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Preface

The main aim of this book is to educate learners and enhance their research focus by presenting 
diverse topics covering this vast field. This is an advanced book which compiles significant studies by 
distinguished experts in the area of analysis. This book addresses successive solutions to the challenges 
arising in the area of application, along with it; the book provides scope for future developments.

Veterinary science is the field of medicine, which is concerned with animal health and welfare. Food 
production and safety, zoonosis control, animal disease control and animal welfare are some of the key 
focuses of this field. Animals suffer from a number of diseases, such as biliary fever, leucosis, pneumonia, 
bladder stones, blain, filariasis, epilepsy, fasciolosis, etc. Animal welfare involves considerations of 
disease, longevity, immunosuppression, physiology, behavior and reproduction. It is based on the belief 
that animals are sentient, and experience pain and suffering. It also addresses the aspects of animal 
cruelty, poaching, animal testing, behavioral enrichment, blood sport, etc. This book is compiled in 
such a manner, that it will provide in-depth knowledge about animal health and welfare. From theories 
to research to practical applications, case studies related to all contemporary topics of relevance to 
veterinary medicine have been included herein. This book, with its detailed analyses and data, will 
prove immensely beneficial to professionals and students involved in veterinary science and medicine 
at various levels.

It was a great honour to edit this book, though there were challenges, as it involved a lot of communication 
and networking between me and the editorial team. However, the end result was this all-inclusive book 
covering diverse themes in the field.

Finally, it is important to acknowledge the efforts of the contributors for their excellent chapters, through 
which a wide variety of issues have been addressed. I would also like to thank my colleagues for their 
valuable feedback during the making of this book.

Editor
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Anatomical distribution and gross pathology 
of wounds in necropsied farmed mink 
(Neovison vison) from June and October
Anna Jespersen1,2*, Jens Frederik Agger3, Tove Clausen2, Stine Bertelsen1, Henrik Elvang Jensen1 
and Anne Sofie Hammer1

Abstract 

Background: Wounds are regarded as an indicator of reduced welfare in mink production; however, information on 
the occurrence and significance of wounds is sparse. To provide a basis for assessment and classification of wounds in 
farmed mink, the distribution pattern and characteristics of wounds in farmed mink in June and October, respectively, 
is described. A total of 791 and 660 mink from 6 to 12 Danish mink farms, respectively, were examined. The mink were 
either found dead or were euthanized due to injury or other disease. Mink included from June were kits in the pre-
weaning and weaning period (1–2 months old). Mink included from October were juveniles in the late growth period 
(approximately 5–6 months old) or older. Macroscopic pathology and wound location was systematically recorded.

Results: There was considerable variation in morphology as well as location of wounds between June and Octo-
ber. Wounds were primarily located on the front parts of the body and in the head in June (1–2 month old kits) and 
mainly on the rear parts of the body and on the tail in October (5–6 month old kits and older). Moreover, there were 
significantly more females than males with wounds for most wound types, and significant differences in occurrence 
of ear and tail base wounds between certain colour types.

Conclusions: Wounds varied significantly from June to October with respect to morphology and anatomical loca-
tion. Wounds in June were primarily located on the front parts of the body and in the head, while wounds in October 
were mainly present on the hind parts of the body and on the tail. The majority of the wounds were found in specific 
well defined skin areas and could therefore be grouped into categories according to anatomical location.

Keywords: Mink, Neovison vison, Pathoanatomy, Season, Skin, Wound

Background
In Denmark and other mink producing countries, the 
impact of skin wounds and injuries on the welfare of 
mink has been in focus through resent years. Wounds 
are believed to be an indicator of reduced welfare in 
mink production due to pain and social stress [1]. Knowl-
edge on the occurrence and significance of wounds in 
mink is sparse; however, Danish studies indicate, that 
around 10 % of mortality among mink kits is caused by 

bite wounds [2, 3]. The occurrence of wounds seem to 
increase in early and late growth season, respectively, 
and there may be differences in the causal mechanism 
between wounds in the early growth season and wounds 
occurring after weaning [3–5]. Due to the lack of knowl-
edge about wounds in mink, management of wounds is 
carried out on a non-scientific background subjected to 
convenience and individual preferences. In other spe-
cies, wounds are often characterized according to type, 
aetiology and degree of contamination [6]. Furthermore, 
for some species, specific assessment criteria have been 
defined for certain wound types or injuries, enhancing 
clinical handling of these lesions, e.g., shoulder wounds 
in sows [7] and hock lesions in cattle [8]. To provide a 

*Correspondence:  ajes@sund.ku.dk 
1 Department of Veterinary Disease Biology, Faculty of Health and Medical 
Sciences, University of Copenhagen, Ridebanevej 3, 1870 Frederiksberg 
C, Denmark
Full list of author information is available at the end of the article
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basis for wound assessment in mink, we have character-
ized wounds macroscopically according to anatomical 
distribution in dead farmed mink collected during two 
periods of the mink production cycle, i.e., the early and 
late growth season, i.e., June and October, respectively.

