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A B S T R A C T

Bovine viral diarrhoea virus (BVDV) is an important infectious agent of cattle worldwide that affects herd
productivity and reproduction. In this systematic review of the impact of BVDV, studies were analysed
with a particular focus on the monetary implications and types of direct losses, the initial infection status
of herds, production systems, time periods of assessment, calculation level, study types and whether or
not country-specific assessments were published. A linear mixed model was applied to analyse factors
that influence the level of monetary direct losses due to BVDV infection. The 44 studies included in this
review covered 15 countries and assessed direct monetary losses due to BVDV incurred over the past
30 years. Direct losses between and within countries were largely heterogeneous with respect to the mon-
etary level and types of direct losses, ranging from 0.50 to 687.80 US dollars (USD) per animal.1 Average
direct losses per naïve dairy cow were USD24.85 higher than per beef cow. Country-specific assess-
ments of direct losses due to BVDVwere provided in 38/44 (86.4%) studies. Mortality, morbidity, premature
culling, stillbirths, abortion, reinfection, country and study type had a significant influence on the mon-
etary level of direct losses (r2 = 0.69). Countries recording direct losses weremore likely to carry out voluntary
or compulsory control and eradication programmes (odds ratio = 10.2; 95% confidence interval 1.7–
81.9; P = 0.004).
© 2017 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Bovine viral diarrhoea virus (BVDV) is an important infectious
agent of cattle worldwide (Gufler et al., 1997; Greiser-Wilke et al.,
2003; Moennig et al., 2005) and is listed by the World Organiza-
tion for Animal Health (Office International des Épizooties, OIE).2

There are several modes of transmission of BVDV from infected to
naïve herds. Persistently infected (PI) animals are particularly im-
portant in transmitting BVDV and direct contact with a PI animal
is a frequent primary source of infection (Houe, 1999; Burgstaller
et al., 2016). PI animals shed large amounts of virus throughout their
lives, whereas cattle with transient infections (TI) excrete small
amounts of virus over a short period of time (~14 days) (Brownlie
et al., 1987) and are of less importance for the spread of infection
(Niskanen et al., 2000, 2002; Sarrazin et al., 2014).

Infection with BVDV has a major economic impact,3 which varies
within and between countries. Direct losses due to BVDV infec-
tion are related to increased morbidity and mortality due to
immunosuppression, reduced first service conception, early em-
bryonic death, congenital deformities, extended calving intervals and
reduced milk yield (McGowan et al., 1993a, 1993b; Baker, 1995;
Houe, 1999; Kozasa et al., 2005). The impact of BVDV depends on
the time and duration of infection, the virulence of the virus strain,
herd immunity (Rodning et al., 2012), disease prevalence, herd pro-
duction level and concomitant infections (Stott et al., 2010).

Country-specific conditions (Barrett et al., 2011), such as cattle
density, herd management factors (Viet and Krebs, 2010) and/or
herd-specific initial conditions, e.g. selection of infected herds on
the basis of non-clinical and clinical outbreaks (Pritchard et al., 1989;
Carman et al., 1998; Houe, 1999, 2003; Fourichon et al., 2005), and
whether vaccination or control and eradication are implemented
systematically or non-systematically, can influence the monetary

* Corresponding author.
E-mail address: Beate.Pinior@vetmeduni.ac.at (B. Pinior).

1 USD1.00 = UK£0.68 = €0.89 as at 23 June 2016.
2 See: http://www.oie.int/animal-health-in-the-world/oie-listed-diseases-2016 (ac-

cessed 23 June 2016).

3 In this paper, the term ‘economic’ (usually used at national level) also covers
the term ‘financial’ (usually used at farm level).
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level and type of direct losses. A systematic approach includes
biosecurity measures, elimination of PI animals and surveillance to
monitor the effects of the interventions, whereas a non-systematic
approach omits one or more of these three features (Lindberg et al.,
2006). These variations make the calculation of direct losses par-
ticularly challenging (Houe, 1999; Lindberg et al., 2006; Viet and
Krebs, 2010). Economic studies on animal diseases are rarely avail-
able and the difficulties of including all the important factors and
accessing accurate economic data for this type of analysis are well
recognised (Pinior et al., 2015a, 2016).

