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a  b  s  t  r  a  c  t

Between  2006  and  2009  the  largest  human  Q  fever  epidemic  ever  described  occurred  in  the  Netherlands.
The  source  of infection  was  traced  back  to dairy  goat  herds  with  abortion  problems  due  to  Q  fever.  The
first  aim  of  control  measures  taken  in  these  herds  was the  reduction  of  human  exposure.  To analyze  Q
fever  dynamics  in  goat herds  and to study  the  effect  of control  measures,  a  within-herd  model  of  Coxiella
burnetii  transmission  in  dairy goat  herds  was  developed.  With  this  individual-based  stochastic  model  we
evaluated  six control  strategies  and  three  herd  management  styles  and studied  which  strategy  leads  to
a  lower  Q  fever  prevalence  and/or  to  disease  extinction  in  a  goat  herd.  Parameter  values  were  based  on
literature  and  on experimental  work.  The  model  could  not  be validated  with  independent  data.

The results  of  the  epidemiological  model  were:
(1) Vaccination  is effective  in quickly  reducing  the  prevalence  in  a dairy  goat  herd.  (2)  When  taking

into  account  the  average  time  to extinction  of  the  infection  and the  infection  pressure  in a  goat  herd,
the  most  effective  control  strategy  is  preventive  yearly  vaccination,  followed  by the  reactive  strategies  to
vaccinate  after an  abortion  storm  or after  testing  BTM  (bulk  tank  milk)  positive.  (3)  As C.  burnetii  in  dried
dust  may  affect public  health,  an  alternative  ranking  method  is  based  on  the  cumulative  amount  of C.
burnetii  emitted  into  the  environment  (from  disease  introduction  until  extinction).  Using  this  criterion,
the  same  control  strategies  are  effective  as when based  on  time  to extinction  and  infection  pressure
(see  2).  (4)  As  the  bulk  of  pathogen  excretion  occurs  during  partus  and abortion,  culling  of  pregnant
animals  during  an  abortion  storm  leads  to a  fast reduction  of  the  amount  of C.  burnetii  emitted  into  the
environment.  However,  emission  is  not  entirely  prevented  and  Q  fever  will  not  be  eradicated  in the  herd
by  this  measure.  (5)  A  search  & destroy  (i.e.  test  and  cull)  method  by  PCR  of individual  milk  samples  with  a
detection  probability  of  50%  of detecting  and  culling  infected  goats  – that excrete  C.  burnetii  intermittently

–  will  not  result  in eradication  of  Q fever  in  the herd.  This  control  strategy  was  the  least effective  of  the
six  evaluated  strategies.

Subject  to model  limitations,  our results  indicate  that  only  vaccination  is capable  of  preventing  and
controlling  Q  fever  outbreaks  in  dairy  goat  farms.  Thus,  preventive  vaccination  should  be considered  as
an ongoing  control  measure.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

The bacterium Coxiella burnetii is the causative agent of Q fever

Cox et al., 1947; Burnet and Freeman, 1983). C. burnetii can survive
ery long outside a host (Welsh et al., 1958) but needs host cells for
eproduction. In goats, C. burnetii colonizes the trophoblast cells of

∗ Corresponding author.
E-mail address: herman.vanroermund@wur.nl (H.J.W. van Roermund).
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167-5877/© 2015 Elsevier B.V. All rights reserved.
the placenta of pregnant female hosts leading to necrotic purulent
placentitis (Van Moll et al., 1993; Bildfell et al., 2000; Sanchez et al.,
2006), and subsequent premature birth or abortion of goat kids.
Excretion products like abortion- or parturition products, urine and
faeces of infected goats contain C. burnetii and can dry and mix
with dust leading to exposure of humans. Q-fever is primarily an
airborne infection. The alimentary route by consumption of dairy
products is debated but until now not proven for acute infection

of humans and clinical disease (EFSA Scientific Opinion on Q fever:
EFSA, 2010).

The Dutch dairy goat industry developed since 1984, and 25
years later, total annual goat milk production grew from almost

dx.doi.org/10.1016/j.prevetmed.2015.11.004
http://www.sciencedirect.com/science/journal/01675877
http://www.elsevier.com/locate/prevetmed
http://crossmark.crossref.org/dialog/?doi=10.1016/j.prevetmed.2015.11.004&domain=pdf
mailto:herman.vanroermund@wur.nl
dx.doi.org/10.1016/j.prevetmed.2015.11.004
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Table 1
Chronology of Q fever control measures in the Netherlands (VWZ, 2010; Roest et al., 2011c).

Date Control measure

June 2008 Q fever in goats and sheep becomes a notifiable disease: when during a 30 day period 5% or more of pregnant goats abort, it must be reported.
Up  to 90 days after a suspicion of Q fever, a visitors ban is in place and it is not allowed to move manure from the stable.

October  2008 It is allowed to use Coxevac vaccine on a voluntary basis within a 45 km zone around a Q fever affected farm.
February 2009 Mandatory hygiene measures on commercial dairy farms with more than 50 small ruminants.
April 2009 Mandatory vaccination (before January 2010) of all dairy goats and sheep in a “vaccination zone” in the high incidence area in the South of the

Netherlands on farms with more than 50 ruminants, which are open to the public.
October 2009 Transport ban for small ruminants to and from infected farms, although vaccinated animals are allowed to be added to the herd.

Bi-monthly bulk milk monitoring becomes mandatory for farms with more than 50 dairy goats or dairy sheep.
Visitor ban on infected farms.

December 2009 Ban on herd size increase for all dairy goat or sheep farms.
Breeding ban.
Ban on adding animals to any dairy goat or sheep herd.
Mandatory bi-weekly bulk milk monitoring
Culling of all pregnant goats on farms that were considered infected based on a positive PCR in bulk tank milk.
Ban on moving manure out of the stable up to 30 days after the end of the lambing season.
Manure must remain on the farm site for at least 90 days.

January 2010 Mandatory nationwide vaccination of small ruminants.
May  2010 Mandatory bulk milk monitoring relaxed to bi-monthly schedule.
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January 2013 Besides mandatory hygiene measures, vaccination and 

ero to over 150,000 tons of milk (Van den Brom and Vellema,
009). The total number of 98,080 dairy goats in 2000 increased
o 274,060 in 2009 (CBS, http://statline.cbs.nl, query 2011). In the
980s, Q fever apparent seroprevalence in Dutch goats was lower
han 1% (Roest et al., 2011c).

Between 2006 and 2009 the largest human Q fever epidemic
ver described occurred in the Netherlands. In 2007, 168 human
ases were confirmed, 1000 in 2008, 2355 in 2009 and 208 cases
n 2010 (Roest et al., 2011c). Since the start of the human epidemic
n total 4160 humans were affected (RIVM, 2012). Based on a ret-
ospective analysis, Q fever may  have already infected humans in
005 and 2006 (Van der Hoek et al., 2010). The source was  traced
ack to dairy goat herds with abortion problems due to Q fever.
wenty eight dairy goat farms and two dairy sheep farms were
onfirmed Q fever positive with abortion problems. In addition,
02 dairy goats farms and three dairy sheep farms were confirmed

 fever positive but without reported abortion storms during the
pidemic (see Table 10.1 in Roest (2013)). Analysis of the first 13
oat farms with abortions showed an average of 900 goats per
arm of which 20% aborted (Van den Brom and Vellema, 2009).
he average number of sheep on the two affected dairy sheep
arms was 400 with an average abortion rate of 5% (Van den Brom
nd Vellema, 2009). In 2008, during the second year of the Dutch
pidemic, Q fever apparent seroprevalence in goats was 7.8% at ani-
al  level (Van den Brom and Vellema, 2009; Van den Brom et al.,

012a). Average apparent seroprevalence on positive farms was
6.6%, ranging between 4.8 and 95.2% (Schimmer et al., 2011).

Infected placentas contain many C. burnetii bacteria (Welsh
t al., 1951; Sanchez et al., 2006). Excreted C. burnetii can aerosolize
(Welsh et al., 1958; Tigertt et al., 1961; Marrie et al., 1996; Stein
t al., 2005; EFSA, 2010; Jones et al., 2011) leading to environ-
ental contamination and thus to human health risks as a few

nhaled bacteria can lead to infection and illness in humans (Brooke
t al., 2013). The C. burnetii isolated from Dutch infected goat farms
ince 2007 were genetically near identical, suggesting a single
ntroduction event followed by between-herd transmission (Roest
t al., 2011b,c). C. burnetii isolated from Dutch diagnosed humans
ere also genetically similar (Klaassen et al., 2009). The dominant

enotype found in goats was similar to the one found in infected
umans in the Netherlands (Roest et al., 2011c; Tilburg et al., 2012).

n increase in Q fever incidence in humans was  observed with

ncreasing proximity to goat farms with abortion storms (Schimmer
t al., 2010). These two observations make it likely that infected
oat farms were the cause of human infections during the Dutch
ilk monitoring there are no other obligations or restrictions on negative farms.

epidemic. Control measures on dairy goat farms which were imple-
mented in 2008 were a breeding ban on bulk tank milk positive goat
farms and culling of pregnant does. Table 1 provides a chronolog-
ical overview of the control measures applied in the Netherlands
(VWZ, 2010; Roest et al., 2011c).

Eventually the human Q fever incidence decreased, indicating
that the combined control measures had an effect. However, it
remains unclear which of the individual control measures can effec-
tively control Q fever in a dairy goat herd. In order to support
decision making, an economic cost-benefit analysis for each con-
trol measure separately is needed. This can be done by modelling
the effect of each control measure on disease dynamics in a dairy
goat herd.

Q fever disease dynamics has been modelled to investigate the
effectiveness of three vaccination strategies in a recently infected
dairy cattle herd (Courcoul et al., 2011). Hogerwerf et al. (2013)
showed that the model structure for dairy cattle of Courcoul et al.
(2011), but adapted for herd size and reproductive pattern of goats,
could not capture the dynamics of the abortion storms in Dutch
dairy goat herds. In that model goats were similar to cows with
goat abortion rates derived from observed bovine abortion rates
and goats could have only once an abortion. Therefore, in the
present study a Q fever within-herd transmission model was devel-
oped to describe the disease dynamics in goat herds with abortion
storms and to evaluate the effect of control measures. Parameter
values were based on literature and experimental work. First, a
deterministic version of the model was  developed, consisting of a
system of Ordinary Differential Equations (ODEs). With this deter-
ministic version, an elasticity analysis of the input parameters was
studied. Then, an individual-based stochastic version of the model
was developed, to evaluate the effect of six control strategies and
three herd management styles. The output of the individual-based
stochastic model was used in another study to perform an eco-
nomic analysis of the control- and herd management strategies
(Van Asseldonk et al., 2015).