Methods
The study was designed as a cross sectional study of 
dead mink collected continuously from 6 to 12 Dan-
ish mink farms over the months of June and October, 
respectively. The mink were either euthanized for welfare 
reasons or were found dead and stored in freezers until 
subsequent necropsy. Mink collected in June were all kits 
(1–2 months old) whereas mink from October included 
both juveniles and adults (5–6  months and older). The 
mink had been managed according to standard proce-
dures following general legislation and guidelines for 
mink production. They were kept in standard cages with 
inserted kit wire mesh floors during the month of June, 
where the dam and kits were still together. From wean-
ing until pelting in November the mink were kept in 
pairs or in groups of up to four mink in the same cage. 
A full necropsy was performed on all animals after thaw-
ing [9], specifically including registration of skin wounds. 
Registration of individual data including fur colour and 
sex was done for all animals. Wounds were examined 
macroscopically including registration of wound loca-
tion, size (length ×  width measured in cases where the 
wound was not too irregular for correct wound area cal-
culation), scab formation, granulation tissue formation, 
contraction, oedema, degree of infection, exudation/
exudate type and condition of surrounding skin areas 
and wound edges including undermining of intact skin. 

Based on the location, wounds were categorized as: ear 
wounds, scalp wounds, neck wounds, shoulder wounds, 
thigh wounds, tail base wounds and tail tip wounds. 
Furthermore, there was a category of other wounds, i.e., 
less common wound locations that could not be placed 
in the before mentioned categories. A total of 791 mink 
from June and 1186 mink from October were examined. 
Of these, 526 pelted mink (without skin) from October 
were excluded from the dataset due to limited ability to 
identify wounds. The proportion of mink with different 
wound types in June and October and the distribution of 
wound types between sexes and colour types was calcu-
lated and presented graphically and in table form, respec-
tively. If a mink had more than one wound, it might count 
for more wound types. Mink with injuries characterized 
as only post mortal due to the lack of tissue reaction 
(June: n = 216, October: n = 55) were solely included as 
part of the total number of mink for the calculation of 
proportions. Logistic regression was performed in SAS 
version 9.4 (SAS Institute, Cary, North Carolina, USA) 
using proc genmod for estimating significance of associa-
tions between wound type and sex and between wound 
type and colour using maximum likelihood parameter 
estimates for multiple comparisons of colour types. A p 
value of 0.05 was considered statistically significant.

Results
In total, one or more wounds were found in 244 
(244/791  =  30.8  %) mink from June and 291 
(291/660 = 44.1 %) mink from October. The seasonal dis-
tribution of lesion types (pathoanatomical) is illustrated 
in Fig.  1 which shows that most wounds in June were 
located on the front parts of the body and in the head, 

Fig. 1 Distribution of wound types. Proportion of wound types (pathoanatomical) found in dead or euthanized mink with wounds on 6 farms 
(June, n = 244) and 12 farms (October, n = 291), respectively. Since mink may have more than one wound type, the percentages add up to more 
than 100 %

2 Animal Health and Welfare: An Issue of Veterinary Clinics
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and that most wounds in October were located on the 
rear parts of the body and on the tail. Most wounds in 
June occurred in the second half of the month. In Octo-
ber the occurrence was more even over the entire month. 
Ear wounds (36.5 %) and neck wounds (29.1 %) were the 
most frequent location in June, whereas wounds at the 
base of the tail (37.3 %) and on the tail (23.2 %) were the 
most frequent location in October. Scalp wounds in June 
also include kits that were presumably killed by the dam 
by crushing of the skull (seven kits). Of animals with 
wounds, a total of 91.8 % and 94.8 % in June and Octo-
ber, respectively, had wounds categorized as ear, scalp, 
neck, shoulder, thigh, tail base or tail wounds. The dis-
tribution of the most common wound types (at least one 
wound per animal) in males and females, different col-
our types as well as mean wound size is given in Table 1. 
There were significantly more females with wounds than 
males for neck, shoulder, thigh, tail base and tail wounds, 

and significantly more ear wounds among males than 
females. There were significantly more black mink with 
ear wounds than both brown and white/light mink. 
White/light mink had also significantly fewer tail base 
wounds than both brown and blue/grey mink (Table 1).

Pathologically, wounds varied according to anatomical 
location. In general, most wounds were not covered by a 
scab except for certain small wounds located on the neck 
or shoulders of mink kits which were covered by a thick 
semi-moist or greasy layer of exudate and debris. Signs 
of a reparative process like granulation tissue formation, 
wound contraction and epithelialization were seldom dis-
tinguishable, but oedema was usually present along the 
wound margins which were often irregular or frayed. The 
wounds were often contaminated and some showed signs 
of infection as defined by the presence of thick purulent 
exudate. Typical pathomorphological appearances of 
most frequent wound types are presented in Figs. 2 and 

Table 1 Distribution of sex and colour type and mean wound size for common mink wounds

Number and proportion of dead or euthanized mink presenting wounds on ear, scalp, neck and shoulder (June), or thigh, tail base and tail (October). The results are 
stratified according to sex and colour type. Mean wound size is given for each location. Due to occasional more wound types on the same mink and due to inability to 
determine the sex of all animals, the numbers may not be the same as the total proportions given in the text
a,b Estimates with the same letter are significantly different in multiple comparisons

Wound type
(June)

