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Relative contributions of neighbourhood and animal
movements to Coxiella burnetii infection in dairy cattle herds
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Bretonne des Groupement de Défense Sanitaire), Vannes, France

Abstract. Q fever in dairy cattle herds occurs mainly after inhalation of contaminated aerosols generated from excreta by
shedder animals. Propagation of Coxiella burnetii, the cause of the disease between ruminant herds could result from trans-
mission between neighbouring herds and/or the introduction of infected shedder animals in healthy herds. The objective of
this study were (i) to describe the spatial distribution C. burnetii-infected dairy cattle herds in two different regions: the
Finistére District in France (2,829 herds) and the island of Gotland in Sweden (119 herds) and (ii) to quantify and compare
the relative contributions of C. burnetii transmission related to neighbourhood and to animal movements on the risk for a
herd to be infected. An enzyme - linked immunosorbent assay was used for testing bulk tank milk in May 2012 and June
2011, respectively. Only one geographical cluster of positive herds was identified in north-western Finistére. Logistic regres-
sion was used to assess the association of risk for a herd to test positively with local cattle density (the total number of cat-
tle located in a 5 km radius circle) and the in-degree (ID) parameter, a measure of the number of herds from which each herd
had received animals directly within the last 2 years. The risk for a herd to test positively was higher for herds with a high-
er local cattle density [odds ratio (OR) = 2.3, 95% confidence interval (CI) = 1.6-3.2, for herds with a local density between
100 and 120 compared to herds with a local density 60]. The risk was also higher for herds with higher IDs (OR = 2.3,
95% CI = 1.6-3.2, for herds with ID 3 compared to herds that did not introduce animals). The proportion of cases attrib-
utable to infections in the neighbourhood in high-density areas was twice the proportion attributable to animal movements,
suggesting that wind plays a main role in the transmission.

Keywords: Q fever, epidemiology, risk factor, spatial clustering, control measures, France, Sweden.

Introduction

Numerous species, including humans, can be infect-
ed by Coxiella burnetii, an obligate, intracellular bac-
terial pathogen responsible for Q fever, a worldwide
zoonosis. Infection in humans is usually asymptomatic
but can induce acute or chronic disease (Arricau-
Bouvery and Rodolakis, 2005). In livestock, which is
considered the main reservoir, C. burnetii infection
can lead to abortion, stillbirth and metritis and is shed
through birth products, faeces, urine, milk and vaginal
mucus (Berri et al., 2000; Guatteo et al., 2006, 2007).
The infection occurs mainly after inhalation of
aerosols contaminated by shedder ruminants. C. bur-
netii is highly resistant in the environment, which thus
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represents an important source of contamination
(Welsh et al., 1959).

C. burnetii propagation between ruminant herds
could result from transmission between neighbouring
herds, e.g. through wind, and/or the introduction of
infected shedder animals in healthy herds. Wind has
been identified as playing a significant role in the
transmission between sheep and humans (Tissot-
Dupont et al.,, 1999, 2004), while movement of
infected animals clearly contributes to the bacterial
spread between herds. Although both factors proba-
bly influence the transmission of the bacteria, their
relative impacts have not been investigated as far as
we know.

The spatial distribution of Q fever infection proba-
bly depends on the relative contribution of different
transmission routes. Our hypothesis is that transmis-
sion from infected neighbourhoods (e.g. by wind)
does not lead to distributions resembling those corre-
lated with what happens after animal exchange
between herds. The presence of clusters of infected
herds would indirectly suggest the main reason for
local spread. The extent at which infected herds
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would be evenly distributed depends on the contact
network of animal movements. If wind had a power-
ful effect in spreading the disease, a high density of
herds should strongly influence local transmission of
the bacterium between herds. To investigate this
assumption, two areas were selected: one in France
(the Finistére District) and one in Sweden (the Island
of Gotland). Both areas are highly infected but differ
with respect to cattle density.