2. Material and methods

2.1. Dairy goat farming
In dairy goat herds, the breeding season entails conception, ges-
tation and partus. To produce milk a dairy goat needs to give birth
at least once. Goats produce milk during pregnancy, and milking of
goats during gestation is very common. So in a dairy herd all goats

http://statline.cbs.nl,
http://statline.cbs.nl,
http://statline.cbs.nl,
http://statline.cbs.nl,
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Fig. 1. Schematic overview of the Q fever within-herd transmission model. Variables are in rounded boxes, black arrows represent state transitions for the goat, and grey
arrows depict C. burnetii excretion routes resulting from faeces and from birth products (at partus or abortion). C. burnetii decays in each environmental compartment. The
transmission of the bacteria from the stable environment E and dust D to susceptible goats is denoted with dashed grey arrows. The processes of infection, recovery and
development of immunity are indicated with ovals. The model includes conception, partus, abortion and influx of young animals in the herd. In the figure partus and abortion
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s  taken together and labelled ‘parturition’ in the black arrows leaving the infected p
quations and modelling details are given in Appendix 1.

roduce milk, except the first time pregnant females. Adult goats
hich do not conceive and thus will not lactate are culled from

he herd. Only a few male goats are kept in the herd for breeding or
one when insemination is done artificially. Effectively, a herd con-
ists of young females which have never conceived yet, of first time
regnant females (nulliparous) and older pregnant and older non-
regnant females (multiparous). In the Dutch dairy goat industry,
early all young goats do not drink from their mother, but they are
oused separately and drink processed cow-milk. This is done to
revent disease spread between doe and kids.

The peak of conception in most Dutch dairy goat herds occurs
uring September–October, and kidding occurs ca 22 weeks later

n February–March. After the kidding season, the young are kept
eparate from the main herd and those young that are kept for pro-
uction are introduced into the herd two months after the kidding
eason.

Many farmers restock their goat population with a yearly birth
ycle, but it is possible to continue with milking and skipping one
r more mating seasons, effectively prolonging the lactation period
f all goats. Prolonged lactation is on the rise in the Netherlands
s it results in fewer animal losses, less labour, a larger total milk
roduction and leads to a better spread of the milk production over
he year (Schuiling, 2007). However, it does lead to fewer offspring
o breed with.

.2. The Q fever within-herd transmission model

We  first derived a conceptual model from the biology, pathol-

gy and epidemiology of Q fever as found in the literature, taking

 default susceptible-infected-recovered (SIR) model as starting
oint (Keeling and Rohani, 2008). The literature overview used to
erive the conceptual model can be found in Appendix 2 (Choice
nt goats (Ip and Jp). Only non-pregnant goats can be removed from the population.

of parameter values), as it is too elaborate to present here. Fig. 1
shows the resulting flow diagram of the model. In the model a
goat can be susceptible, infected or recovered and pregnant or
non-pregnant. These combinations lead to the following six state
variables: susceptible non-pregnant goats [Snp], susceptible preg-
nant goats [Sp], infected non-pregnant goats [Inp], infected pregnant
goats [Ip], recovered non-pregnant goats [Rnp] and recovered preg-
nant goats [Rp]. Besides these six states, adult goats can be in three
additional disease states, namely the late infected pregnant goats
[Ip2], persistently infected non-pregnant goats [Jnp] and the persis-
tently infected pregnant goats [Jp].

In the model, when a non-pregnant susceptible animal [Snp] is
infected, it will follow an acute disease course: it becomes infected
[Inp] and will shed bacteria in faeces for assumingly a month, after
which a fraction (p) clears the infection and acquires immunity and
recovers [Rnp] and a fraction (1 − p) clears the infection but does not
acquire immunity and thus returns to the state of non-pregnant
susceptible animal [Snp]. The largest source of C. burnetii bacteria
are infected birth products such as placentas, so infected preg-
nant animals play an important role in transmission. The group of
infected pregnant animals [Ip] arises when non-pregnant infected
animals [Inp] become pregnant or when pregnant susceptible ani-
mals [Sp] are infected. A fraction (fI) of these animals [Ip] will abort
before their due time, and the rest (1 − fI) will have a normal par-
turition. Infected pregnant animals cannot clear the infection. At
abortion and parturition equally large amounts of bacteria are shed
via birth products. Animals that become infected in the last month
of gestation enter the infectious state Ip2 and are assumed to not

shed bacteria at parturition. A fraction (˛) of infected pregnant
animals [Ip and Ip2] will recover to Rnp after abortion or parturi-
tion; the complementary fraction (1 − ˛) will become persistently
infected [Jnp]. While these animals are not pregnant anymore they
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ill shed bacteria via faeces. Once pregnant again [Jp], they have
robability (fJ) of having an abortion or (1 − fJ) of having normal
irth, similar to the first infected gestation. We  assume that per-
istently infected individuals will always recover after the second
irth, thus a third infected pregnancy cannot occur in the model.
on-pregnant recovered animals [Rnp] can only move to the state
f pregnant recovered animals [Rp] and vice-versa.

There is no conclusive information on shedding of C. burnetii in
aeces for acutely infected goats [Inp], for animals infected during
regnancy [Ip] and for animals still infected between pregnancies
Jnp] (chronically infected goats). Around the partus infected preg-
ant goats shed C. burnetii [Ip and Jp]. We  will assume that there is a
aily shedding via faeces for all infectious states [Inp, Ip, Ip2, Jnp and

p], but at an extremely low level of excretion compared to bacterial
oad in abortion- or parturition products. In short, acutely infected
nd chronically infected animals shed daily equal amounts of C.
urnetii in faeces. The C. burnetii bacteria in faeces and abortion- or
arturition products are deposited on the manure (litter) of the
table or settle on dust particles (which can spread via aerosol
ormation), leading to environmental bacterial load [E] in manure
nd bacterial load [D] in dust. A fraction � of the excreted bacteria
ill settle on dust, the complementary fraction 1 − � will enter the
anure.
The C. burnetii bacterial load in manure decays over time. Also in

ust the bacterial load decreases, albeit slower. The infection pres-
ure for the goats depends on the amount of C. burnetii in both the
nvironments [E] and [D]. The infection pressure resulting from a
acteria is equal in each environmental compartment but the decay
ate of the bacterial load differs per environmental compartment.
tot is the total number of goats in the herd and  ̌ the constant

ransmission rate from environment to goat, the per capita infec-
ion rate is � (E + D) /Ntot, which describes frequency dependent

ixing (Keeling and Rohani, 2008).
In the model male goats are excluded, because they are unlikely

o play an important role in Q fever transmission after disease intro-
uction in the herd. The route of introduction is not considered

n this model. Q fever is introduced into the herd by introducing
n infected pregnant goat at the average day of conception. After
he kidding season, the young [Y] are kept separate from the main
erd and those young that are kept for production are introduced

nto the herd two months after the kidding season. We  assumed a
est case-scenario in which the young remain uninfected (and thus
usceptible) until being introduced in the herd. The young do not
rink from their mother, which excludes vertical transmission of Q
ever via milk. Non-pregnant goats which fail to conceive or become
nproductive are removed from the population (for slaughter) at a
onstant rate.

The above conceptual model was first used to construct a
eterministic version of the model based on ordinary differential
quations (ODEs) to study the Q fever dynamics in the herd without
ontrol measures. Appendix 1 details the equations of the model.
arameter values of the model are summarized in Table 2, and
ppendix 2 details the underpinning of the chosen parameter val-
es based on literature. An elasticity analysis of the deterministic
odel was performed to study which parameters have the most

nfluence on model predictions.

.3. Elasticity analysis

To find which parameters affect the quantitative output of the
eterministic model the most, elasticity calculations were per-

ormed for each parameter separately. As output variable of interest
cum six years after the disease introduction was selected. Ecum is
he cumulative C. burnetii excretion in the environment since the

oment of disease introduction (without control measures).
ry Medicine 123 (2016) 71–89

The elasticity of a parameter, L(P), is the relative change of model
outcome Ecum (evaluated at the default parameter value P0) divided
by the relative change of the single parameter of interest (P):

L (P) = �Ecum

�P

P0

Ecum
(1)

Numerically L(P) was calculated as in the equation below with
d = 0.1. If P is a fraction (e.g. as for parameter ϕ) and it may  become
larger then unity, then a value for d was  taken such that P reaches
unity.

L (P) = �Ecum ((1 + d) P) − �Ecum ((1 − d) P)
2dP

P0

Ecum (P0)
(2)

2.4. Stochastic model

When infected animals in a herd are controlled to very low
numbers, stochastic processes such as disease extinction become
important, and a stochastic version of the model was needed to
study output like time until extinction. In this model, the transmis-
sion events follow a Poisson distribution with the transmission rate
depending on the number of susceptible animals and the bacterial
load in E and D. The Poisson process was implemented using Gille-
spie’s First Reaction Method (Keeling and Rohani, 2008) in which
at each time point the time to the next event is randomly drawn
according to the respective rate of each stochastic process. Only
the earliest event takes place and time is progressed to the event
time. Each simulation covered a 10 year period since disease intro-
duction. When an individual becomes infected it will subsequently
move via different states to Rnp as is prescribed in the flow chart in
Fig. 1. The time the individual spends in a state was  drawn from the
parameter distributions in Table 2, e.g. a gamma  distribution for the
period to remain in Inp. Each time a state transition occurred for an
individual in the population, the C. burnetii excretion to the envi-
ronmental compartments E and D from all animals was  updated,
leading to a dynamic infection pressure. Non-pregnant individuals
were removed with a constant rate, vacancies due to removal were
filled during the period of influx of young after the kidding season.
The model was coded in Mathematica 8.0 (Wolfram Research Inc,
2012).

2.5. Parameter values

Parameter values of the model are summarized in Table 2, and
Appendix 2 details the underpinning of the chosen parameter val-
ues based on literature. The average day of kidding is set at calendar
day 55 (February 24th) based on Chapter SI 1 of the Supplementary
Information. Given an average gestation time of 150 days, the aver-
age day of conception is at calendar day 270 (September 27th). Q
fever is introduced into the herd by changing a pregnant goat (Sp)
into an infected pregnant goat (Ip) at the average day of conception
(tc).

The parameters values for  ̌ (the transmission rate),  ̨ (frac-
tion of infected pregnant animals to become persistently infected)
and � (the fraction of C. burnetii excretion targeted to dust) could
not be estimated with certainty from literature data. Therefore, the
infection dynamics in the model was studied for a range of values
to find for which combination of parameter values the abortions
patterns as observed in 13 Dutch dairy goat herds in 2006–2007
could be reproduced (high abortion percentage of >5%, see
Appendix 2). The reason for this approach is further explained in
the Section 4.

The timing of state transitions in the stochastic model was done

as follows. Life expectancy has an exponential distribution with
mean �t. Date of partus has a normal distribution with mean tp

and standard deviation Tp. Date of conception has a normal dis-
tribution with mean tc and standard deviation Tc. The assigned
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Table  2
List of variables and parameters in the Q fever model. The choice of each parameter value was based on literature (see Appendix 2). The goat demographic data were derived
from  the Small Animal Database of the Dutch Animal Health Service (see Chapter SI 1 of the Supplementary Information).