Sex Colour type Mean wound 
size
(cm2)♂

n = 320
♀
n = 325

Black
n = 60

Brown
n = 562

Blue/grey
n = 18

White/light
n = 102

Other
n = 41

Ear 46
(14.4 %)

20
(6.2 %)

12a,b

(20.0 %)
46a

(8.2 %)
2
(11.1 %)

3b

(2.9 %)
4
(9.8 %)

7.8
n = 53

P = 0.001 P = 0.01

Scalp 21
(6.6 %)

22
(6.8 %)

7
(11.7 %)

31
(5.5 %)

0
(0.0 %)

3
(2.9 %)

2
(4.9 %)

8.2
n = 34

P = 0.916 P = 0.137

Neck 15
(4.7 %)

52
(16.0 %)

4
(6.7 %)

55
(9.8 %)

2
(11.1 %)

7
(6.9 %)

4
(9.8 %)

8.7
n = 66

P = 0.0001 P = 0.818

Shoulder 3
(0.9 %)

25
(7.7 %)

1
(1.7 %)

20
(3.6 %)

0
(0.0 %)

3
(2.9 %)

4
(9.8 %)

7.8
n = 20

P = 0.0001 P = 0.253

Wound type
(October)

Sex Colour type Mean wound 
size
(cm2)♂

n = 283
♀
n = 355

Black
n = 49

Brown
n = 476

Blue/grey
n = 25

White/light
n = 81

Other
n = 25

Thigh 8
(2.8 %)

49
(13.8 %)

4
(8.2 %)

42
(8.8 %)

2
(8.0 %)

9
(11.1 %)

3
(12.0 %)

9.5
n = 80

P = 0.0001 P = 0.946

Tail base 19
(6.7 %)

131
(36.9 %)

8
(16.3 %)

118a

(24.8 %)
9b

(36.0 %)
10a,b

(12.3 %)
7
(28.0 %)

19.2
n = 141

P = 0.0001 P = 0.031

Tail 31
(11.0 %)

63
(17.7 %)

5
(10.2 %)

71
(14.9 %)

3
(12.0 %)

11
(13.6 %)

6
(24.0 %)

6.2
n = 22

P = 0.015 P = 0.624

3Anatomical distribution and gross pathology of wounds in necropsied farmed mink (Neovison vison)...
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3. Due to the general lack of discernible reparative tis-
sue, exact wound age could not be determined on mac-
roscopic basis.

Discussion
The development of a systematic basis for classification 
and clinical assessment of wounds in mink is necessary 
for the investigative efforts targeting control and preven-
tion of wounds in this species. Though some mink with 
wounds may have died from other causes, the results 
are an indication of the proportion of mink that died or 
were euthanized due to skin lesions as opposed to other 

causes. Post mortal injuries may have erased signs of 
wounds occurring prior to death, contributing to an 
underestimation of frequencies. Moreover, pelted mink 
were excluded from the dataset which may have also led 
to a slight underestimation of the true proportion of dead 
wounded mink. The results are presented as frequencies 
and relative numbers and do not relate to the total num-
ber of mink on the farms.

Mink breed once each year and the kits are born late 
April or early May. The age of the majority of the mink 
present on the farm is therefore roughly the same 
throughout the year. The months June and October were 

Wound type Description Example of gross appearance

Ear wounds Wounds involving the ear, varying from 
minor lacerations of the pinna to large 
wounds with absence of the entire external 
ear and surrounding skin.

Scalp wounds Wounds on the scalp or the dorsocranial 
part of the neck, varying from small bite 
marks (tooth marks) to larger wounds 
comprising the entire scalp. 

Neck and 
shoulder 
wounds

Wounds of varying sizes located on the side 
of the neck or over the shoulder area. 
Varying from small crust covered lesions to 
larger wounds without crusts.

Fig. 2 Pathoanatomical characteristics of wounds. Most common wounds seen in farmed mink in June

4 Animal Health and Welfare: An Issue of Veterinary Clinics
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selected for the study due to a report of increased fre-
quency of wounds in these months compared to other 
periods in the mink production cycle [3]. This may be 
related to the age and developmental stage of the mink 
and management conditions related to the beginning 
and end of the growth season (i.e., weaning time and 
the period prior to pelting). As seen from Fig. 1, wounds 
were primarily located on the front parts of the body or 
in the head in June, while wounds in October were mostly 
located on the hind parts of the body and the tail. This 
likely represents the different behavioural mechanisms of 
the two age groups, leading to the formation of wounds 

during the two periods [4, 5]. Although some wound 
types may have overlapping morphological appearance, 
the distinct pathoanatomical distribution of wounds may 
reflect underlying risk or causal factors, similar to e.g., 
shoulder wounds in pigs [10] and breast/keel lesions in 
poultry [11]. Until further knowledge is at hand about 
the wound causal mechanisms in mink, it seems reason-
able to maintain the proposed categories, and it is rec-
ommended that the classification of pathoanatomical 
location is included in future studies.

In June, the increasing occurrence of wounds through 
the end of the suckling period may be explained by the 

Thigh wounds Wounds located in the area between the 
base of the tail and the tarsal joint. Varies 
from minor bite marks (tooth marks) to 
large open wounds. Often characterized by 
undermining of skin under the wound edge 
(registered in 33/60 mink with one or two 
thigh wounds).