The aims of this study were: (1) to analyse factors that influ-
ence the monetary level of direct losses due to BVDV infections
worldwide; and (2) to investigate the hypothesis that countries re-
cording estimates of direct losses aremore likely to implement BVDV
control and eradication programmes at regional or national level.
Studies were reviewed with a particular focus on the monetary level
of direct losses, the types of direct losses, initial infection status of
herds, assessed production systems, BVDV genotypes, time periods
of assessment, calculation level, study types and whether or not
country-specific assessments were provided.

Materials and methods

A literature search was conducted to identify studies focussing on the econom-
ic impact of direct losses due to BVDV. Three online databases were used: (1) ISI
Web of Knowledge (containing publications from 1900 until January 2015); (2)
PubMed (containing publications from 1879 until January 2015); and (3) Scopus (con-
taining publications from 1960 until January 2015). We used a wide range of search
terms to identify the greatest possible number of studies concerned with BVDV pro-
duction losses: (BVDV) AND [(direct losses) OR (“production losses”) OR (“economic
losses”) OR (financial losses) OR (“disease losses”) OR (financial impact) OR (cost
analysis) OR (cost benefit) OR (economics) OR (economic models) OR (expenses) OR
(biosecurity) OR (“control program”) OR (“control programme”) OR (eradication) OR
(freedom from disease) OR (intervention) OR (mitigation) OR (Scandinavian strat-
egy) OR (surveillance)]. Similar keywords were used in the study by Pinior et al. (2016)
to analyse the financial and economic assessments of BVDV prevention and eradi-
cation programmes. Due to the large number of articles returned by the search terms,
the following terms were set in quotation marks to ensure that online databases
only returned scientific articles where these terms were found in the exact se-
quences of words: ‘production losses’, ‘economic losses’, ‘disease losses’, ‘control
program’ and ‘control programme’. Mitigation measures cover ‘surveillance’ and ‘in-
tervention’ activities (Howe et al., 2012). ‘Surveillance’ demonstrates the presence
or absence of BVDV. ‘Intervention’ describes the process of implementing mitiga-
tionmeasures, such as control or eradication programmes, in order reduce or eliminate
the occurrence of BVDV (Andrews and Langmuir, 1963; Houe et al., 2006).

Relevant studies for this reviewwere identified using a two-step approach. Firstly,
articles returned by the three online databases, defined as ‘primary literature’, were
analysed according to the predefined criteria shown in Appendix: Supplementary
Table S1. Subsequently, reference lists of the primary literature were screened with
respect to article title and abstract. Studies covering BVDV direct losses were then
analysed in full and defined as ‘secondary literature’. This is in contrast to the study
by Pinior et al., 2016, in which studies focussing on production losses were ex-
cluded. The number of identified studies (primary and secondary articles) and the
exclusion procedure (primary and secondary exclusion criteria) are shown in Fig. 1.

Studies were covered that assessed direct losses due to BVDV in monetary terms
at farm, regional or national level, or more than one of these levels (defined as ‘un-
specified level’). The term ‘direct losses’ included production losses used as input
factors (e.g. higher mortality rates) to calculate the corresponding direct monetary
losses and also losses related to efficiency and productivity of resources employed
(e.g. reduced feed conversion).

The direct losses per animal, which were reported initially in different curren-
cies and calculated for different years, were standardised to the United States dollar
(USD) in 2015 (see Appendix: Supplementary material). In the first step of the anal-
ysis, a linear mixed model was applied to investigate the factors that had the most
influence on the level of direct monetary losses associated with BVDV infection at
farm level. In addition to these fixed effects, the countries for which direct losses
were assessed, were added as random effects. We constructed all possible combi-
nations of models with fewer variables than the global model, i.e. country, herd-
specific initial status, production system, reinfection, type of production system, study
type and types of direct losses (i.e. fertility, reproductive losses, growth retarda-
tion, body weight loss, immunosuppression, reduced milk production, mortality,
morbidity, premature culling, stillbirths and abortion).