Symbol Value Units Description

Variables
Snp Animals Susceptible non-pregnant animals
Sp Animals Susceptible pregnant animals
Inp Animals Acutely infected non-pregnant animals
Ip Animals Infected pregnant animals
Jnp Animals Persistently infected non-pregnant animals
Jp Animals Persistently infected pregnant animals
Rnp Animals Immune non-pregnant animals
Rp Animals Immune pregnant animals
E  Scaled unit C. burnetii load in manure
D  Scaled unit C. burnetii load in dust

Demography parameters
�  0.95 n.a. Fraction of animals to conceive
tp 55 Day of year Average day of parturition (February 24th)
Tp 46 Day Standard deviation for day of parturition
Tc = Tp Day Standard deviation for day of conception
Tg 150 Day Average duration of gestation (∼22 weeks)
tc = 356 + tp−Tg Day of year Average day of conception (September 27th)
�t 1/2.7 Day−1 Total birth rate to keep population constant, on average a goat reach an age of 2.7 years.
�  Varies Year-1 Removal rate of non-pregnant animals, see Chapter SI 1 of the Supplementary information.
nmax 600 Animals Maximal herd size
tin 112 Day of year Average day of introduction of new (young) animals in the herd
tin,s 0.00523 Scale parameter for logistic distribution for day of introduction

Infection parameters
fI 0.75 n.a. Fraction of infected pregnant animals in Ip to abort
fJ 0.25 n.a. Fraction of infected pregnant animals in Jp to abort
Ti 14.4 Day Infectious period of infected non-pregnant animals
ni 4 n.a. Number of infectious stages for non-pregnant animals
�  = ni/Ti Day−1 Recovery rate for each infectious stage
Tl 28 Day Last period of pregnancy when infection does not lead to abortion
˛  0.7 n.a. Fraction of infected pregnant animals to become persistently infected
ˇ  1.0 Day-1 scaled unit-1 [a] Transmission rate per equivalent Coxiella excretion
p  0.5 n.a. Probability to gain immunity after acute infection
Ta 50 Day Last period of pregnancy when abortion can occur
ri=-log [1-fi]/Ta Day-1 Specific rate of abortion, iD (I,J)

Shedding parameters
1-� n.a. Fraction of C. burnetii excretion targeted to manure
�  0.01 n.a. fraction of C. burnetii excretion targeted to dust
�p 1 Scaled unit/part. C. burnetii excretion in partus material (per parturition)
�f 2.7 × 10-6 Scaled units/day C. burnetii excretion in faeces and urine per day

C.  burnetii survival parameters
�E 1/20 Day−1 Mortality rate for C. burnetii in manure
�D 1/200 Day−1 Mortality rate for C. burnetii in dust

Additional parameters for the stochastic simulations
ve 90% n.a. Vaccination efficacy
SSD 50% n.a. Detection probability of the search & destroy strategy

Forcing functions for the deterministic model (see Appendix 1)
�a (t) n.a. Forcing function for abortion: 95% of abortions occur between day 100 of gestation and day 150 of gestation.
�c (t) n.a. Logistic function: 95% of animals conceive during the breeding season with duration Tp centred on tc

�p (t) n.a. Logistic function: 95% of animals give birth during a period of Tp centred on tp

�in (t) n.a. Forcing function for influx of young in the herd
�4 (t) n.a. Forcing function for late infections
�c = �p n.a. Shape parameter for logistic function �c
�in 1.91 n.a. Shape parameter for logistic function �in

�p 11.06 n.a. Shape parameter for logistic function �p
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.a: Not applicable.
[a] Per day per scaled infectious unit in the environment.

ate of partus is Tg days after conception. The date of abortion is
 days before the assigned date of partus, x has an uniform dis-
ribution with width T�. The day of introduction of new (young)
nimals into the herd has a logistic distribution with mean tin days
nd its scale parameter tin,s is taken such that 95% of the intro-
uctions occur in a 14 day period. Introduction of young animals

akes place until the maximum group size (600) is reached. This
s to replenish the adult animals that have died over the preced-
ng year (and is independent of herd management style). The day
f recovery from an acute infection is z days past the day of infec-
tion, z has a gamma  distribution with mean Ti and shape parameter
Ni.

2.6. Sensitivity analysis of key parameters

Based on the results of the elasticity analysis, three parame-

ters were identified as key parameters having a large uncertainty
and a high elasticity:  ̨ (fraction of infected pregnant animals to
become persistently infected),  ̌ (the transmission rate), and Tl
(which denotes the late period of pregnancy in which infection
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Table 3
Elasticity analysis of the deterministic model. As output variable of interest Ecum six years after the disease introduction was selected. Ecum is the cumulative C. burnetii
excretion in the environment since the moment of disease introduction (without control measures). See Eqs. (1) and (2).
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lasticities are ranked by absolute value.

oes not lead to abortion). These parameters were varied in a sen-
itivity analysis without control measures, tracking the pattern and
umber of abortions in the goat herd during a 10 year period after
isease introduction. In the sensitivity analysis, the effect of Tl was
tudied by changing its value from its default value (28 days) to 21
ays and 35 days. As  ̨ and  ̌ were calibrated together (to reproduce
he abortions patterns as observed in 13 Dutch dairy goat herds, see
bove), they were also studied in combination here.  ̨ was changed
rom its default value (0.7) to 0.5 and 0.9, and  ̌ was  changed from
ts default value (1.0) to 0.67 and 1.5. All 9 combinations were stud-
ed. The parameter � (the fraction of C. burnetii excretion targeted to
ust) was also calibrated in combination with  ̨ and  ̌ (see above),
ut this parameter was not subjected to the sensitivity analysis,
s its elasticity L(P) in the elasticity analysis was  very low (see
ection 3).

.7. Detection and subsequent control strategies

C. burnetii-infected lactating goats excrete bacteria in their milk,
n varying numbers over time (Arricau-Bouvery et al., 2003; Berri
t al., 2005; Hogerwerf et al., 2014). The presence of C. burnetii DNA
n milk can be detected at herd level with PCR of bulk tank milk
BTM), with a detection probability close to 100% (Van den Brom
t al., 2012b). Q fever infection in a herd may  lead to high abortion
ercentages (≥5%), the so called abortion storms (Van den Brom
nd Vellema, 2009). Abortion storms and positively tested BTM are
oth herd level indicators for Q fever infection in a herd. For mod-

lling purposes BTM is considered positive when two subsequent
onditions are met. Firstly, at least one goat must excrete C. bur-
etii at parturition in the herd during the kidding season (infected
regnant goats Ip and Jp). Secondly, after the kidding season is com-
pleted (so in absence of pregnant goats) and goats are lactating, the
milk must test positive (which is then only possible by persistently
infected non-pregnant goats Jnp). When Q fever is detected in a
herd, for example by one of these herd level indicators, reactive
control strategies may  be implemented, with the aim to minimize
the impact of the infection, for instance impact on public health,
economics costs and animal health. In addition to the reactive con-
trol strategies, it is also possible to implement preventive control
strategies, such as vaccination, hygiene measures, rodent control,
having a closed herd without introduction of animals from other
herds, etc.

The effect of seven strategies were evaluated with the stochastic
model. These include one strategy without control measures (1),
one preventive vaccination control strategy (2) and five reactive
control strategies (3–7):

1. No control
- No control measures are implemented and the disease runs its

course without simulated interventions.
2. Preventive vaccination

- When vaccinated before infection, most abortions are pre-
vented (Arricau-Bouvery et al., 2005). In the model, calendar
day 162 (June 11th) is in between the peak of the kidding sea-
son and the peak of the conception period. Therefore on day
162 it is the least likely to have pregnant goats in the herd.
All animals (including newly introduced animals) are vacci-
nated on day 162 with a 90% efficacy (meaning here that nine

of ten animals were vaccinated correctly and also developed
an effective immune response). Vaccination is repeated every
year. In the model animals recovered from a C. burnetii infec-
tion and vaccinated animals are identical in their response to
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Fig. 2. Model results of an outbreak starting on day 270 with one infected pregnant
goat. (For interpretation of the references to color in this figure legend, the reader
is  referred to the web  version of this article.)
All susceptible animals are green, all recovered animals are dark (grey and black) and
all  infected animals are reddish, with the first-time infected states Inp (purple) and
Ip (red), late infected Ip2 (dark red) and the persistently infected states Jnp (orange)
and Jp (brown). (a) Number of individuals per infectious state during two breeding
seasons. Blue indicates total population size. The steep upward part of the “saw-
tooth” pattern results from the seasonal introduction of young into the herd during
a  short period. The two gradual downward parts of the curve result from removal
D.M. Bontje et al. / Preventive V

exposure. Thus, we assume that only animals in state Snp can
benefit from vaccination and are moved to Rnp. See Appendix 2
for the derivation of vaccination parameter values and timing
of vaccination.

. Vaccination after BTM positive kidding season
- In this strategy, after a kidding season with a positive BTM,

the animals on the farm are vaccinated yearly as in Strat-
egy 2. The detection probability of the PCR test (BTM) in the
model is 100%. This assumes that the bulk tank monitoring
program sampling frequency is high enough to detect inter-
mittent shedding lactating goats (lactating infected goats are:
Ip, Jnp and Jp, and not Ip2).

. Vaccination after kidding season with abortion storm
- In this strategy, after a kidding season with an abortion rate

above 5%, the animals on the farm are vaccinated yearly as in
Strategy 2.

. Breeding ban after BTM positive kidding season
- After a kidding season with a positive BTM all animals present

are permanently banned from breeding. Newly introduced ani-
mals are allowed to conceive. If the BTM is positive again after
the next breeding season, the breeding ban is prolonged.

. Search & destroy (i.e. test and cull) after BTM positive
- After a kidding season with a positive BTM any lactating

infected animal is detected with PCR with a 50% probability
(due to intermittent shedding in milk) and is consequently
culled. So the detection probability of the PCR test in the model
is 100% at farm level (BTM), but 50% at individual level (indi-
vidual milk sample) to account for intermittent shedding in
milk in practice (please note that shedding in milk is not part
of the model). Culling of detected animals is only done on day
162 (June 11th). This is repeated in any subsequent kidding sea-
son when the BTM is found positive again. The value of 50% of
shedding/non-shedding is based on (Courcoul et al., 2010). For
five dairy cattle herds in a different model structure, they found
a ratio between (point estimates of) time spent in shedding
compartments and time spent in non-shedding compartments
of 0.19, 0.52, 0.18, 0.71 and 0.64.

. Culling of pregnant animals after abortion storm
- If since the start of the kidding season 5% or more of all con-

ceived goats have aborted, all remaining pregnant animals are
culled instantly and new arrivals are postponed for one year.
This is repeated any time an abortion storm occurs.

Each simulation was done for a period of ten years. The day
hat the last infected animal became disease free (i.e. fully recov-
red) is considered as the day of disease extinction. If after ten years
nfected animals are still present, then time until disease extinction
s given as ‘>10’ in the table with results (Table 4).

.8. Dairy goat management style

Each farmer decides individually when and how often a goat is
red to induce pregnancy, leading to a range of dairy goat herd
anagement styles. In all herd management styles a goat gives

ts first birth approximately 12 months after its own  birth. Dairy
oats have an average life span of 2.7 years (see Chapter SI 1 of the
upplementary Information). Three strategies for different breed-
ng management styles are implemented in the stochastic model,
amely:

. Every year pregnant

- Every goat is selected for breeding each year.