The objectives of this study were (i) to describe the
spatial distribution of Q fever-infected dairy herds in
two different regions and (ii) to quantify and compare
the relative contributions of C. burnetii transmission
related to neighbourhood and to animal movements
on the risk for a herd to be infected.

Materials and methods
Study area and available data

Two areas were considered: the Finistére District in
western France (the French territory is divided into 95
districts) and the island of Gotland in Sweden. In
Finistére, bulk tank milk (BTM) was systematically
collected in May 2012 in all dairy herds (n = 2,829)
and tested using the LSI Q fever enzyme - linked
immunosorbent assay (ELISA) kit® (LSI; Lissieu,
France) for detection of antibodies against C. burnetii
(cut-off for positivity at >40 titre).

On Gotland, 119 out of 246 dairy producers accept-
ed to have their herd tested for C. burnetii antibody in
June 2011 using the IDEXX Chekit® Q fever kit
(IDEXX Laboratories; Westbrook, USA) (cut-off for
positivity at >40 titre).

All commercial animal movements were available
from 2000 to 2011 in France and from 2005 to 2011
in Sweden. In both countries, the geographical coor-
dinates of all the cattle herds were available for geo-
referencing. To calculate the local cattle density, the
number of animals present in all herds (not only the
tested ones) in the year before the ELISA test was con-
sidered.

The status of each herd with regard to C. burnetii
infection was assessed by antibody detection in
BTM.

Local cattle density

The local cattle density was used as a proxy to
measure the proximity between cattle herds. It was
calculated for a 5 km radius circle around each herd.
Both beef and dairy herds were considered because
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they could both contribute to the spread of C. bur-
netii (62% and 33% of the cattle herds were dairy
herds in Finistére in France and on the island of
Gotland in Sweden, respectively). The density was
calculated at the animal level because the herd size
could influence the risk of infection. For instance, a
herd could have a higher risk of infection if located
close to a large infected herd compared to a small
one. For herds located less than 5 km from the border
(administrative border or sea), the local cattle density
was approximated using the local cattle density of the
nearest herd located more than 5 km from the border.
Forty-five and 48% of the cattle herds were located
less than 5 km from the borders in the Finistére and
on the island of Gotland, respectively. The median
distance between herds close to the borders and herds
used for the approximation was less than 4 km in
both study areas.

Animal movements

Network analysis was used to investigate the
impact of animal movements on the risk for a herd to
be detected as ELISA positive. Among network
parameters, the in-degree (ID) was used, a measure of
the number of herds from which each herd receives
animals (Wasserman et al., 1994); in our case, the
number of herds from which each herd received ani-
mals directly. This network parameter has been used
in several studies to investigate animal movements in
the context of disease control and risk-based surveil-
lance (Christley et al., 2005; Noremark et al., 2011;
Frossling et al., 2012). A time window has to be
defined for the calculation of the ID. Here, the win-
dow corresponded to the period prior to the ELISA
testing during which animal movements could have
played a role in the transmission of the bacterium
between herds. A statistical approach was used to
select this time window, the same for each area
(France and Sweden). It consisted in the following
steps:

(i) calculation of IDs during different periods: 1, 2,
3 and 4 years before the date of the ELISA test-
ing;

(ii) construction of four logistic regression models
assessing the relation between the risk for a herd
to be detected as positive and each of the four
IDs variables; and

(iii) calculation of the associated odds ratio (OR) and
the Akaike information criterion (AIC) for each
model.

The selection of the periods for the calculation of
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the IDs was based on the OR and the AIC values, but
because the models were not nested, it was not possi-
ble to calculate the p-values associated with each AIC.
However, a large decrease in AIC between two mod-
els still corresponds to an increase in the goodness of
fit. The principle was to select the model with the
minimum AIC and the maximum OR. On the one
hand, the model with the minimum AIC corresponds
to the highest likelihood model, while on the other,
the model with the maximum OR corresponds to the
highest explanatory model, i.e. the model which best
describes the effect of animal movements with regard
to the risk of becoming infected.