Of these, we selected themodel with the lowest Akaike Information Criteria (AIC)
value (Burnham and Anderson, 2004). For the final model, we estimated the pro-
portion of the variance of the dependent variables using a pseudo-r2 value (Nakagawa

and Schielzeth, 2013). To check that the model assumptions were met, plots of
residual versus fitted values and quantile–quantile plots were used. Furthermore,
the Shapiro–Wilk test was used to verify that the model residuals did not deviate
from a normal distribution (W = 0.942, P = 0.069).

In the second step, we assumed that countries recording estimates of direct losses
were also most likely to implement control and eradication programmes at region-
al or national level. To analyse this hypothesis, we collected information from all
identified studies (n = 486; Fig. 1) with respect to implemented voluntary or com-
pulsory control and eradication programmes. These studies were comparedwith those
that assessed direct losses due to BVDV relating to countries. Furthermore, we analysed
whether the recorded direct losses were assessed before implementation of the control
programme. The hypothesis was tested by calculating the odds ratio (OR) and then
applying Fisher’s exact test. Calculations were conducted using R version 3.1.3.4 With
the exception of Italy, production losses were calculated for all other countries before
or during the year of programme implementation.

Results

In total, 44/486 studies, covering 15 countries, were included in
this systematic review, of which 22 were classified as modelling
studies. On the basis of the criteria listed in Appendix: Supplementary
Table S1, 38/44 (86.4%) studies provided country-specific assess-
ments of direct losses due to BVDV. The majority of economic
assessments regarding direct losses due to BVDVwere performed in
Europe (n = 36), especially the United Kingdom (n = 15) (Fig. 2a). More
than half of the studies reported direct losses in detail, whilst the types
of the incorporated direct losses (input factors) in the economic cal-
culation were heterogeneous (Fig. 2b). Approximately twice as many
studies (n = 21) measured direct losses in naïve and infected herds
than in infected (n = 9) or naïve herds (n = 6) (Fig. 2c). In this context,
approximately 10% of studies considered the scenario of BVDV re-
infection of herds. Dairy production systemswere approximately three
timesmore likely to be assessed economically in terms of direct losses
than beef production systems (Fig. 2d). More than half (n = 24) of as-
sessments were performed at farm level (Fig. 2e) and were classified
(n = 21) as static studies (Fig. 2f).

Fig. 3 depicts the average estimated level of the monetary direct
losses per animal and year from the most comparable studies
(18 studies in 14 countries); direct losses due to BVDV were
USD2.40–USD687.805 per animal (see Appendix: Supplementaryma-
terial and Supplementary Table S2). Direct losses per country or
region are summarised in Appendix: Supplementary Table S3.

In the linear mixed model, studies incorporating mortality, mor-
bidity, premature culling and/or reinfection in the economic
calculation demonstrated higher direct losses due to BVDV than
studies omitting these factors (Table 1). As an example, studies that
included reinfection calculated up to three times higher losses than
those that did not consider this parameter. Contrasting results were
obtained if studies included stillbirth, abortion and a modelling ap-
proach (Table 2). Our model could explain 69% of the variance of
the data (conditional r2 = 0.69). However, much of the variation in
the data was due to differences between countries, since data vari-
ance explained by the fixed factors alone was considerably lower
(marginal r2 = 0.51). Twenty-six percent of countries not record-
ing direct losses due to BVDV carried out control and/or eradication
programmes, whereas such programmes were present in 80% of
countries recording direct losses (Fig. 4). There was a significant as-
sociation between the recording of direct losses due to BVDV and
the presence of BVDV control and/or eradication programmes
(P = 0.004). The odds of carrying out BVDV control and/or eradica-
tion programmes were 10-fold higher (OR = 10.2; 95% confidence
interval 1.7–81.9) in countries recording direct losses due to
BVDV.

4 See: http://www.R-project.org/ (accessed 23 June 2016).
5 USD1.00 = UK£0.68 = €0.89 as at 23 June 2016.
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Discussion

In this systematic review of the literature, with a specific em-
phasis on the direct monetary losses due to BVDV, we examined
486 articles, of which 44 were selected for detailed analysis. Our
review incorporated global literature from studies published over
the past 30 years (1986–2015) and covered 15 countries.