. Every two years pregnant
- Goats give birth on their odd years of age, e.g. when aged one-

year, three-year, five-year, etc. This reduces the number of
of  the non-pregnant goats. Vertical grey columns indicate each annual period from
average time of conception till average time of birth. (b) Same as (a) but stacked
figure.

pregnant goats and resulting kids in a herd per year in com-
parison with the first management style.

3. First two  years pregnant
- Only the one- and two-year-old goats are selected for breeding.

After the second birth the goat is milked until removal. This
lowers the number of pregnant goats and resulting kids in a
herd per year in comparison with the first management style.

For comparison purposes the strategy No disease is included to
provide baseline values for productive animals (lactating goats) and
surplus of healthy kids (number of female goats born minus goats
kept for replacement) for the three herd management styles. These
data are needed for the economic analysis of the control- and herd
management strategies (Van Asseldonk et al., 2015).

The combination of seven control strategies (including the “no

control”) and three herd management styles lead to 21 different
scenarios to be simulated. For each scenario, 200 simulations were
executed, which was  sufficient as mean values were stable across
repeated runs. The following model output was generated, and
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Table 4
Summary of results of stochastic simulations for seven control strategies and three goat herd management styles, style 1: every year pregnant, 2: every two years pregnant,
3:  first two years pregnant. The average numbers are 10 year averages (needed for the economical evaluation by Van Asseldonk et al. (2015). Values between parentheses
are  the lower and upper bound of the 5–95% percentiles interval. Infected placentas leads to environmental contamination and thus to human health risks.

Control strategy Management
style

Duration (years) Average number of
vaccinated animals
per year

Average number of
culled animals per
year

Average number of
infected placentas
per year

Average number of
abortions per year

No control measures 1 >10 (>10–>10) 0 (0–0) 0 (0–0) 99 (90–110) 56 (50–64)
2  >10 (>10–>10) 0 (0–0) 0 (0–0) 68 (58–76) 42 (35–48)
3  >10 (>10–>10) 0 (0–0) 0 (0–0) 78 (68–86) 46 (40–51)

Preventive vaccination 1 2.1 (0.9–3.9) 578 (576–581) 0 (0–0) 0 (0–1) 0 (0–0)
2  1.2 (0.8–5.2) 581 (579–583) 0 (0–0) 0 (0–0) 0 (0–0)
3  1.9 (0.8–3.3) 581 (578–583) 0 (0–0) 0 (0–1) 0 (0–0)

Vaccination after BTM
positive

1 5.3 (4.2–8.0) 578 (576–580) 0 (0–0) 28 (10–45) 15 (5–24)
2  5.5 (3.4–8.3) 581 (578–583) 0 (0–0) 8 (2–17) 4 (1–10)
3  4.1 (2.3–6.0) 581 (578–583) 0 (0–0) 6 (1–13) 4 (1–8)

Vaccination after
abortion storm

1 5.8 (4.2–7.4) 578 (521–581) 0 (0–0) 30 (14–45) 16 (7–26)
2  6.2 (4.3–9.2) 580 (521–582) 0 (0–0) 10 (4–21) 6 (2–12)
3  4.2 (3.1–6.3) 581 (521–583) 0 (0–0) 9 (4–18) 5 (2–10)

Breeding ban after BTM
positive

1 5.2 (1.5–9.5) 0 (0–0) 0 (0–0) 13 (4–26) 10 (3–19)
2  3.3 (1.4–8.4) 0 (0–0) 0 (0–0) 5 (1–12) 4 (1–9)
3  3.3 (1.3–8.4) 0 (0–0) 0 (0–0) 4 (1–12) 3 (1–9)

Search & destroy after
BTM positive

1 >10 (>10–>10) 0 (0–0) 25 (23–29) 82 (74–93) 52 (46–60)
2  >10 (>10–>10) 0 (0–0) 26 (22–30) 51 (22–30) 36 (29–43)
3  >10 (>10–>10) 0 (0–0) 23 (20–26) 66 (57–74) 43 (37–49)
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Culling after abortion
storm

1 >10 (6.2–>10) 0
2  >10 (9.0–>10) 0
3  >10 (2.2–>10) 0

ummarized as median value and 5–95% percentiles interval for
ach scenario in a 10-year period:

time until extinction or still present at the end of the simulated
period (i.e. not extinct)
number of vaccinated animals per year
number of culled animals per year
number of infected placentas excreted per year
number of abortions per year
average number of productive animals per year
surplus of healthy female kids per year
surplus of healthy male kids per year

The above output for each of the 21 × 200 simulation runs, was
sed as input for the economic analysis (Van Asseldonk et al., 2015).

.9. When to end with preventive vaccination?

Given that a herd is yearly preventively vaccinated and currently
ree of C. burnetii (or free of symptoms), what would be the effect
f ending this preventive vaccination on disease incidence in case
f Q fever introduction now, in the near future or in the recent
ast? This was investigated by simulating different moments of
isease introduction in a herd for each of the three herd manage-
ent styles, namely from five years before until four years after

he last round of vaccination. As a measure of disease incidence the
otal number of infected animals (pregnant infected animals and
ersistently infected animals) over time is followed.

. Results

.1. Deterministic model simulations
In the model, an infected pregnant goat is introduced on
eptember 27th (day 270) which is the average day of conception.
he resulting outbreak without control measures is presented until
ay 850 in Fig. 2. In chapter SI 2 of the Supplementary Informa-
(0–0) 111 (66–146) 13 (7–16) 10 (6–12)
(0–0) 96 (62–125) 12 (9–14) 9 (7–10)
(0–0) 57 (8–98) 8 (2–13) 6 (2–9)

tion, we  show the disease dynamics over a 10-year period. Fig. 2
indicates that around day 550 all goats are non-pregnant and that
the majority of the goats is either uninfected (light green), recov-
ered (light grey) or persistently infected (orange). The introduction
of Q fever into the herd first leads to an increase in the number
of infected pregnant goats towards the end of the same gestation
period (red), but mostly to late infected pregnant goats (dark red, Ip2
in the flow diagram of Fig. 1) and some infected non-pregnant goats
(purple). Fraction  ̨ of the infected goats (red) and late infected
pregnant goats (dark red) become persistently infected (orange)
and they can carry the infection to the next breeding season. These
persistently infected goats (orange) become pregnant and subse-
quently abort or give birth, leading to an environmental bacterial
load which in turn can infect the pregnant susceptible goats (dark
green). This latter group consists of goats that had escaped infection
so far, and of younger goats which did not encounter the disease
yet because they were newly introduced in the previous season.
The combination of persistently infected goats and the influx of
new susceptibles prevents the infection from going extinct in the
herd.

3.2. Elasticity analysis

We  calculated the elasticity for all parameters in the determinis-
tic model with Eq. (1) given the default parameter values of Table 2.
Results are summarized in Table 3. A high elasticity value indi-
cates that a small change in parameter value causes a relatively
large change in the value for the cumulative C. burnetii excretion
since the moment of disease introduction. Therefore, the parame-
ters with a large elasticity should be known with a fair amount of
certainty. Below, we will summarize the 11 most elastic parame-
ters and their range of uncertainty. The other parameters with a

low elasticity can have a large uncertainty, but they will not affect
the quantitative model behaviour much.

The most elastic parameter is the fraction of animals which con-
ceive (ϕ). However, the value for ϕ is unlikely to be lower than 0.95
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ig. 3. The total number of infected animals for each combination of control strateg
f  the number of animals in their first infected gestation, after their first infected ge
rea  denotes the 5–95% percentiles interval and the centre line the median value of

nd impossible to be larger than unity. Thus, the uncertainty of this

arameter value is low (i.e. within a factor of 1.1 as a guideline).

Ta denotes the period of the gestation when a pregnant infected
oat can abort (i.e. from day 100 till the end of gestation at day
50 after conception). Given that an abortion occurred on day 102
 herd management style over time. The total number of infected animals is the sum
n (the persistently infected animals) and in the second infected gestation. The grey

ulations.

(Arricau-Bouvery et al., 2003) and abortions were not observed in

the field before day 100 during the Dutch epidemic (P. Vellema,
pers. com.), the uncertainty of this parameter value is low.

Tl denotes the late period of pregnancy (last 28 days) in which
infection does not lead to abortion. Increasing or decreasing Tl with
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ig. 4. Number of scaled Coxiella burnetii units in environment (E and D compartme
iable  C. burnetii bacteria in manure and dust are summed; their combined infectio
ercentiles interval and the centre line the median value of all simulations.

 days affects the abortion peak in the first season noticeably and

lightly affects the endemic incidence. Due to a lack of data the
alue of 28 days is indirectly derived from Roest et al. (2012), as
xplained in Appendix 2. The uncertainty of this parameter value
s medium (i.e. within a factor of 1.25).
ver time, for each combination of control strategy and herd management style. The
ssure is expressed in units of excreted C. burnetii. The grey area denotes the 5–95%

The transmission rate  ̌ has a high elasticity, and a large uncer-

tainty (i.e. within a factor of 1.5) as its value was selected to
reproduce the abortion patterns as observed in problem herds (see
also Table A2-1 in Appendix 2). No other data exist to estimate this
parameter.
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ig. 5. The number of abortions per week over time, for each combination of con
nterval  and the centre line the median value of all simulations.

 ̨ is the fraction of the infected goats which will not recover but
ill have an infected placenta again during the next gestation and
his parameter has a medium elasticity. We  took 0.7 for  ̨ given
he information available, but values of 0.6 or 0.8 or more extreme
annot be excluded. The uncertainty of this parameter value is large.
rategy and herd management style. The grey area denotes the 5–95% percentiles

The fraction of aborting goats during the first infected pregnancy
(fI) has a medium elasticity. We  took 0.75 for fI based on experimen-

tal data from (Arricau-Bouvery et al., 2003, 2005; Roest et al., 2012),
giving a proper indication of the value of fI. The uncertainty of this
parameter value is medium.
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Tp denotes the standard deviation of the kidding season. This
tandard deviation is based on the observed birth date of nearly
000 kids (see Chapter SI 1 of the Supplementary Information), so
he uncertainty of this parameter is low. However, based on choices

ade by the farmer, the value for Tp for specific farms might differ.
The average gestation period Tg is 150 days, and this value is

ery certain.
Tin is the period between the average day of partus (tp) and

he average day of influx of young animals into the herd (tin). This
arameter is very variable as it differs per farmer, from two  months
ntil almost a year. We  took 4 months. As farmers differ in man-
gement style, any choice for the parameter value of Tin remains
rbitrary.

The parameter for average life expectancy of a goat (1/�t) has
 medium elasticity, but it is a very certain value, as it is based
n data of nine Dutch dairy goat farms (see Chapter SI 1 of the
upplementary information).