Tail base 
wounds

Wounds  on the base/root of the tail, 
frequently reaching considerable 
dimensions (Table 2) with undermining of 
skin (registered in 93/154 mink with tail 
base wounds). Occasional presence of 
abscess.

Tail wounds Wounds located on the tail, often on the tail 
tip. Occasionally characterized by 
amputation of parts of the tail with exposed 
bone (rarely the entire tail).

Wound type Description Example of gross appearance

Fig. 3 Pathoanatomical characteristics of wounds. Most common wounds seen in farmed mink in October

5Anatomical distribution and gross pathology of wounds in necropsied farmed mink (Neovison vison)...
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increased nutritional demands of the kits combined with 
a decline in the dam’s milk output and an increased com-
petition for resources [12]. From early to mid-June, there 
will be increasing risk of bite wounds resulting from 
fights between siblings as part of this resource competi-
tion [4, 12]. In June, most wounds occurred from mid-
month (6  weeks of age), which is in accordance with 
findings in other studies [12–14]. Dehydration or thirst 
may cause the well-known licking behaviour, where the 
kits lick or suck on the dam’s mouth [4, 15]. If this behav-
iour is directed towards the ears and other body parts of 
their siblings, it may lead to small lacerations or a moist 
dermatitis that may develop into wounds of varying size. 
The smaller wounds covered by a moist scab described in 
the neck and shoulder area may be such “lick-induced” 
lesions. A specific type of wound, rarely seen in the early 
growth period, is the characteristic crushing of the skull 
and tooth marks penetrating the scalp. They are inflicted 
to kits by the dam, presumably due to the dam’s frus-
tration or stress from not being able to escape her kits 
demanding presence [16, 17].

Many of the wounds seen after weaning and until pelt-
ing, where the mink are housed in pairs (typically one 
male and one female) or in groups of up to four, are bite 
wounds resulting from aggression between cage mates 
[18]. The location of wounds on the mink’s hind parts 
may be interpreted as a flight/chase situation, where the 
bitten mink tries to escape the biting mink. The large 
size of wounds (Table 1) may be due to continuous biting 
since the submissive mink cannot escape. The submissive 
mink will likely be the smaller of the pair/group, which 
is supported by the findings of a larger proportion of 
wounds in females than in males (Table 1). Previous stud-
ies have demonstrated a similar ratio of lesions in females 
compared to males [3, 12, 17]. Similarly, the dominance 
of ear wounds in males has been demonstrated previously 
[12]. For ear wounds white/light and brown mink had 
significantly fewer wounds than black mink. For tail base 
wounds, white/light mink had significantly fewer wounds 
than both brown and blue/grey mink (Table 1). The rea-
son for this is unknown, but may reflect behavioural and 
temperamental differences between the colour types [19]. 
Apart from the specific location, wounds found during 
October were often associated with undermining of skin 
which may result from ruptured abscesses, i.e., similar 
to what is often seen in cats [20]. This may also explain 
the large mean size of wounds, especially on the base of 
the tail. In areas where skin is not firmly adhered to the 
underlying tissues, initially the tension and resilience of 
the skin causes the wounds to widen once inflicted.

Accurate assessment of wound age was not possi-
ble based on gross pathology and would require histo-
logical examination. Although wound healing in mink is 

expected to include the same phases as in other mam-
mals, no detailed studies of mink wound pathology have 
been published so far. It was considered out of the scope 
of this report to present histopathological results. The 
general failure to identify signs of reparation may be 
explained by quick discovery and euthanasia of wounded 
mink by farm personnel or that mink often die from their 
wounds in the acute stage.

In conclusion, we found a significant seasonal variation 
in location of wounds in farmed mink. Wounds in June 
were mainly situated on the front parts of the body and in 
the head, while wounds in October were mainly present 
on the hind parts of the body and on the tail. There were 
significant differences in occurrence between males and 
females, and for some wound types differences between 
certain colour types. The results may provide a basis for 
further studies of the cause and mechanisms behind dif-
ferent wound types as well as for developing guidelines 
for wound assessment in mink. Furthermore, the patho-
anatomical wound distribution may define which wound 
types to focus on in future studies of prevention and 
management of wounds in farmed mink.
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Is transport distance correlated with animal 
welfare and carcass quality of reindeer (Rangifer 
tarandus tarandus)?
Sauli Laaksonen1*, Pikka Jokelainen2,3,4, Jyrki Pusenius5 and Antti Oksanen6

Abstract 

Background: Slaughter reindeer are exposed to stress caused by gathering, handling, loading and unloading, and 
by conditions in vehicles during transport. These stress factors can lead to compromised welfare and trauma such 
as bruises or fractures, aspiration of rumen content, and abnormal odour in carcasses, and causing condemnations 
in meat inspection and lower meat quality. We investigated the statistical association of slaughter transport distance 
with these indices using meat inspection data from years 2004–2016, including inspection of 669,738 reindeer origi-
nating from Finnish reindeer herding areas.

Results: Increased stress and decreased welfare of reindeer, as indicated by higher incidence of carcass condem-
nation due to bruises or fractures, aspiration of rumen content, or abnormal odour, were positively associated with 
systems involving shorter transport distances to abattoirs. Significant differences in incidence of condemnations were 
also detected between abattoirs and reindeer herding cooperatives.