Different levels of direct monetary losses incurred due to BVDV
infection were identified within and between countries (see

Appendix: Supplementary Table S2). Direct losses published for the
three studies from Canada are not directly comparable, since one
reported monetary losses per animal, whereas the other two de-
scribed losses per herd (see Appendix: Supplementary Table S2).
Studies from Austria and Switzerland used assessments that were
not country-specific, i.e. data pertaining to production losses in other
countries (e.g. France, Denmark and Germany), which resulted in
a large variation in estimates of direct losses, e.g. USD0.9–4.7 million
in the federal state of Styria in Austria (Obritzhauser, 2000). However,

Fig. 1. Flow chart of studies incorporated in the systematic review of monetary losses due to bovine viral diarrhoea virus (BVDV).
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using country-specific reproduction data, Burgstaller et al. (2016)
showed that direct losses due to BVDV in this region of Austria were
not as high as previously assumed.

Variation in estimates of direct monetary losses due to BVDV
is related to variation in observed BVDV biological variables
(Fourichon et al., 2005) and heterogeneous study designs. Conse-
quently, the monetary level of direct losses and types of losses differ
between studies. Therefore, comparison of direct monetary losses

is difficult and should be viewedwith caution (Houe, 2003; Moennig
et al., 2005). No statistical analysis related to the different nation-
ally or regionally implemented BVDV prevention and eradication
programmes has been conducted previously due to the great vari-
ability in the study design of the reviewed studies (Pinior et al.,
2016).

The variance explained by the factors incorporated into the final
model was high (r2 = 0.69) and could increase further if other factors

Fig. 2. Distribution of studies of monetary losses due to bovine viral diarrhoea virus (BVDV) according to (a) countries; (b) type of direct losses; (c) herd-specific initial
status; (d) type of production system; (e) calculation level; and (f) time period of assessments. Studies were divided into country-specific assessments and non-country-
specific assessments. The category ‘Europe’ covers one single study, which included more than one country, i.e. Italy, Portugal, the Netherlands, Norway, Germany and the
United Kingdom.

Table 1
Summary of the estimated final model parameters influencing the monetary level
of bovine viral diarrhoea virus direct losses at farm level.

Direct losses Estimate
coefficient

(β)

Standard
error

Degrees
of freedom

t P

Intercept 185.20 40.22 16 4.60 0.0003
Mortality/morbidity/
culling

86.52 32.91 16 2.63 0.0182

Stillbirth/abortion −130.64 28.74 16 −4.55 0.0003
Reinfection 172.78 40.05 16 4.31 0.0005
Study type: modelling −150.34 31.77 16 −4.73 0.0002

Table 2
Estimated monetary level of direct losses per animal at farm level by the final model
(marginal effects), expressed in US Dollars (USD).

Marginal
effects

Mortality/
morbidity/
culling

Stillbirth/
abortion

Reinfection Study
type:

modelling

Considered
in studies

No Yes No Yes No Yes No Yes

Estimate
value

35.33 121.85 170.65 40.01 76.08 248.86 207.61 57.27

Standard
error

34.30 21.14 25.28 24.92 21.07 40.92 29.85 22.93
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are taken into account, such asmarket prices over time, study assump-
tions, country-specific calculation conditions, herdmanagement factors,
disease prevalence, breeding period, grazing and selling periods, open
versus closed farms and replacement rate of breeding females (Damman
et al., 2015). Other factors, such as the introduction of vaccination and/or
control and eradication programmes, could affect the monetary level
and the comparison of direct losses across studies.