The parameter p, the probability for a goat to gain immunity
fter an acute infection while not being pregnant, has a low elastic-
ty, but a very high uncertainty as no literature data are available.

ith the difference between innate and acquired immunity in
ind, a value of 0.5 for p was selected to obtain a hybrid SIS and SIR
odel formulation for the acute infection of non-pregnant goats.
Three of the model parameters described above, are character-

zed by a combination of a large uncertainty and a high elasticity.
herefore, these parameters ˛,  ̌ and Tl were subjected to a sen-
itivity analysis with the stochastic model, to study their effect on
he abortion pattern in the goat herd during a 10 year period after
isease introduction, and on the mean number of abortions during
hat period. Detailed results can be found in Chapter SI 4 of the Sup-
lementary information. Despite considerable changes in the key
arameters (up to 50%), the effect on the mean number of abor-
ions is limited, ranging from −14% to +9%. The abortion pattern
n the first two years after disease introduction is affected to some
xtent, mostly by  ̌ and least by ˛. After this period the infection
s sustained at a comparable endemic level for all studied param-
ter combinations, demonstrating the need for control strategies.
o although the parameter values are uncertain, the results for the
ontrol strategies are expected to be valid over a large range of
alues.

.3. Stochastic model simulations

.3.1. Effect of control strategies
Output of 200 ten year simulations of six control strategies and

ne scenario without control measures were summarized by look-
ng at five model outputs, namely the time until disease extinction,
verage number of animals vaccinated per year, average number of
ulled animals per year, average number of infected placentas per
ear and the average number of abortions per year. Table 4 summa-
izes these outputs for each control strategy per herd management
tyle (every year pregnant, every two years pregnant or first two
ears pregnant) for a herd of 600 animals. The time course during
0 years of some outputs are given in Figs. 3–5. Fig. 3 shows the
otal number of infected animals per year for each combination of
ontrol strategy and herd management style. Fig. 4 shows the infec-
ion pressure per year and Fig. 5 shows the number of abortions per
ear. The most significant findings in these figures will be described
elow, together with the results summarized in Table 4. For many
ontrol strategies, the model output during the second infected kid-
ing season has a narrow 5–95% percentiles interval compared to
hat during the first infected kidding season (Figs. 3–5).
When implementing the strategy “No control measures”  the dis-
ase remains in the herd for the whole simulated period. Herd man-
gement style “Every two years pregnant” leads to the fewest aver-
ge number of infected placentas per year and the average number
ry Medicine 123 (2016) 71–89

of abortions per year in comparison to the two  other herd man-
agement styles (Table 4). Fewer infected placentas would reduce
environmental contamination and thus reduce risks to human
health. Fewer abortions would also help the farm economics.

Control strategy “Preventive vaccination” leads to the shortest
average time until disease extinction, the lowest number of infected
placentas and the lowest number of abortions (Table 4), of all con-
trol strategies irrespective of herd management style. The number
of infected animals, the infection pressure and abortions over time
is always at a very low level, without a peak over time (Fig. 3). The
disease goes extinct after approximately 2 years (median). Herd
management style “First two years pregnant” has the lowest upper
bound of time to disease extinction (Table 4).

Control strategies “Vaccination after BTM positive” and “Vacci-
nation after abortion storm” show similar results when compared
and have the capability to halt the disease. A BTM positive herd
is also likely to have had an abortion storm, making the group of
farms with abortion storms and with positive BTM largely overlap-
ping, which can explain the slight differences between these two
control strategies. The disease goes extinct after approximately 5
years (median). When looking at the number of infected placentas
and number of abortions, the herd management style “Every year
pregnant” is much worse than the other two  (Table 4). The num-
ber of infected animals, infection pressure and number of abortions
over time peak between year 1–3, where after they decline rapidly
as shown in Figs 3–5.

The control strategy “Breeding ban after BTM positive” hardly
has the capability to halt the disease within 10 years (Table 4). The
number of infected animals over time peaks between year 1–3,
where after they do not decline to values close to 0 as shown in
Fig. 3.

Similarly, the control strategy “Culling of pregnant animals after
abortion storm” hardly has the capability to halt the disease within
10 years. The number of infected placentas and abortions is much
lower than that of “Breeding ban after BTM positive” (Table 4),
meaning that next breeding season there will still be infected
placentas and a human health risk. Interestingly, the number of
infected animals, the infection pressure and abortions over time is
always at a similar level, without a peak over time (Figs. 3–5). The
herd management style “First two  years pregnant” is better than
the other two, when using this control strategy.

Independent of herd management style, the control strategy
“Search & destroy (i.e. test and cull) after BTM positive” fails to let
Q fever go extinct, as the disease remains in the herd for the whole
simulated 10-year period for all simulations. This control strategy
results in the highest number of infected placentas and the highest
number of abortions (Table 4). The number of infected animals, the
infection pressure and abortions over time peak between year 1–3,
but they do not decline to low numbers (Figs. 3–5).

3.3.2. Effect of ending preventive vaccination
The average life span of a Dutch commercially held dairy goat

is 2.7 years (see Chapter SI 1 of the Supplementary information).
This average life span means that each year 37% of the herd size is
restocked, and that percentage of the population has not encoun-
tered the pathogen and thus has no immunity against Q fever. As
a result, a large pool of susceptible goats arises with the poten-
tial to become infected (simultaneously, persistently infected goats
will not remain long in the stable). Our simulations show that herd
immunity can wane fast: even when the last vaccination was  0.7
year before disease introduction (i.e. only one batch of new imports
of young goats is not vaccinated at the time of infection), all dis-

ease introductions develop into an endemic situation. For details
see Chapter SI 3 of the Supplementary Information. When the herd
is vaccinated at the time of infection, a large outbreak is prevented
in the first season (see last vaccination at 0.3 year in Chapter SI
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). Infections can flare up when vaccination is stopped too early
see last vaccination at 2.3 years in Chapter SI 3). Herd manage-

ent style 2 (“Every two years pregnant”) is affected to the largest
xtent by ending the vaccination. If vaccination is continued for 4.3
ears after disease introduction, then it is unlikely that Q-fever will
ersist, independent of herd management style.

. Discussion

.1. Disease dynamics and effect of control strategies

Due to the synchronised lambing season in combination with
ost C. burnetii being excreted at partus or abortions, simulated

 fever prevalence shows a ‘saw-tooth’ pattern during the year,
ith the highest prevalence shortly after lambing. From year to

ear, a peak is observed in number of infected animals, abortions
nd infection pressure in year 1–2 after introduction of Q fever in
he herd. C. burnetii can survive from breeding season to breeding
eason as intracellular bacterium in the goat (persistent infection).
ccording to the model, the presence of persistently infected goats

s sufficient for the bacterium to survive from year to year in the
erd; no other survival mechanisms are needed for persistence.

When the disease goes extinct in the goat herd we  can assume
hat there is no human health risk anymore. When looking at the
verage time to extinction of the infection and at the infection
ressure in a goat herd, the best control strategy is “Preven-
ive vaccination” (i.e. yearly), followed by the reactive vaccination
trategies “Vaccination after abortion storm” and “Vaccination after
TM positive” (see Table 4).

As C. burnetii in dried dust may  affect the public health, an
lternative ranking method is based on the cumulative amount of
. burnetii emitted into the environment (from disease introduc-
ion until extinction). Using this criterion, the same three control
trategies are effective, as when aiming at disease extinction and
nfection pressure (see Table 4).

As the bulk of the pathogen excretion occurs during partus and
bortion, the strategy of “Culling of pregnant animals after abor-
ion storm” leads to a fast reduction of the amount of C. burnetii
mitted into the environment. Then, no peak is observed anymore
n number of infected animals, abortions and infection pressure in
he goat herd. However, Q fever will not be eradicated in the herd
y this measure.

We assumed that the bulk tank milk (BTM) turns positive for C.
urnetii DNA when even one infected milk producing dairy goat is
resent in the herd. This assumption of a perfect detection proba-
ility of the BTM test (on the farm level) is close to reality, based
n (Van den Brom et al., 2012b) where only very few excreting
nimals are needed for a positive BTM result. These few animals
ppeared to be infected before the vaccination became manda-
ory in the Netherlands, so even these old infections generated a
ositive BTM result. So the detection probability of the PCR test in
he model is 100% at farm level (BTM), but 50% at individual level
individual milk sample) to account for intermittent shedding in

ilk. Shedding in milk is not simulated explicitly in the model, but
nly implicitly by reducing the detection probability of the PCR test
milk) to detect individual goats. When during the kidding season
he BTM turns positive, then each infected milk producing dairy
oat has a 50% chance to be found and destroyed in the model. With
his assumed efficacy of 50% for detection and subsequent cull, the
earch & destroy (i.e. test and cull) control strategy is not viable, as
t does not lead to disease extinction and does not reduce the infec-
ion pressure sufficiently. If it was possible to increase this efficacy

o 100%, then all persistently infected goats would be removed from
he population after the kidding season.

Given an average life span of a Dutch commercially held dairy
oat of 2.7 years, each year 37% of the herd size is restocked. Then
ry Medicine 123 (2016) 71–89 83

herd immunity will wane fast as this fraction of the herd has no
immunity against Q fever. Only if vaccination is continued for sev-
eral years after disease introduction, then it is likely that the herd
becomes free of Q fever.

Next to the control strategies, Q fever can be controlled by
manipulating the frequency of pregnancy (and thus lambing) of
goats. The herd management style “Every year pregnant” always
performs worse than the herd management styles “Every two  year
pregnant” and “First two years pregnant”. Thus, a herd manage-
ment style in which fewer births per goat occur is better than one
in which a goat gives birth every year. The herd management styles
“Every two year pregnant” and “First two  years pregnant” do not
differ much.

4.2. Model uncertainties and assumptions made

During the modelling study, gaps in knowledge were identi-
fied and assumptions had to be made. One of these assumptions
is recently verified by an animal experiment. Non-vaccinated nul-
liparous non-pregnant goats were experimentally infected with
C. burnetii. First results indicate that they recovered from infec-
tion, and after insemination all gave birth to healthy kids without
infected partus material (Roest et al., in prep). These results support
our model assumption where non-pregnant goats cannot develop
a persistent infection.

In the model we used a calibrated value for  ̌ (the within-herd
transmission rate), for  ̨ (fraction of infected pregnant animals to
become persistently infected) and for � (the fraction of C. burnetii
excretion targeted to dust), using the observed abortion patterns
in problem herds. The reason for this was  that field data of infected
goat farms at the time of the epidemic were still confidential. Fur-
thermore, longitudinal data from the same farm, so at more than
one point in time, were not available. So data were far from com-
plete. We decided to aim at problem herds, where abortion storms
take place with a peak in the second year after introduction of Q
fever in the herd, because these herds are most relevant when con-
sidering human health risks. The goal of the model is to evaluate
different control strategies in problem herds, and this can very well
be done with calibrated values for the three parameters.

The consequence of using calibrated values is that independent
field data were not available to validate the model. However, even
if they existed, a serious complication of the Dutch Q fever out-
break data is that multiple control measures were implemented
at the same time, making it impossible the determine the effect
of an individual measure. The simulations are done for each con-
trol strategy separately (to be able to compare them). This makes
validation of the simulation results with the Dutch field data very
complicated, if not impossible.