Spatial analysis

The spatial analysis consisted in the detection of puta-
tive clusters of BTM-positive herds by spatial statistical
analysis using a Bernoulli model in SaTScan (Kulldorff,
1997; Kulldorff and Information Management Services,
2009). Analyses were performed separately for the
French and the Swedish areas.

Risk factor analysis

The risk for a herd to be detected as a carrier of anti-
bodies against C. burnetii in BTM in relation to the
two independent variables was assessed using logistic
regression:

p(x)
L-px)

= a+ ;DENS + B,ID + ;CO

(equation 1)

logit p(x) = log

where p(x) is the risk for a herd to be detected as pos-
itive, a the intercept, DENS the local cattle density
variable (5 classes), ID the in-degree parameter vari-
able (3 classes) and CO the country variable (2 class-
es). B;, B, and B; are the adjusted regression coeffi-
cients associated with the variables estimated by the
model. Logistic regressions were performed using R
software (R Development Core Team, 2012). ID
parameters calculated using the
“EpiContactTrace” package! of R software.

WweEre

'Stefan Widgren and Maria Noremark, 2012. EpiContactTrace:

Epidemiological tool for contact tracing. R package version
0.6.9. http://CRAN.Rproject.org/package=EpiContactTrace.
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Population-attributable fractions

Population-attributable fractions (AF) were calculated
for each variable using Levin’s formula (Levin, 1953).
Equation 2 shows an application with the ID variable.

Pip X (ORp - 1)
1+Ppx(ORp-1)

AFp =
(equation 2)

where AF,, is the AF of the ID variable, P, the pro-
portions of herds that receives animals from at least
one herd and OR,, the OR assessing the relation
between animal movements and the risk for a herd to
become positive.

Results
Spatial distribution of Q fever infected dairy herds

The prevalence of herds with antibodies against
C. burnetii in the BTM in Finistére and on the Gotland
Island was 69.4% and 55.2%, respectively. One clus-
ter of positive dairy herds was identified in the north-
western part of Finistére (relative risk = 1.2). None
was identified on Gotland (Fig. 1).

Risk factor analysis
Selection of periods for ID calculation

The risk for a herd to be detected as positive
decreased when accounting for animal movements long
before the date of testing (Figs. 2a and 2¢). Both in
France and Sweden, the goodness of fit highly increased
(AIC decreased) when considering animal movements
during a 2-year period compared to only 1 year before
the ELISA test (Figures 2b and 2d). While in France the
goodness of fit stabilised afterwards, it increased in
Sweden until reaching a stable value. Both evolutions
indicate that accounting for more than 2 years before
testing does not result in an increase of the goodness of
fit. Based on these results, IDs for both areas were cal-
culated during a 2-year period before the test was car-
ried out, i.e. from January 2010 to December 2011 for
the French dairy herds and from January 2009 to
December 2010 for the Swedish ones.

Descriptive statistics
The local cattle density varied markedly between

the two studied areas. The local cattle density was
higher in Finistére District than on the Gotland
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Fig. 1. Location of all the dairy herds in (a) the Finistére District, France (n = 2,829) and (b) on the Gotland Island, Sweden (n = 246).
The red and black dots represent herds that were positive and negative, respectively, when tested for antibodies to C. burnetii in bulk
tank milk (BTM). The BTM was collected in May 2012 in France and in June 2011 on Gotland. The grey dots (in 1b) represent dairy
herds that were not included in the study. The blue circle corresponds to a location with higher risk for positivity (RR = 1.21).