A limitation of our study is that not all of these factors could be
taken into account, primarily because not all of the studies provid-
ed this information. As an example, a factor that influences direct
monetary losses is the virulence of the infecting BVDV genotype or
strain (Houe, 1999, 2003; Berends et al., 2008; Hessman et al., 2009).
Information concerning BVDV strain was reported in 1/44 studies
included in the present analysis. BVDV genotype 1 is prevalent world-
wide (Robesova et al., 2009), whereas BVDV genotype 2 has been
reported mainly in North America and Canada (Flores et al., 2002),
but only sporadically in Europe (Houe, 1999), for example in
Germany (Wolfmeyer et al., 1997) and Belgium (Letellier et al., 1999),
as well as in South America and Japan (Nagai et al., 1998; Flores
et al., 2002; Robesova et al., 2009). In general, genotype 2 is more
pathogenic than genotype 1 (Ridpath et al., 1994; Houe, 2003). The
virulence of the infecting virus strain should be included in more
assessments of the economic importance of BVDV.

Our study demonstrated that direct losses due to BVDV in studies
including reinfection were three times higher than losses calculated

in studies omitting this parameter (Table 2). This is in agreement
with Stott et al. (2010), who reported that reinfection is a crucial
factor in determining direct losses due to BVDV. This may explain
the high production losses reported in some countries, such as the
Netherlands (see Appendix: Supplementary Table S2). Production
losses in modelling studies are generally lower than in descriptive
studies; descriptive studies often use selected individual cases,
whereas modelling studies assess situations in larger and hetero-
geneous populations. In studies that incorporated stillbirth and
abortion, direct losses due to BVDVwere estimated to be lower than
in studies that omitted these factors. Calves and foetuseswere classed
as having a lower animal value and, therefore, led to lower direct
losses compared to the loss of a more mature animal.

Direct losses due to BVDV in beef production systems are ~20%
lower than in dairy herds (Gunn et al., 2004); these findings are sup-
ported by our systematic review. Overall, the average direct losses
per naïve dairy cow (USD199.50) were USD24.85 higher than per
beef cow (USD174.60). High direct losses occur if BVDV is intro-
duced into a fully susceptible (naïve) herd (Perler, 2006). This may
explain the observation that, in the present review, direct losses due
to BVDV were three times higher in initially naïve dairy herds than
in infected herds.

Descriptive analysis revealed that the majority of studies (34/
44) included assessment of mortality, morbidity and premature
culling. These factors represent themost frequently considered direct

Fig. 3. Spatial distribution of the average direct losses in USD/animal/year due to bovine viral diarrhoea virus (BVDV): (a) Europe; (b) New Zealand; and (c) North America.
Countries for which monetary direct losses per animal are not available are shown in grey. If more than one study on direct losses due to BVDV was available for a partic-
ular country, then the study was chosen that fulfilled the following criteria: (1) economic analysis of direct losses of BVDV was the main aim; (2) the corresponding input
factors of the assessed direct losses were measured in monetary units; (3) direct losses were calculated based on country-specific conditions; and (4) the applied economic
and statistical methods were available. If more than one study fulfilled these criteria, the more recently published direct losses were considered. If studies from a particular
country did not fulfil the first four selection criteria, then the study that fulfils the latter two selection criteria was chosen (see Appendix: Supplementary Table S2). A graphi-
cal illustration of the average direct losses at national level (see Appendix: Supplementary Table S3) has been omitted due to a high level of heterogeneity between studies
with respect to country and cattle population size.
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losses in studies of BVDV and are perhaps easier to quantify than
factors such as immunosuppression. Gunn et al. (2004) noted that
immunosuppression and reproductive failure are often neglected
in economic analyses. Our review confirms this observation; only
3/44 studies assessed the economic impacts of immunosuppres-
sion and therefore direct losses due to BVDVmay be underestimated
(Houe, 2003).

It is also important to include the concept of time in economic as-
sessments of direct losses, since most studies have performed static
economic assessments of animal diseases (Stott et al., 2010).We could
not confirm this assumption in full because at least half of the analysed
BVDV studies were assigned to the category ‘dynamic assessments’,
meaning that they also included a time factor in their economic cal-
culations. Houe (2003) suggested that direct losses reported in the
literature shouldbe interpretedas lossesper outbreak rather thanannual
losses per animal, since production losses were often temporary.