Conclusions: This study indicates that in particular the short-distance transports of reindeer merit more attention. 
While the results suggest that factors associated with long distance transport, such as driver education, truck design, 
veterinary supervision, and specialist equipment, may be favourable to reducing pre-slaughter stress in reindeer 
when compared with short distance transport systems, which occur in a variety of vehicle types and may be done by 
untrained handlers. Further work is required to elucidate the causal factors to the current results.

Keywords: Reindeer, Meat inspection, Stress, Handling, Transport, Trauma, Aspiration of rumen content, Abnormal 
odour, Welfare

Background
In Fennoscandia, semi-domesticated reindeer are graz-
ing most of the year freely on natural pastures. Tradi-
tionally, reindeer were slaughtered on the field during 
round-ups, and no transportation to slaughter houses 
was needed. Field slaughter facilities were erected ad 
hoc until the 1980s, at which time slaughtering moved 
to more developed and modern export abattoirs. Nowa-
days, most of the reindeer in Finland are slaughtered in 
officially approved abattoirs. The development of a net-
work of regional abattoirs created the need for intensive 

transportation of live reindeer and led to the evolution of 
reindeer transportation [1].

Most of the transportation of live reindeer by motor 
vehicles takes place for slaughter in autumn and early 
winter [1]. The vehicles include vans and trailers, and 
for longer distances, special reindeer transport trucks. 
In addition to transporting to slaughter, vehicle trans-
portation is occasionally used when reindeer are moved 
between pastures, or to supplementary feeding sites or 
corrals for winter months. Motor vehicles, helicopters, 
snow mobiles and quad bikes (ATVs) are used as aids 
when herding and gathering reindeer for summer or 
autumn (slaughter) round-ups.

In Finland, all animal transportation is regulated by 
the Finnish Animal Transport Act (1429/2006) and the 
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Council Regulation (EC) No 1/2005 on the protection of 
animals during transport and related operations. There is 
no specific act for reindeer and thus these regulations are 
also valid for the transportation of reindeer.

Any external stimulus that challenges homeostasis can 
be viewed as a stressor to animals [2]. Emotional stimuli 
are the most common and important stressors in animals 
with a highly developed nervous system [3–6]. Animals 
react differently when they are captured, restrained, or 
immobilized. Even animals that seem to adapt to the 
situation may suffer from stress and be vulnerable to 
related damaging changes [7, 8]. Transportation is known 
to cause substantial stress in domesticated animals [9, 
10] and it likely provokes an even more severe stress 
response in semi-domesticated animals.

The transportation and its impact on the welfare of 
semi-domesticated reindeer has been an issue of con-
cern in Fennoscandia. The transportation to slaughter 
includes pre-slaughter handling of the animals; round-
ing up, herding, holding in enclosures, manual handling, 
loading, road transport, and unloading. After the trans-
port of reindeer, traumas are commonly found [11–13]. 
Trauma may be caused by a physical impact by antlers, 
hooves, metal or wooden projections, or animals falling 
and being trampled on by others. Such trauma can take 
place any time during handling, transport, holding, or 
stunning. Bruises can vary in size, and be superficial or 
severe and may be seen in different parts of the carcass or 
even over the entire carcass.

Reindeer, like wild animals, are susceptible to stress 
caused by human presence, handling, capturing, and 
transportation. Manual handling and restraint have been 
found to be one of the major stress factors for reindeer 
[12–15]. There are indications of a cumulative effect of 
repeated stress events. In herded reindeer, stress asso-
ciated lesions, such as abomasal haemorrhage, as well 
as myocardial and muscular degeneration have been 
described [11, 13–15]. Physical trauma also cause stress, 
but as they are often the result of aggression by other ani-
mals in the crate, they may also be considered a result of 
stress behaviour [12].

The detrimental effects of pre-slaughter handling on 
blood chemistry (aspartate transaminase (ASAT), urea, 
cortisol) and muscle glycogen stores can cause increased 
pH values resulting in lower meat quality; these effects 
have been demonstrated in several Fennoscandian stud-
ies [12–22]. Management and handling stress are also 
reflected by an increase in numbers of both immature 
and mature neutrophils and a decrease in lymphocyte 
count, which is correlated to the degree of stress to which 
the animals have been exposed. Prolonged exposure to 
stress results in a decrease in the number of eosinophils 
in peripheral blood [12].

Rehbinder et  al. [12], Rehbinder [13] and Wiklund 
et  al. and [14, 20] demonstrated that the use of a lasso 
to capture reindeer for slaughter was the most stressful 
handling procedure among those studied. In these stud-
ies, lorry transport, helicopter herding, and fixation of 
animals by hand without the use of a lasso resulted in 
lower stress responses as measured by meat pH values, 
blood metabolites used as stress markers i.e. ASAT, urea 
and cortisol, and abomasal lesions, compared to the lasso 
capture procedure. The calves have been reported to have 
higher muscle pH [19] and plasma urea [12, 13] values 
after herding and handling stress than adults. The authors 
concluded that calves are more susceptible to stress than 
adult animals due to more vigorous physical exertion 
depleting their energy stores more rapidly. Exhausted 
animals were in general found to have extremely high 
meat pH values, with 31.1% of the carcasses being clas-
sified as intermediate Dark, Firm and Dry meat (DFD) 
(5.8 < pH < 6.2) and 31.2% as DFD (pH > 6.2) [19].