Island (Fig. 3a); the average local cattle densities
were 75.4 and 24.9 animals per km?2, respectively.
During the 2-year period before the ELISA tests, a
herd received animals directly from a maximum of
25 other herds (Fig. 3b), with a similar distribution
of the ID parameter in the Finistére and on Gotland
(Finistére: median = 0, mean = 1.1; Gotland Island:
median = 1, mean = 2.2).
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Multivariable analysis

The risk of detecting antibodies against C. burnetii in
the BTM was associated with both animal movements
and the local cattle density (Table 1). The higher the
number of other herds from which a herd received ani-
mals, the higher the risk to be detected as positive. A
first model was run (results not shown) to define the
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Fig. 2. Relationship between the risk for a herd to be found positive with respect to C. burnetii in bulk tank milk (BTM) and animal
movements in France and Sweden assessed by: (a) odds ratio (OR) and (b) Akaike information criterion (AIC).
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Fig. 3. Distribution by country of the local cattle density expressed as cows per km? (a) and distribution of the in-degree parameter
(ID) (b). The IDs (calculated during a 2-year time period before the ELISA tests) correspond to the number of herds from which each

herd received animals directly.

reference population for the local cattle density. For the
three categories 0-20, 20-40 and 40-60 cows per km?2,
there was no association with the risk for a herd to
become positive. Consequently, all the herds located in
areas with less than 60 cows per km? were considered
the reference population. The risk for a herd to be
detected as positive increased almost linearly between
60 and 100 cows per km? and then stabilised at an OR
around 2.3. Finally, potential interactions between the
explanatory variables were tested. None of them was
associated with the risk for a herd to become positive.

Population-atiributable fractions
Overall, attributable fractions of the animal move-

ment and the local cattle density were 15.6% and
34.3%, respectively (Table 1). The AF corresponding

to the local cattle density in Sweden was null because
the density was lower than 60 cows per km? for all the
herds (herds for which the local density was below this
value were considered as the reference population).
Concerning the ID variable, the AF was higher in
Sweden than in France.

Discussion

This study confirms that the risk of C. burnetii infec-
tion is influenced both by animal movements and by
the closeness between cattle herds. Overall, the
strengths of the associations were similar for the two
risk factors. Moreover, for both of them, the risk for a
herd of becoming infected almost linearly increased
with exposure levels. Only one cluster of infected herds
was detected in the north-western part of Finistere.

Table 1. Distribution of herds regarding exposure levels to C. burnetii. A total of 119 dairy herds were tested in Sweden (June 2011)

and 2,829 dairy herds were tested in in France (May 2012).

Variable T T 195% C1r Paale e Sounty
In-degree (ID) 0 57.7 1 France: 15.1
1-3 32.4 1.27 (1.05-1.53) 0.01 15.6 Sweden: 25.1
>4 9.3 2.31 (1.65-3.24) <0.001
Local cattle 0-60 321 1 France: 35.2
density (DENS) 60-80 30.1 1.57 (1.26-1.95) <0.001 Sweden: 0
80-100 22.3 1.77 (1.39-2.25) <0.001 34.3
100-120 8.7 2.26 (1.60-3.19) <0.001
120-140 6.8 2.34 (1.59-3.43) <0.001
Country France 96 1
Sweden 4.0 0.67 (0.44-1.004) 0.052

*QOdds ratio with 95% confidence interval; **Population attributable fraction (calculated using OR assessing the risk associated
with binary exposures for the same reference populations and corresponding population proportions).
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A higher risk of infection for herds located in areas
characterised by high cattle density compared to
areas with low density highlights the significance of
local propagation of the bacterium between herds. It
was assumed that the underlying transmission
process was mainly influenced by wind which could
contribute to the contamination via inhalation of still
susceptible animals. Another transmission route
involving ticks exists (Sting et al., 2004; Castillo et
al., 2010), but it has been considered not essential in
the cycle of C. burnetii infection in livestock
(Babudieri, 1959; European Food Safety Authority,
2010) and was thus considered as negligible com-
pared to the risk factors studied here. A similar asso-
ciation with cattle density was found for dairy goat
farms. A higher risk of serological Q fever infection
was found in farms located in municipalities with
cattle density >100 cattle per km?2 compared to farms
in municipalities with less than 100 cattle per km2
(Schimmer et al., 2011).