As stated above, the parameters values for ˇ,  ̨ and � could not be
estimated with certainty from literature data. Therefore, the infec-
tion dynamics in the model was studied for a range of values to find
for which combination of parameter values the abortions patterns
observed in the field could be reproduced. The abortion percent-
ages of 13 Q fever affected Dutch dairy goat farms in 2006–2007
were very heterogeneous (Animal Health Service, 2008) (see also
Table A2-1 in Appendix 2). If we  compare the subsequent kidding
seasons of 2006 and 2007, five farms showed a high abortion per-
centage in 2006 followed by a low percentage in 2007, two farms
showed equal abortion percentages for both years and six farms
had a low abortion percentage in 2006 followed by a high abortion
percentage in 2007. Information for the years 2005 and 2008 is
absent, so it cannot be determined whether these two subsequent

kidding seasons were the first and second year of herd infection,
or the second and third year. In the model, to be able to achieve an
abortion peak in the second kidding season (as compared to only
a peak in the first year), the presence of persistently infected goats
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as a prerequisite. To achieve this high abortion peak in the second
eason and a lower disease incidence in following years, the param-
ters  ̨ and � must be non-zero, and  ̌ must be approximately 1, as
s chosen in the model.

As the parameters ˛,  ̌ and Tl are characterized by a combination
f a large uncertainty and a high elasticity, these parameters were
ubjected to a sensitivity analysis with the stochastic model. The
imulated abortion pattern in the first two years after disease intro-
uction is affected to some extent, mostly by  ̌ and least by ˛. After
his period the infection is sustained at a comparable endemic level
or all studied parameter combinations, demonstrating the need for
ontrol strategies. So although the parameter values are uncertain,
he results for the control strategies are expected to be valid over

 large range of values. The parameter � (the fraction of C. burnetii
xcretion targeted to dust) was also calibrated in combination with

 and  ̌ (see above), but this parameter was not subjected to the
ensitivity analysis, as its elasticity L(P) in the elasticity analysis
as very low.

The value for parameter p, the probability for a goat to gain
mmunity after an acute infection while not being pregnant, could
ot be estimated from literature. With the difference between

nnate and acquired immunity in mind, we chose that half of these
oats will become susceptible again and the other half immune.

The fraction of aborting goats during the first infected pregnancy
fI) could be estimated from literature data, but not the fraction
uring the second infected pregnancy (fJ). In the model, a lower
alue of 0.25 was chosen, reflecting an increased immunity.

The infection pressure caused by the latent stage of C. burnetii
acteria on dust particles is also unknown. C. burnetii can survive
rom breeding season to breeding season in the form of a small
ell variant (SCV), i.e. like a spore (McCaul and Williams, 1981).
owever, the fraction of infectious SCVs after one year is unknown,
nd so is their contribution to the infection pressure from stable
nvironment to the goat herd. To solve this problem, in the model
he decay rate in dust (�D) is assumed to be 10 times smaller than
n manure (�E), meaning a 10-times longer survival time of the
acterium in dust.

The length of the infectious period of non-pregnant goats in the
odel (Ti) of 28 days was derived from the time to build up immu-

ity in vaccinated goats and from time to clearance in goats born
rom infected mothers. Also the level of excretion of C. burnetii
n faeces (εf) was not quantified, as it was in infected placentas
expressed in infectious units). In the model a much lower value
as chosen for manure, and this excretion rate was taken equal for

ll infected goats, either pregnant or non-pregnant.

.3. Comparison with other Q fever models

Q fever disease dynamics has been modelled to investigate the
ffectiveness of three vaccination strategies in a dairy cattle herd
Courcoul et al., 2011). Hogerwerf et al. (2013) adapted this model
or goat herds, by changing herd size and livestock demography
f goats. They found that the model structure for dairy cattle could
ot capture the dynamics of the abortion storms in Dutch dairy goat
erds. Therefore, in the present study a Q fever within-herd trans-
ission model was developed to describe the disease dynamics in

oat herds with abortion storms, to evaluate the effect of control
easures in problem herds.
In both Q fever models for goats, variability of abortion pat-

erns among herds did not represent the (very) variable patterns
s observed in the field. In the model by Hogerwerf et al. (2013) no
bortion storms occurred unless infection parameters were altered

e.g. the abortion rate and infection rate). In the present model,
erds displayed abortion storms, thus conclusions based on this
odel only apply to those herds with abortion storms and need to

e interpreted as such. This is still relevant, considering the goal
ry Medicine 123 (2016) 71–89

of the present model (to evaluate different control strategies) and
because human health risks occur from these problem herds with
epidemic (rather than endemic) transmission dynamics.

In the present model we used frequency-dependent transmis-
sion (dI/dt = ˇSI/N), so transmission rates do not change with
population density. As in this model the total number of goats in
the herd (N ≈ 600) is fairly constant during the period of pregnancy
and giving birth, the results of frequency-dependent and density-
dependent (dI/dt = ˇSI) transmission will not differ much. In the
model by (Courcoul et al., 2011), the number of animals in the
herd was also fairly constant, and although the model was coded
as density-dependent, frequency-dependency would have yielded
similar results. In the model by Hogerwerf et al. (2013), frequency-
dependent transmission was assumed.

The main difference between the Q fever models for goats there-
fore is that in the present model abortion storms were simulated
and control strategies were evaluated. In the model of Hogerwerf
et al. (2013) Q fever dynamics in goat herds was  compared with that
in cattle herds. An important difference in the structure of the mod-
els is that in the present model, persistent infection of animals can
only occur if they are infected when pregnant. Due to the seasonal
reproductive pattern this is an important assumption for C. burnetii
transmission in goat herds. As stated earlier, new experiments by
Roest et al. (in prep) support this model assumption.

5. Conclusions

The present model results indicate that only vaccination is capa-
ble of preventing and controlling Q fever outbreaks in dairy goat
herds, regardless of herd management style. Van Asseldonk et al.
(2013) calculated that the total cost including the incurred human
health costs of the outbreak was  approximately 307 Million Euro.
Based on the output of the model presented here it is calculated
that the cost for maintaining protection against human Q fever via a
dairy goat vaccination programme is relatively low (Van Asseldonk
et al., 2015). Vaccination should therefore be considered as an ongo-
ing control strategy to keep herds Q fever free and prevent indirect
human health risks. Culling after abortion storms does not lead to
long-term disease elimination at the herd level, however it does
reduce human health risks on the short run during the outbreak.
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ppendix 1.

eterministic Q fever model

quations of the deterministic model simulations
Based on the state variables in the flow chart presented in Fig. 1,

e derived a system of Ordinary Differential Equations (ODEs) to
alculate the deterministic spread of Q fever within a herd. This
ppendix describes all equations of the deterministic model in
etail. The total number of goats in the model is tracked by Ntot. For
ookkeeping the ODE system includes variable A, the total num-
er of abortions since infection and variable Ecum, the cumulative
mount of C. burnetii emitted into the environment since disease
ntroduction. The deterministic model does not contain control
trategies.

DE-system
There are four infectious stages for the acutely infected goats,

amely Inp1 till Inp4. This is done to approximate the infectious
eriod of an acute Q fever infection with a Gamma-distribution
ith ni = 4 stages. Together Inp1 till Inp4 form the total number of

cutely infected individuals Inp.

np (t) = Inp1 (t) + Inp2 (t) + Inp3 (t) + Inp4 (t) (3)

he total time-varying number of animals in the populations is
tot(t).

tot(t) = Snp (t) + Sp (t) + Inp (t) + Ip (t) + Ip2 (t) + Jnp (t) + Jp (t)

+ Rnp (t) + Rp (t) (4)

The flow chart in Fig. 1 shows an overview how animals can tra-
erse from one state to another. These states are modelled with
ariables in an ODE-system. For readability the time dependent
ariables and functions in Eqs. (3)–(19) are written without (t).
he variable Snp denotes non-pregnant susceptibles, Sp stands for
regnant susceptibles, Inp for non-pregnant infected, Ip for preg-
ant infected, Ip2 for late pregnant infected, Jnp for non-pregnant
ersistently infected, Jp for pregnant persistently infected, Rnp for
on-pregnant recovered animals and Rp denotes the pregnant
ecovered. Black arrows in flow chart represent state transitions for
he goat, grey arrows depict C. burnetii excretion routes resulting
rom faeces εf and partus εp. The transmission rate of the bacte-
ia from the stable environment E and dust D to susceptible goats
s denoted by ˇ. The parameter � symbolizes goat removal (for
laughter), while �E and �D stands for decay of C. burnetii in each
nvironmental compartment. The forcing functions �c, �p, �a and

in determine conception, partus, abortion and influx of young ani-
als in the herd.

usceptible non-pregnant animals Snp (Eq. (3))

The term Y�in in dSnp
dt denotes the influx of young as a func-

ion of the forcing function �in and the number of young kept for
erd supplementation. The term

(
Snp −

(
1 − �

)  (
Snp + Sp

))
�c in

dSnp
dt denotes the flux of animals which conceive as a function of
he mating period (forcing function ϕc, see Eq. (21)). 
 is the frac-
ion of animals which will conceive. The term Sp�p denotes the
ux of animals from Sp to Snp with a normal parturition as a func-
ion of forcing function �p (see Eq. (22)). The term (1 − p) �Inp4 in

dSnp
dt denotes clearance of the infection without acquiring immu-
ity by acutely infected non-pregnant animals. The term �Snp in
dSnp
dt is the flux of non-pregnant animals being removed. The term

n �Snp (E + D) /Ntot is the flux of non-pregnant animals which
ecomes acutely infected due to transmission from the environ-
ents E and D with infection rate ˇ.
ry Medicine 123 (2016) 71–89 85

Susceptible pregnant animals Sp (Eq. (4))

The term �Sp (E + D) /Ntot in dSp
dt is the flux of pregnant animals

which becomes infected due to transmission from the environ-
ments E and D with infection rate ˇ. The total environmental
bacterial load of E and D exposes Ntot number of goats, thus the
experienced infection pressure from both ‘environments’ for a
goat is proportional to (E + D) /Ntot. With a constant transmis-
sion rate  ̌ from environment E and D to the goat, the rate at
which one susceptible becomes infected is � (E + D) /Ntot. The per
capita rate of change in each group of susceptibles (Snp and Sp)
is � (E + D) /Ntot, which is similar to frequency dependent mixing
(Keeling and Rohani, 2008).

Infected non-pregnant animals Inp (Eq. (5)–(8))

The term �Inpi in
dInpi

dt denotes the transition of individu-
als from infectious state Inpi to infectious state Inp(i+1)with rate
recovery �; where i ∈ [1, 2, 3, 4] representing Inp1 till Inp4. How-
ever, from state Inp4 recovered animals enter state Rnp with
probability p or enter state Snp with probability 1 − p. The term(

Inpi − (1 − ϕ)
(

Inpi + Ip/4
))

�c in
dInpi

dt denotes the flux of acutely
infected animals that becomes pregnant and enters state Ip, as a
function of the forcing function �c.

