesen et al., 2017). The

analyses showed that this ASFV POL/2015/Podlaskie had a slightly

higher transmission rate compared to theGeorgianASFV (Guinat et al.,

2016a) butwith overlappingCIs (Nielsen et al., 2017).Our findings sug-

gested that the transmission potential of the virus under controlled

 18651682, 2022, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tbed.14757 by D

et K
ongelige, W

iley O
nline L

ibrary on [16/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



3864 MAIN ET AL.
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F IGURE 3 Illustration of the estimated change in infectiousness (a) from an exponential interpretation of quantitative polymerase chain
reaction (qPCR) cycles (on log2-scale) for each latency period (L).Relative infectiousness given as a proportion between 0 and 1. The hatched area
represents the 95% confidence intervals of the estimations, whereas the thicker lines are the actual estimates

TABLE 5 Likelihood ratio tests (LRT) for each latency period of the
piecewise-linear and exponential models versus the binary gold
standardmodel

Latency

period Models compared LRT p-Value

L= 3 Piecewise-linear versus binary 5.08 .024*

Exponential versus binary 4.94 .026*

L= 4 Piecewise-linear versus binary 3.10 .078

Exponential versus binary 2.00 .157

L= 5 Piecewise-linear versus binary −14.68 1.000

Exponential versus binary −5.48 1.000

Note: LRT is the𝜒2 test statistic for the likelihood ratio test with confidence

level 95%. *p-Values < .05 were considered significant. All tests performed

had one degree of freedom.

experimental conditions had not changed significantly since the time

of its introduction into Georgia in 2007.

To our knowledge, this is the first study to quantify airborne trans-

mission of genotype II ASFV, which has been shown to transmit via

air (Gallardo et al., 2017). Excretion of other ASFV strains (Brazil’78,

Malta’78 and the Netherlands’86) into air has been quantified before

(deCarvalhoFerreira et al., 2013). The authors concluded that the virus

could potentially be transmitted via air within a local confined environ-

ment during acute disease. The estimated parameters for transmission

via air in this studywere lower than those for thewithin- and between-

pen contact. This may explain part of the spread pattern observed in

some large domestic herds infected with ASFV. Our findings on the

transmission of ASFV via air cannot directly be extrapolated to trans-

mission of this virus between herds or wild boar groups in nature, as

the virus concentration in the air will be diluted differently in the open

air than in a controlled experimental setting. Furthermore, the trans-

mission estimates do not take the geometry of the pens into account.

However, we believe that transmission via air over short distancesmay

be of significance for within-herd settings.

In this study, a previous transmission model (Nielsen et al., 2017)

was expanded to include a parameter for transmission via air. A

piecewise-linear or exponentialmodelwas tested to interpret the virus

infectiousness. These models were only superior to the binary model

for a latency period of 3 days. In cases where the latency period was

either 4 or 5 days, a binary risk model of infectiousness outperformed

both the piecewise-linear and exponential models. For the exponential

risk function with a latency period of 3 days, the estimated parame-

ter (a) was 1.00 ⋅ 10−4 which was the numerical lower bound for the

optimization algorithm. The value is presented in Table 4 with two

decimals. The slope of the exponential risk function thereby became

almost piecewise-linear. Thus, an exponential model may not be the

best solution to explain the behaviour of ASFV. However, the relative

proportion for a latency of 5 days became 1. Hence, the slope of the

exponential function became very steep, that is the pigs became max-

imally infectious very rapidly. In this setting, the exponential function

resembled a binary infectiousness pattern. This finding corroborated

the log-likelihood ratio test, suggesting that the binary model was suit-

able for a latencyperiodof4or5days. These results indicated that pigs,

which test positive for ASFVDNA in EDTA-blood samples, were imme-

diately capable of infecting other pigs due to the number of infectious

pigs available when looking back at the latency period. However, it can

be argued that the transmission rate may differ in the experimental

setting compared to an open environment (Nurmoja et al., 2018).

The transmission parameters in our study were calculated for the

genotype II ASFV using EDTA-blood samples, as this was previously

shown to be the most reproducible sample type (Nielsen et al., 2017).

The original experiment analysed EDTA-blood and serum samples for

viral DNA (Olesen et al., 2017). In the original study, a Cq < 40 was

used to determine whether a blood sample was positive or not (Ole-

senet al., 2017).We foundonlyminor changes in estimatedparameters

between using Cq values <35 or Cq values <40 in our data set due

to only 9 samples of 294 being in the interval. The parameter esti-

mates had significant overlapping CIs and displayed similar behaviour

with regards to latency periods. For both the binary and piecewise-

linearmodels, the estimates increasedwith the latency period for both
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Cq<35andCq<40.However, theexponentialmodel showedachange

in behaviour for Cq < 35. Increasing the latency period from 3 to 4

days would decrease the estimates, whereas a change from 4 to 5 days

would increase estimates. For aCq<40, an increase from3 to4 latency

days would increase the transmission estimates and decrease again

with a latency period of 5 days.