There is a general paucity of economic studies in beef produc-
tion systems, especially for feedlot cattle (Hessman et al., 2009; Pinior
et al., 2016). This is consistent with our observation that beef pro-
duction systems were three times less likely to be assessed
economically than dairy production systems. One reason for this
could be that most beef herds have a limited breeding period, beef
cows have a shorter lifespan than dairy cows and fewer PI animals
are produced (Smith et al., 2014), which could explain the lower
level of infection in beef herds (Bitsch and Rønsholt, 1995). The
higher infection rate in dairy herds might also result in higher de-
tection rates for BVDV in those production systems. Only one study
included in our analysis assessed production losses in calves and
youngstock production systems, suggesting that BVDVmay be over-
looked in calf production systems.

Our hypothesis that countries recording estimates of direct losses
were more likely to implement intervention programmes was sup-
ported by our analysis. Countries which assessed direct losses due
to BVDV had a 10-fold higher odds of carrying out control and erad-
ication programmes than those that did not assess BVDV production
losses (Fig. 4). Wewere unable to find further monetary direct losses

beyond the 15 countries presented in this systematic review. Pos-
sible reasons could be that some countries have not quantified direct
losses due to BVDV, that vaccination or other intervention mea-
sures have already been implemented or that there is a general lack
of economic and epidemiological data (Pinior et al., 2015a, 2015b).
There may also be a publication bias, in that studies demonstrat-
ing high production losses due to BVDV are likely to be published
more frequently than those that do not demonstrate substantial eco-
nomic impacts. The paucity of direct loss assessments may also
reflect the challenge of attributing direct losses to BVDV infection
or because such assessments have not been published in the public
domain. As an example, a voluntary eradication programme was
implemented in Styria, Austria, following a cost-benefit analysis, but
the corresponding economic calculation is not available in the sci-
entific literature (Obritzhauser et al., 2005). It is also possible that
some studies will not been identified due to predefined exclusion
criteria, restricted keywords or selected data bases.

This systematic review has demonstrated the major economic
impact of BVDV infections, the wide range of direct losses at a mon-
etary level across studies, the heterogeneous types of direct losses
and that most studies were incomplete due to the omission of im-
portant direct losses incurred by BVDV infection. We have identified
issues regarding cattle population sizes (e.g. a number of studies
published the costs per herd, but did not state the corresponding
herd size), direct loss components (e.g. types of direct losses in-
corporated in economic calculations were not described), timescales
of assessments and initial herd-specific conditions. Issues have also
been identified in a systematic review of BVDV prevention and mit-
igation strategies (Pinior et al., 2016), such as a lack of well-
designed studies relating to financial and economic assessments of
BVDV eradication programmes. There is a need for more detailed
and homogeneous economic analyses to enable comparison of eco-
nomic data between countriesmore accurately. Monetary assessment
of direct losses due to BVDV is the first step in motivating farmers
to participate in prevention and/or intervention programmes, and
thereby reduce direct losses due to BVDV.

Fig. 4. Countries with and without recording of monetary bovine viral diarrhoea virus (BVDV) direct losses and with and without BVDV control and/or eradication pro-
grammes. *Legislation in Belgium and Germany has been changed from regional programmes to national programmes during the period covered by this systematic review.
In the Netherlands, a voluntary BVDV-free certification programme has been introduced (Mars and Van Maanen, 2005), but no information on this was found at geograph-
ical level. Allocation of countries to the categories illustrated here is based on the studies identified by this systematic review.
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Conclusions

Direct financial losses due to BVDV in 15 countries were USD0.50–
687.80 per animal. Average direct losses per naïve dairy cow were
higher than per beef cow. Mortality, morbidity, premature culling,
stillbirths, abortion, reinfection, country and study type all had sig-
nificant influences on calculated direct monetary losses caused by
BVDV infection. Most studies were incomplete due to the omis-
sion of important factors relevant to BVDV infection known to cause
direct production losses. Countries recording BVDV direct losses had
a 10-fold higher odds of carrying out systematic or non-systematic
control and eradication programmes than those that did not assess
production losses due to BVDV. More detailed economic analyses
are needed in order to compare direct losses due to BVDV across
countries more accurately.
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