Natural long-duration stress, such as harsh weather 
and snow conditions especially in winter time, can also 
cause poorer meat quality; glycogen stores are used 
before slaughter and the pH-value remains high [14, 23]. 
In addition, the animals’ physical condition and nutri-
tional status have a considerable effect on their ability to 
tolerate various stress factors, such as lorry transport and 
holding [20].

Hyvärinen et  al. [16] found elevated serum urea val-
ues associated with reindeer gatherings. Furthermore, 
the levels were correlated with the distance of the drive 
and time spent in the corral. The study by Wiklund et al. 
[15] confirmed the finding that a “stress-flavour” could 
develop in reindeer meat after intensive pre-slaughter 
handling of the animals. The animals captured by use of 
lasso or herded by helicopter for prolonged three days 
had the highest scores of an unpleasant, strong, even 
acrid smell, which was described by a trained expert 
panel as a pungent odour, sickeningly sweet odour, sharp 
flavour, and sickeningly sweet flavour [15]. It is com-
mon knowledge among reindeer herders that animals 
that have been exposed to stressful pre-slaughter han-
dling give meat with an unfavourable odour [15] which 
is sometimes referred to as “urine smell” [1, 13]. Several 
studies have tried to correlate the concentrations of sub-
stances such as putrescine, spermidine, spermine, cre-
atine, creatinine, and dimethylamine in reindeer meat 
and plasma with the presence of ‘stress-flavour’ in the 
meat, but the issue is still unresolved, as reviewed by 
Wiklund [15]. According to Rehbinder [13], depletion 
of muscular glycogen stores, increased catabolism of 
muscular protein, muscular degeneration, and increased 
blood-urea levels cannot be excluded as a cause of an 
altered and bad taste of the meat.

9Is transport distance correlated with animal welfare and carcass quality of reindeer...
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In Sweden, lorry transport did not affect the ultimate pH 
of the muscles of bulls and calves and the incidence of high 
pH and intermediate DFD in reindeer hinds was greater 
only after transport of more than 500 km [19]. In Finland, 
Nieminen et  al. studied the impact of transportation of 
reindeer in 1993 [24] and in 2000 [25]. In these studies, 
the transportation distances varied from 30 to 400 km and 
transportation times from 1 to 5.5  h. The reindeer were 
reported to be peaceful and in good shape after transpor-
tation and only minor bruises were detected.

Aspiration of rumen content during stunning is a com-
mon finding during slaughter in production ruminants, 
leading to the condemnation of lungs at meat inspection 
[26]. There is, however, apparently, no published data of 
the causes or incidence of this phenomenon. Aspiration 
of rumen content is also often seen during reindeer meat 
inspection. Hanssen et  al. [27] reported the transporta-
tion of reindeer on lorries to result in more liquid rumen 
content. In addition, a marked stress response with abo-
masal erosions or ulcers will affect the digestive tract and 
its utilization of fodder [13, 15]. It is also common that 
digestive disorders occur amongst reindeer after sup-
plementary feeding [1, 28]. Reindeer are usually supple-
mentary fed with silage and pellets [1], which often leads 
to fullness and distension of the rumen. These feeds are 
medium or high protein rich, which greatly increases 
their water requirements. For example, adult female rein-
deer eating pellets have been reported to drink 3.2–3.5 l 
of water per day, while reindeer fed lichens drank only 
0.1  l per day [29]. More liquid rumen content may per-
haps predispose to regurgitation and aspiration of rumen 
content during stunning.

There has been a lot of public debate concerning the 
long-distance transportation of reindeer by motor vehi-
cles; in particular, with regards to the effect of trans-
portation on the wellbeing of the reindeer. The aim of 
this study was to partially respond to these concerns by 
exploring whether the distance of the transportation of 
live reindeer to abattoirs is associated with higher rates 
of meat condemnations. We focused on injuries, bruises 
and fractures, but stress-related abnormal odour and 
aspiration of rumen content were also surveyed. The 
outcomes investigated are not only indicators of com-
promised welfare but also relevant for the brand and rep-
utation of reindeer meat production.

Methods
The reindeer population data were obtained from database 
of the Reindeer Herders’ Association. The reindeer meat 
inspection data were collected from official documents 
from meat inspection veterinarians (see Additional file 1) 
at all the approved reindeer abattoirs of Finland, from the 
slaughter seasons (autumn and early winter) 2004–2005 

to 2015–2016. The meat inspection and hygiene control in 
abattoirs was conducted by veterinarians who work under 
the control of Regional State Administrative Agencies of 
Lapland. For this study, the number of bruises and frac-
tures and stress-related abnormal odour and aspiration 
of rumen content, which lead to partly or total carcass 
condemnations for human consumption, were included. 
We recorded the number of inspected reindeer originat-
ing from Finnish reindeer herding areas (669,738 rein-
deer from 4208 slaughter batches), the number and the 
percentage of condemnations due to bruises or fractures, 
aspiration of rumen content during stunning, and organo-
leptic evaluations of abnormal odour.