Infected pregnant animals Ip (Eq. (9)) and late pregnant infected
animals Ip2 (Eq. (10))

The term rI Ip�a in dIp
dt denotes the flux of aborting pregnant goats

to state Jnp as function of the forcing function �a, where rI is the rate

of abortion for animals in state Ip. The term Ip�p in dIp
dt represents

the flux of kidding goats as a function of the forcing function �p (see

Eq. (22)). The term �4�Sp (E + D) /Ntot in dIp
dt stands for the pregnant

susceptible animals (Sp) which became infected early in their ges-
tation and thereby enter state Ip, as function of the forcing function

�4 (see Eq. (24)). The term (1 − �4) �Sp (E + D) /Ntot in
dIp2
dt stands

for the pregnant susceptible animals (Sp) which became infected
late in their gestation and thereby enter state Ip2, as function of

the forcing function �4. The term Ip�p in dIp
dt and term Ip2�p in

dIp2
dt

stand for the fluxes of kidding goats as a function of the forcing
function �p.

Persistently infected animals Jp and Jnp (Eqs. (11) and (12)) and
recovered animals Rp and Rnp (Eqs. (13) and (14))

 ̨ is the fraction of goats that become persistently infected
after aborting or kidding. Ip animals enter the Jnp state with the

flux �
((

Ip + Ip2
)

�p + rIIp�a

)
in

dJnp
dt . (1 − ˛) is the fraction of

aborting or kidding goats which recover from the infection and
become immune, these animals enter the state Rnp with the flux

(1 − ˛)
((

Ip + Ip2
)

�p − rIIp�a

)
in dRnp

dt . Animals in state Jp always
recover and enter state Rnp after giving birth or having an abortion
via the respective terms Jp�p and rJJp�a, where rj is the rate of abor-

tion for animals in state Jp. In dRnp
dt recovered non-pregnant goats

are removed with the term �Rnp. In dRnp
dt recovered non-pregnant

animals (Rnp) become pregnant recovered animals (Rp) via the term(
Rnp − (1 − 
)

(
Rnp + Rp

))
�c, as a function of the forcing function.

Recovered pregnant animals (Rp) become non-pregnant recovered
animals (Rnp) with term Rp�p as a function of the forcing function
�p.

Bacterial shedding and environmental contamination (Eqs. (15),

(16) and (18))

In dE
dt and dD

dt the animals in the states Inp, Ip, Ip2, Jnp and Jp
excrete C. burnetii in faeces leading to a faeces excretion flux with
size εf

(
Inp + Ip + Ip2 + Jnp + Jp

)
, excretion resulting from parturi-
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ion and abortion results in excretion fluxes εp
(

Ip + Jp
)

�p and

p
(

rI Ip + rJJp
)

�a. Fraction 	 of these excretion fluxes are targeted
o dust (D) and fraction 1 − � to manure (E). The C. burnetii load of

 and D decays with rates �E and �D. For bookkeeping the overall
umulative excretion is tracked in Ecum.

irths and death of animals (Eq. (17))
The ODE for Y tracks how many animals are removed from the

tates Snp, Inp, Jnpand Rnp with removal rate �. Forcing function �in
Eq. (23)) causes animals (Y) to be introduced after the end of the
idding period in to state Snp. To maintain a constant herd size of
he years, the number of young introduced into the herd equals the
otal number of animals removed from the herd since the previous
ntroduction. The removal rate � is taken to be age independent i.e.
nimals reach on average an age of 1/�t years (note � /= �t).

bortions (Eq. (19))
The total number of abortions since the start of the simulations

s tracked with dA
dt . Neither of the bookkeeping variables A and Ecum

ffect any of the other states in the system.

DE-system (Eqs. (3)–(19))
The ODE-system was coded in Mathematica 8.0 (Wolfram

esearch Inc, 2012). Parameter values of the model can be found
n Table 2, and their estimation is described in detail in Appendix

 (parameter values) and in Chapter SI 1 of the Supplementary
nformation(goat demography).

dSnp

dt
= Yϕin − (Snp − (1 − �)(Snp + Sp))ϕc + Spϕp

+ (1 − p)�Inp4 − �Snp − ˇSnp(E + D)
Ntot

(5)

dSp

dt
= (Snp − (1 − �)(Snp + Sp))ϕc − Spϕp − ˇSp(E + D)

Ntot
(6)

dInp1

dt
= ˇSnp(E + D)

Ntot
− �Inp1 − �Inp1

− (Inp1 − (1 − �)(Inp1 + Ip/4))ϕc (7)

dInp2

dt
= �Inp1 − �Inp2 − �Inp2 −

(
Inp2 −

(
1 − �

)(
Inp2 + Ip/4

))
�c

(8)

dInp3

dt
= �Inp2 − �Inp3 − �Inp3 −

(
Inp3 −

(
1 − �

)  (
Inp3 + Ip/4

))
�c

(9)

dInp4 ( ( )  ( ))

dt

= �Inp3 − �Inp4 − �Inp4 − Inp4 − 1 − � Inp4 + Ip/4 �c

(10)

�a (t) = CDF
[

LogisticDistribution [ta, 1] , Mod
[

t, 365, ta − 365/2
]](

1 − CDF
[

Logistic

�c (t) = CDF
[

LogisticDistribution [tc − 2Tp, 1] , Mod
[

t, 365, tc − 365/2
]]⎛

⎝ 1 − CDF
[

�p (t) = CDF
[

LogisticDistribution [tp − 2Tp, 1] , Mod
[

t, 365, tp − 365/2
]]

⎛
⎜⎜⎝

1 − CDF
[

ry Medicine 123 (2016) 71–89

dIp
dt

=
(

Inp −
(

1 − �
)

(Inp + Ip)
)

ϕc − Ipϕp − rI Ipϕa + ϕ4ˇSp (E + D)
Ntot

(11)

dIp2

dt
= −Ip2ϕp + (1 − ϕ4)

ˇSp (E + D)
Ntot

(12)

dJnp

dt
= −

(
Jnp −

(
1 − �

)
(Jp + Jnp)

)
�c + �

(
(Ip + Ip2) �p + rIIp�a

)
− �Jnp (13)

dJp
dt

=
(

Jnp −
(

1 − �
)(

Jp + Jnp
))

�c − Jp�p − rJJp�a (14)

dRnp

dt
= p�Inp4 −

(
Rnp − (1 − 
)

(
Rnp + Rp

))
�c + Rp�p

− �Rnp + (1 − ˛)
((

Ip + Ip2
)

�p − rI Ip�a

)
+ Jp�p + rJJp�a (15)

dRp

dt
=

(
Rnp −

(
1 − �

)  (
Rnp + Rp

))
�c − Rp�p (16)

dE

dt
= (1 − �)

(
εf

(
Inp + Ip + Ip2 + Jnp + Jp

)
+εp

((
Ip + Jp

)
�p +

(
rIIp + rJJp

)
�a

))
− �EE (17)

dD

dt
= �

(
εf

(
Inp + Ip + Ip2 + Jnp + Jp

)
+εp

((
Ip + Jp

)
�p +

(
rIIp + rJJp

)
�a

))
− �DD (18)

dY
dt

= �
(

Snp + Inp + Jnp + Rnp
)

− Y�in (19)

dEcum

dt
= εf

(
Inp + Ip + Ip2 + Jnp + Jp

)
+ εp

((
Ip + Jp

)
�p +

(
rIIp + rJJp

)
�a

)
(20)

dA

dt
= +rIIp�a + rJJp�a (21)

Forcing functions for seasonal events (Eqs. (20)–(24))
The forcing functions ϕc, ϕp, ϕa and ϕin determine conception,

partus, abortion and influx of young. These functions are descrip-
tive only, with ϕp being an approximate of the birth pattern based
on herd data provided by the Animal Health Service (see Chapter
SI 1 of the Supplementary Information). The forcing functions for
conception ϕc is identical in shape to ϕp but shifted in time for the
length of the gestation period. The forcing function for abortion ϕa

produces by approximation an uniform distribution for the proba-
bility to abort over time. Forcing function �4 causes pregnant goats
which are infected in the last four weeks of their gestation period to
enter state Ip2 instead of state Ip. The abbreviation CDF stands for
Cumulative Density Function and Mod  for modulus. The modulo
used is 365 days.

Distribution [ta + Ta, 1] , Mod
[

t, 365, ta − 365/2
]])

(22)

LogisticDistribution [tc + 2Tp, 1] , Mod
[

t, 365, tc − 365/2
]]

�c

(
1 + e− Mod[t,365,tc−365/2]−tc

�c

)
⎞
⎠ (23)

[ ]]⎞

LogisticDistribution [tp + 2Tp, 1] , Mod t, 365, tp − 365/2

�p

(
1 + e

− Mod[t,365,tp−365/2]−tp
�p

) ⎟⎟⎠ (24)
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�
DF

[
LogisticDistribution [tin + Tp, 1] , Mod

[
t, 365, tin − 365/2

]]
�in

(
1 + e

− Mod[t,365,tin−365/2]−ti
�in

)
⎞
⎟⎟⎠ (25)
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in (t) = CDF
[

LogisticDistribution [tin − Tp, 1] , Mod
[

t, 365, tin − 365/2
]]

⎛
⎜⎜⎝

1 − C

4 (t) = 1 − CDF
[
LogisticDistribution [tl, 1] , Mod

[
t, 365, tl − 365/

ppendix 2.

hoice of parameter values

emography parameters
verage gestation time (Tg) and removal rate (�). We  set the aver-
ge time of gestation to 1.5 × 102 days, which is almost 22 weeks
Souriau et al., 2003; Arricau-Bouvery et al., 2005). The fraction of
oats that successfully conceives (�) is set at 0.95. This value is a
trategy choice of the farmer and can be altered. If he wishes that a
oat has a parturition every other year for prolonged milking then �
ould be set to 0.475. A goat attains an average age of 2.7 years (see
hapter SI 1 of the Supplementary information), thus the annual
verage birth rate (�t) is 1/2.7. Birth and death must be in balance,
hile pregnant goats are not culled. The equation for the removal

ate of non-pregnant animals (�) is given below.