Further analysis shows that for a Cq < 35 for a latency period of 3

or 4 days, the transmission parameters follow 𝛽b > 𝛽w > 𝛽ac. However,

for a latency period of 5 days, this does not hold. For a Cq < 40, it also

follows 𝛽w > 𝛽b > 𝛽ac for a latency period of 4 or 5 days, however, not

for a latency period of 3 days. The 𝛽w is below 𝛽b in some cases, which

is counterintuitive from an epidemiological point of view. We find that

this is an artefact and note that the CIs are overlapping.

For animal welfare reasons, samples were not taken daily, which

resulted in days with no data. The models were tested by replacing the

missing data with results from the weighted average (𝛼) to account for

this. We were unable to determine whether it was more accurate to

replace missing data points with observations from the day before or

the day after based on the CIs. A larger sample size may be required to

determine how to handle missing values best.

Despite the same experimental design with respect to pen distri-

bution, the inoculated dose and number of inoculated pigs, the results

from the two experiments A and B differed (Olesen et al., 2017). The

latency period in experiment B was, on average, 2 days longer than

in experiment A. This was most likely caused by differences in the

clinical signs of the pigs. In studyA, one inoculated pig had rectal bleed-

ing, thus shedding high amounts of virus into the environment, and

therefore, contagiousness was high (Gallardo et al., 2017; Guinat et al.,

2014). In experiment B, none of the inoculated pigs had visible blood

loss, and thus, transmission was mainly caused by secretions (nasal

and rectal), which contain a lower amount of virus (Gallardo et al.,

2017; Guinat et al., 2014). This may have resulted in slower transmis-

sion in experiment B. The infection trajectories of each study were

very different due to the rectal bleeding; however, as rectal bleeding

is a symptom of ASFV, both trajectories represent variability in ASFV

expression. The differences between experiments A and B can also be

attributed to the relatively small number of animals used and, hence,

the natural stochasticity in the system. The effect of a small sample

size was also reflected by the wide CIs. For domestic pig herds, the

infected pigs may also spend more time in the population as farmers,

and farmmanagers do not spot immediately the infectious individuals.

To ensure animal welfare, several pigs were euthanized therefore not

reflecting potential real life scenarios; however, it is necessary to cre-

ate controlled situations to quantify the impact of different routes of

infection.

As ASFV rapidly caused very severe clinical signs in pigs, infected

pigs were often euthanized, according to pre-determined humane end

points (Gallardo et al., 2017), before reaching their full infectious

potential. Thus, the estimated parameters may underestimate the true

infectiousness of ASFV. Still, such data may, in turn, be subject to con-

siderable uncertainty due to the difficulty of determining the exact

infection day and time of onset of virus shedding by the infected pigs.

One study (Guinat et al., 2018) used mortality data from an outbreak

herd to estimate the within-herd transmission rate. The estimated

median value of the transmission rates varied considerably from one

herd to another and ranged between 0.7 and 2.2. It was suspected that

the within-herd transmission varied significantly due to different man-

agement styles of the pig herds; however, no conclusive results could

be found.

The estimated parameters from this study can be used to develop

simulation models of the spread of ASFV, improve our understand-

ing of virus spread and persistence and evaluate measures that can

cost-effectively control the spread due to a better understanding of

disease spread and dynamic. The spread of ASFV in an enclosed space

can be modelled using the transmission parameters and, furthermore,

explain the spreading of ASFV through air. When simulating how

ASFV spreads throughout pig pens, it would be possible to simulate a

country-wide spread by assuming that cross-contamination can occur

between herds.

5 CONCLUSIONS

An existing transmission model of ASFV predicting direct contact

transmission between pigs (Nielsen et al., 2017) was expanded to esti-

mate transmission of a genotype II ASFV (ASFV POL/2015/Podlaskie)

within and between pens, as well as across pens through the air. The

transmission pattern of this ASFV genotype II did not appear to have

changed over time compared to the estimated transmission of a Geor-

gianASFV (2007/1). The viruswas transmitted via airwithin a confined

area, which enabled transmission parameters for this route of infec-

tion to be estimated. The transmission of ASFV was tested for three

different discrete latency periods. For a latency period of 3 days, the

piecewise-linear model and the exponential model proved to be best;

however, for a latency period of 4 or 5 days, the binary model was

preferred. The transmission parameters indicate that transmission via

air is the least infectious route compared to within- and between-pen

transmission. However, air transmission is still very powerful as can be

seen by the overlapping CIs of the estimated transmission parameters

for each model. Transmission via air has a general reduction of 50%–

70% compared to transmission within and between pens. The new

estimates present a better understanding of the disease spread and

dynamics. These findings can result in a better representation of ASFV

in simulationmodels togetherwith the uncertainty estimates. The esti-

mated transmission rate parameters can be used in simulation models

to assess the epidemiological and economic effects of strategies to

control the spread of ASFV.
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