Statistical analyses
For statistical analyses, the transportation distances were 
classified into five categories: 0 =  0  km, reindeer walk 
from the round-up corral to abattoir; (1) 1–60  km; (2) 
61–150 km; (3) 151–300 km; (4) >300 km. The transport 
distances for each slaughter batch were defined to be the 
shortest distance along the road from the geographical 
centre of the reindeer herding cooperative to the abat-
toir. In addition, the reindeer were classified according to 
their region of origin: The Finnish reindeer herding area 
was divided into the area specifically intended for rein-
deer herding (Area 2, northern part) (Finnish Reindeer 
Husbandry Act, 14.9.1990/848) and the remainder (Area 
1, southern part) (Fig. 1).

We analysed the association between the occurrence of 
bruises or fractures, abnormal odour, and aspiration of 
rumen content leading to condemnations and the trans-
port distance of reindeer to abattoirs using Spearman’s 
rank correlation coefficient. The relationship between 
the regional origin of reindeer and the proportion of con-
demnations was analysed using two by two contingency 
tables and Chi squared tests.

The comparison of proportion of condemnations 
between abattoirs and 56 reindeer herding cooperatives 
was made by using non-parametric Kruskal–Wallis test 
using slaughter batch as a unit of observation. In one 
abattoir, animals were bled in the horizontal position (as 
opposed to vertical position). To determine if the propor-
tion of animals aspirating rumen contents differed in this 
abattoir compared to the others, we used a post hoc mul-
tiple comparison analysis identifying homogenous sub-
sets (significance level 0.05).

All statistical analyses were conducted using SPSS 19 
software.

Results
The reindeer population in Finland during the study 
period was on average 197,807 (190,776–209,365) indi-
viduals, of which an average of 102,778 (71,580–124,152) 
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were slaughtered annually. Of the slaughtered reindeer, 
77% were calves (6–8  months old). Approximately 74% 
of the reindeer were slaughtered in 19 EU-approved 
reindeer abattoirs; the rest were slaughtered in the field 
for private consumption and direct marketing (Regional 
State Administrative Agencies of Lapland).

The inspection data of 669,738 reindeer (Area 1, 
234,821; Area 2, 434,917) from 4208 slaughter batches 
(Area 1, 2318; Area 2, 1890) were included in the study; 
data from 333 slaughter batches were excluded because 
of missing information. Eighty-three percent of the 
reindeer were slaughtered during October–December. 
The average distance that animals were transported to 
slaughter was 87 km (range: 0–450 km) in the whole area, 
62  km (10–390  km) in the southern area (Area 1), and 
117 km (0–450 km) in the northern area (Area 2).

The meat inspection findings associated with part or 
whole carcass condemnation from 2004 to 2016 are pre-
sented by region in Table 1, (Fig. 1). Bruises and fractures, 
and aspiration of rumen content, were more common in 
Area 1 compared to Area 2 (Table 1; χ2 = 50.58, df = 1, 
P < 0.001; χ2 = 2212.93, df = 1, P < 0.001; respectively).

The transport distance to the abattoir was nega-
tively correlated with the number of condemnations 
due to bruises/fractures (Spearman’s rank correlation 
rs = −0.20, N = 4208, P < 0.0005), aspiration of rumen 
content (rs = −0.04, N =  4208, P =  0.005), and abnor-
mal odour (rs = −0.04, N = 4208, P = 0.011). The cor-
relations of aspiration of rumen content and abnormal 
odour with travel distance were however weak, whereas 
the negative correlation between the condemnations due 
to bruises and fractures and transport distance indicated 
a definite and strong relationship.

The number of bruises and fractures leading to con-
demnations during reindeer meat inspections are pre-
sented by the five transport distance categories in 
Table  2. Multiple comparison after Kruskal–Wallis 
ANOVA indicated that the incidence of bruises and frac-
tures was lower in the transportation distance category 
0 (no transport) than in the transportation distance cat-
egory 1 (1–60 km) (P < 0.05). The slaughter batches were 
smaller in the categories of short transport than in the 
category of no vehicle transport (280 and 123 reindeer 
respectively).

There were significant differences between abattoirs in 
the incidence of bruises and fractures (range 0.20–2.02%, 

Fig. 1 Finnish reindeer herding area indicating the area specifically 
intended for reindeer herding (Area 2, northern part) and the remain-
der (Area 1, southern part). Fine lines are the borders of reindeer herd-
ing cooperatives and the red stars are official reindeer abattoirs

Table 1 Indicators of  compromised welfare of  reindeer leading to  meat inspection condemnations in  Finland (2004–
2016)

a The map showing the areas: Fig. 1

Origin of  
reindeera

No of reindeer Mean transportation  
distance (km)

Bruises and  
fractures (n,  %)

Aspiration of rumen  
content (n,  %)

Abnormal 
odour (n,  %)