 = �t

(
1 + �

Tg

365 − Tg

)
(27)

verage day of parturition (tp) and its standard deviation (Tp). An
verage goat has its day of parturition (tp) on day 55 of the calendar
ear (Chapter SI 1 of the Supplementary information). The kidding
eason is centred at tp, during a 92-day period 95% of all young are
orn: Tp = 46 (Chapter SI 1).

verage day of conception (tc) and its standard deviation (Tc). The
verage day of conception (tc) is Tg days before tp. Thus an average
oat conceives in the 39th week of the calendar year. The breeding
eason is centred at tc, and the standard deviation of the moment
f conceptions is the same as for the births (Tc = Tp).

nfection parameters
raction of infected pregnant animals to abort (fI and fJ). Sanford
t al., 1994 describe abortions that occurred in goat herds that
ere exposed to three goats from another herd that kidded pre-
aturely during a winter fair. Twenty-one days after exposure

bortions began and affected 20–46% of the pregnant animals in
ach herd. Palmer et al., 1983 found in one herd 91% of the goats
borted or had weak, nonviable kids, but in other herds, abortion
ates of 5–20% occurred. The abortion fraction in affected Dutch
airy herds ranged from 10 to 60% (Van den Brom and Vellema,
009) and from 7% to 80% (Roest et al., 2011b), with averages of
espectively 20 and 23%. Because for these natural affected herds
he fraction of infected pregnant goats is unknown, the abortion
raction of infected pregnant goats was estimated to be between

 and 100%. Only under experimental conditions it is possible to
stimate this more precisely, namely 8 abortions out of 12 infected
regnant goats (Arricau-Bouvery et al., 2005), 6 out of 6 (Arricau-
ouvery et al., 2003) and 3 out of 7 (Roest et al., 2012). We  estimated

I = 0.75 for the first partus and fJ = 0.25 for the second infected
estation.

ersistently infected fraction (˛). Goats can be chronically infected

nd may  shed C. burnetii for up to two pregnancies after being
nfected (Hatchette et al., 2001). In a fraction of the infected goats
he next gestation will again lead to a (now fully) infected placenta
Berri et al., 2007). They described a Q fever outbreak in a French
ithtl = tp − Tl + 365 (26)

dairy goat herd over two kidding seasons. In the second kidding
season 12 of 17 (0.7) goats were re-current emitters in milk. We
assume that a fraction  ̨ of the infected pregnant goats will become
persistently infected, with  ̨ = 0.7.

Period in which infection does not lead to abortion (Tl). After non-
experimental exposure it takes minimally 21 days to induce
abortions (Sanford et al., 1994). Between 14 and 28 days post inoc-
ulation (dpi) the C. burnetii bacteria reach the trophoblast of the
placenta where they start to multiply (Roest et al., 2012). If the par-
tus occurs before 28 dpi the level of bacterial excretion is expected
to be low and negligible, therefore we  set the last period of preg-
nancy in which infection does not lead to abortion (Tl) to 28 days.

Average day of abortion (ta). When twelve unvaccinated goats were
challenged at day 84 of gestation, eight aborted between days 123
and 145 of gestation, reducing the average gestation period with 12
days (Arricau-Bouvery et al., 2005). When six unvaccinated goats
were challenged at day 90 of gestation the first abortion occurred
at day 102 of gestation, the other five between day 115 and 138
(Arricau-Bouvery et al., 2003). Of seven pregnant goats which were
nasally exposed on day 76 of gestation, three had an abortion on
gestation day 122, 136 and 139, one had weak live kids on day 142
and two  had strong live kids on day 144 and 145. The control goats
gave birth between day 150 and 154 of gestation (Roest et al., 2012).
In the field, the Dutch Animal Health Service did not observe abor-
tions in commercial dairy goats before day 100 of gestation during
the Q fever epidemic (Vellema, pers.com.). Therefore, considering
all the above, in this model 95% of aborting goats have their abor-
tion between day 100 and the end of gestation (tp) at day 150, with
the average day of abortion (ta) being on 25 days before tp.

Infectious period of non-pregnant goats (Ti) and recovery rate (�).
Vaccination of naïve goats induces antibodies after three weeks
(Rousset et al., 2009b). Due to lack of data on the effect of Q fever
on non-vaccinated non-pregnant goats we  take an infectious period
of four weeks (28 days). We  approximate the infectious period of an
acute Q fever infection with a Gamma-distribution with ni stages.
Assuming 95% of the infection is cleared at day 28 and ni = 4, we
find an average infectious period (Ti) of 14 days and a recovery rate
(�) of ni/Ti day−1 from stage tot stage. Goats born from infected
mothers clear themselves in 28 days after birth (Roest et al., 2012),
which is before they can acquire immunity via memory cells.

Probability to gain long-term immunity (p). Based on sheep data,
inoculation of non-pregnant animals with a low dose of C. bur-
netii lead to low or no antibody immune response (Lennette et al.,
1952). Inoculation with a high dose lead to a faster and stronger
acquired immune response. We  interpreted these observations as:
if the innate immune system of the host can clear the infection, no
long-term acquired immunity is gained. Therefore an individual in
Inp that clears its infection has a probability of p to gain long-term
immunity against future C. burnetii infections and traverses to Rnp,
a fraction of 1 − p transitions back to Snp. We  assume a value of 0.5

for p.

Transmission rate of Q fever from the environment (ˇ). Table A2-
1 (this Appendix) shows the abortion percentages on 13 Q fever



8 eterinary Medicine 123 (2016) 71–89

a
(
d
n
f
w
s
t
t
i
c
o
t
a

r
1
c
h
b
ˇ

S
S
(
b
p
d
a
s
b

d
d
d
t
s
w
b
w
I
a
r
c
d
i

e
e
s
e

S
S
w
i
b
i
e

b
p
1
w
m

Table A2-1
Abortion percentage during 2006 and 2007 (Animal Health Service, 2008).

Farm Abortion percentage in year Year-to-year pattern

2006a 2007a

1 26 5 High–low
2  34 0 High–low
3  50 12 High–low
4  8 3 High–low
5  13 0 High–low
6  16 16 Equal
7  4 4 Equal
8  3 53 Low–high
9  1 35 Low–high
10  0 10 Low–high
11  0 55 Low–high
12  5 30 Low–high
13  0 8 Low–high
8 D.M. Bontje et al. / Preventive V

ffected commercial dairy goat farms for the years 2006 and 2007
Animal Health Service, 2008). If we compare two subsequent kid-
ing seasons, five farms show a high-low pattern, two farms show
o differences and six farms show a low-high pattern. Information

or the years 2005 and 2008 are absent, so it cannot be determined
hether these two subsequent kidding seasons were the first and

econd year of infection, or the second and third year. We  assumed
hat the low-high farms are in the first and second season of infec-
ion, and the high-low farms in the second and third season of
nfection. All combined, this yields a low-high-low abortion per-
entage pattern during three kidding seasons. We  calibrated a value
f 1.0 for  ̌ as that produces outbreak dynamics with low abor-
ion numbers in the first season, a peak in the second and fewer
bortions in the following seasons.

Infected material from abortion or parturition contains a bacte-
ial load of about 1012 hamster-infective doses per kg (Welsh et al.,
951), the infected placenta itself weighing about 1 kg. Instead of
hoosing a transmission parameter  ̌ of 1/(1 × 1012) per day per
amster-infective dose, we scaled the pathogen load to the contri-
ution of infected material from one abortion or parturition, i.e. a

 of 1 per day per scaled pathogen.

hedding parameters
hedding from faeces (εf) and partus products (εp) to manure and dust
�). The pathogen is present in large numbers in the foetal mem-
ranes and foetal fluids of infected animals (Sanchez et al., 2006). A
lacenta of a positive sheep can contain 101–109 hamster-infective
oses per gram (Welsh et al., 1951). Not-vaccinated aborting goats
nd not-vaccinated goats with normal parturition have identical
hedding patterns (Rousset et al., 2009a). We set the amount of
acteria released at partus or abortion (εp) to 1 infectious unit.

After partus goats can excrete C. burnetii in faeces up to twenty
ays (Arricau-Bouvery and Rodolakis, 2005). It is experimentally
ifficult to determine whether contaminated faeces result from
irect excretion of the host or is a result from indirect con-
amination from a contaminated environment. In the best-case
cenario excretion of C. burnetii via faeces does not occur and in the
orst-case it is still much less than the excretion resulting from

irth/partus. We  take the worst-case scenario. Due to lack of data
e assumed that all animals in any of the infectious states (Inp, Ip,

p2, Jnp and Jp) have identical excretion rates for C. burnetii in urine
nd faeces. Assuming 1 kg of faeces contains 106 times less bacte-
ia compared to a placenta, which weighs approximately 1 kg, and
ombining this with a yearly manure production of 1000 kg, we
erive a daily excretion rate in urine and faeces (εf) of 2.7 × 10−6

nfectious units for an infected individual.
Excreted C. burnetii can aerosolize (Welsh et al., 1958; Tigertt

t al., 1961; Marrie et al., 1996; Stein et al., 2005; EFSA, 2010; Jones
t al., 2011; Hogerwerf et al., 2012) and settle as dust on horizontal
urfaces (de Bruin et al., 2011). We  assume that 1% of all excretion
nds up in dust, thus � = 0.01.

urvival parameters for Coxiella burnetii bacteria
urvival in manure (�E) and dust (�D). No viable C. burnetii bacteria
ere found in manure sampled weeks after the last kidding in an

nfected herd in a Dutch deep litter stable, although DNA of dead
acteria was found (Roest et al., 2011a). Based on spiking exper-

ments in dung heaps, a decay rate (�E) of 1/17.4 day−1 can be
stimated (Roest et al., 2011a). In the model we take �E = 1/20.

Depending on the matrix (dust, wool, soil, straw, contaminated
uildings, fomites, tick faeces) C. burnetii bacteria can survive for

eriods of months to years (McCaul and Williams, 1981; McCaul,
991; Drew, 2004; Brouqui et al., 2007). Unfortunately, it is unclear
hether 99% or 1% of the bacteria survived during these periods,
aking it impossible to quantify a mortality rate for the bacterium
a Data for 2005 and 2008 are not available. Control measures were not yet obli-
gated and were not implemented.

in dust (�D). We  take �D = �E/10, meaning that after 2 years 3%
of the bacterial load in dust remains.

Vaccination parameters
Vaccination of naïve goats induces antibodies after 3 weeks

(Rousset et al., 2009b). Vaccination does not prevent infection
and does not clear the infection in infected goats (Rousset et al.,
2009b). The bulk of pathogen emission is associated with the par-
tus, thus infected pregnant animals should be prevented. When
vaccinated before infection, most abortions are prevented (Arricau-
Bouvery et al., 2005). The findings of Hogerwerf et al. (2011)
suggest that vaccination is more protective in nulliparous animals
than in parous animals. Vaccination induces an overall decrease in
shedding levels and the highest reduction is found in nulliparous
animals (de Cremoux et al., 2012). Thus before the very first preg-
nancy the susceptibles should be vaccinated. In practice this means
that the young nulliparous animals should be vaccinated before
they conceive. The manufacturer of the Coxevac vaccine recom-
mends vaccination after 3 months of age (after the period needed
to reach active immunity acquisition) and 3 weeks before mating
(EMA, 2012).

Under field conditions unvaccinated young goats have a higher
bacterial prevalence in the uterine fluid compared to vaccinated
young goats (OR from 1 to 0.005) and when comparing unvacci-
nated old goats with vaccinated old goats the OR improves from
0.44 to 0.03 (Hogerwerf et al., 2011).

Under experimental conditions the vaccine-induced reduction
of emission is roughly a million-fold (Arricau-Bouvery et al., 2005).
Thus, the emission by a vaccinated animal is negligible compared
to an unvaccinated animal. Therefore, in the model we assume that
the emission of vaccinated animals is zero, effectively moving a vac-
cinated animal to the state Rnp. Also, we  assume that only animals
in state Snp can benefit from vaccination and are moved to Rnp.

Vaccine efficacy (ve). Taking a conservative assumption for vac-
cine efficacy (ve) of 90%, this means that nine of ten animals
were correctly vaccinated and also developed an effective immune
response.
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