The local density was here calculated considering all
the cattle, both beef and dairy, within 5§ km around
each herd. This choice was based on a study investi-
gating the epidemiological link between a cluster of
human Q fever cases and Q fever-positive dairy goat
farms, which suggested an effective range of air-borne
C. burnetii spread of <5 km (Schimmer et al., 2010).
In that study, people living within § km from a posi-
tive farm had a higher risk for Q fever than those liv-
ing further away.

Animal movements within 5 km of the herd of origin
may confound the effect of local transmission. Thirty
and 23% of the movements in Finistére and on the
Island of Gotland occurred within 5 km, respectively.
To test this possible confusion, the ID variable was split
into two variables depending on the distance between
the herd of origin and the receiving herd: transfer with-
in or 5 km of the herd of origin. In terms of magni-
tude, one additional transfer had the same effect on the
risk for a herd to become positive, regardless of the dis-
tance between the herd of origin and the receiving herd
(results not shown). Moreover, adding the local densi-
ty in the model did not change the effect of animal
movements. These results indicated that local animal
movements and local cattle density play distinct roles
in the transmission of the bacterium between herds.

The population-attributable fraction assesses the
proportion of cases attributable to a certain risk fac-
tor. In other words, it corresponds to the fraction of
the cases in the population that would not have
occurred, had the risk factor in question been absent.
In this study, the overall proportion of cases attributa-
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ble to closeness of infected neighbourhoods was twice
that the proportion attributable to animal transfers. It
reflects the fact that overall, around 70% of them
were located in areas with a medium to high cattle
density, while more than half of the herds did not have
contact with any other herd during the 2-year period
before being tested. On Gotland, the local cattle den-
sity was not high enough to influence this risk, so only
animal movements could be investigated. The fact that
it was shown to contribute to the number of positive
samples here is consistent with the fact that no cluster
was detected in the Swedish site.

A limitation of the study concerns the risk of misclas-
sification bias by relying on the detection of antibodies
against C. burnetii and not the pathogen itself. Thus,
some of the herds testing positive might not be infective
on the date when the BTM test was carried out but
much earlier, which could have resulted in the inclusion
in the ID parameter of some movements that actually
occurred after the infective stage. In that case, exposure
(animal movement) and infection may not have coin-
cided. In this context, we made the decision to account
only for direct animal movements, and not for indirect
ones that could have been taken into account using
another network parameter, the ingoing infection chain
(Wasserman et al., 1994). To circumvent this limitation,
an interesting perspective would be to measure the
infection status by the polymerase chain reaction
(PCR), which allows detecting bacterial DNA (Frazier
et al., 1990). Then, it would be possible to investigate
the risk for a herd to be newly detected as infected tak-
ing into account animal movements occurring within
the months preceding this changing status. Moreover, it
would also be interesting to consider the risk level of the
herd of origin (high risk, low risk herd or unknown sta-
tus). Furthermore, the closeness between cattle herds
was used here to indirectly investigate the role of wind.
Another extension of this work would be to investigate
the association between Q fever incidence and meteor-
ological data such as wind direction and speed and
other weather-related conditions.

While animal movements can be controlled to limit
the infection spread, cattle density cannot be modified
in the same way. Therefore, the control measure to be
implemented could vary according to the local cattle
density. For example, for herds located in areas with
high cattle density, vaccination could be an appropri-
ate control measure. Indeed, vaccination of dairy cows
is associated with a reduction in C. burnetii bacterial
load measured both at the individual and herd levels
that could reduce the transmission of the bacterium
(Taurel et al., 2012). In all areas, prevention should
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also be based on herd diagnosis for herds from which

animals are sold (for instance, requirement of negative
test results, both by PCR and ELISA on BTM).

Conclusion

The neighbourhood between cattle herds and animal
movements both influence the risk for a herd to be
infected. The great influence of neighbourhood in high
density areas suggests that wind-borne spread plays a
major role. The control measures to be implemented in
herds at the regional level could differ according to the
cattle density (not preventable) and the animal move-
ments (preventable through herd testing).
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