Area 1 234,821 62 1533
0.6%

1265
0.54%

65
0.03%

Area 2 434,917 117 2246
0.5%

36
0.008%

126
0.03%

Whole area 669,738 87 3779
0.6%

1301
0.2%

191
0.03%
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mean 0.71%, SD 2.93%; Kruskal–Wallis test, H = 564.73, 
df =  19, P  <  0.0005), rumen content aspirations (range 
0.00–2.47, 0.50%, SD 3.02%; Kruskal–Wallis test, 
H =  660.94, df =  19, P  <  0.0005) and abnormal odour 
(range 0.00–0.74%, 0.08%, SD 1.77%; Kruskal–Wallis 
test, H = 109.54, df = 19, P < 0.0005) as well as between 
all 56 reindeer herding cooperatives (range 0.00–7.69%, 
0.74%, SD 3.07%; Kruskal–Wallis test, H  =  523.07, 
df = 55, P < 0.0005), (range 0.00–3.22%, 0.53%, SD 3.15%; 
Kruskal–Wallis test, H =  612.35, df =  55, P  <  0.0005), 
(range 0.00–0.68%, 0.08%, SD 1.85%; Kruskal–Wallis test, 
H = 91.81, df = 55, P = 0.001), respectively.

Multiple comparisons identifying homogenous sub-
sets (significance level 0.05) indicated that condemnation 
caused by aspiration of rumen content was on average 
higher in the abattoir in which the bleeding after stun-
ning was done on animals that were lying horizontally 
(2.4%), compared to those in which the animals were bled 
while hanging vertically (0.2%).

Discussion
Our results indicate that the studied indicators of com-
promised physical welfare of slaughter reindeer are asso-
ciated with the distance of transportation for slaughter: 
short transport distances were associated with more 
compromised reindeer welfare and carcass quality. In 
addition, we found that the incidence of these indicators 
varied significantly among reindeer herding cooperatives 
and abattoirs.

Bruises and factures were negatively associated with 
transport distance. This perhaps unexpected finding 
could be explained by the fact that most long-distance 
transport of slaughter reindeer is done with trucks that 
are specifically designed for the transportation of rein-
deer. These trucks must be inspected and approved by 
authorities and the driver must be specifically educated 
to be qualified and licenced for long-range animal trans-
portation. The trucks have specially designed ramps for 
loading and unloading reindeer with minimal manual 

handling and they are sectioned into several pens that 
allow separation of calves from adult animals, which 
markedly reduces bruising and other injuries [11]. Con-
versely, transportation of reindeer for short (under 
65  km) distances does not require any qualifications or 
approvals for the drivers nor the vehicles. Vans or trail-
ers, which may in some cases be unfit, are used for the 
short-distance transportation, and the loading and 
unloading is done manually, reindeer by reindeer. Our 
results, therefore, suggest that the quality of the method 
of transportation more than compensates the potential 
negative effects of long-distance transportation. How-
ever, the finding that lower proportion of reindeer that 
were slaughtered without vehicle transport had traumatic 
lesions than reindeer that underwent short transport, 
indicates the impact of manual loading, unloading and 
the suitability of the transport vehicle on the injuries.

Our result that the proportion of reindeer having 
bruises/fractures detectable in meat inspection did not 
increase with the distance of transportation to abat-
toir is in accordance with former studies on the effects 
of transportation. In line with our conclusions, previous 
studies [19, 20, 24, 25], reported that lorry transport did 
not significantly impair reindeer meat quality indices. In 
addition, the historical meat inspection data from years 
1980–1986 [33] indicated that bruises and fractures were 
common and were detected in 5.3% of the reindeer. This 
was in spite of the fact that only 11.5% of the reindeer 
were transported to the approved regional abattoirs and 
the rest were slaughtered in the field in connection to, or 
very near the round-up places, practically with no need 
of vehicle transport [33].

The significant differences in the appearance of bruises 
and fractures between individual cooperatives and abat-
toirs may be due to the different handling practises. For 
example, round-ups and their timing, maintenance of 
enclosures, transport corridors and ramps, routines 
for loading and unloading the animals, waiting times in 
corrals and in abattoirs, and understanding the natural 

Table 2 Bruises and fractures leading to condemnations during reindeer meat inspections, by transport distance catego-
ries

Transport distance Inspected  
reindeer (n)

Inspections (n) Reindeer in  
inspections (mean)

Bruises and  
fractures (n)

Bruises and  
fractures (%)

km Category

0 0 129,521 464 280 590 0.45

1–60 1 260,688 2123 123 1970 0.75

61–150 2 124,402 1038 120 743 0.60

151–300 3 89,124 328 272 386 0.43

≥301 4 66,005 255 259 90 0.13

Total 669,740 4208 159 3779 0.56
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behaviour, as highlighted in literature [12–15, 34], as well 
as the degree of tameness of reindeer [13], may differ. 
There are no stunning pens in Finnish reindeer abattoirs 
to support the animal, but the restraint is done manually, 
so bruising is also possible during the stunning and could 
occur also after stunning when the animal collapses on 
the floor [35].

In total, the current slaughter welfare conditions in 
Finland can be considered relatively good, with 0.6% of 
slaughter reindeer having detectable injuries, in particu-
lar when comparing with the situation in period 1980–
1986, when bruises and fractures were reported in 5.6% 
of reindeer [33]. The situation has evolved in the same 
way also in Sweden: during 2000–2007, the proportion 
of injuries was 1% [36] and during 2006–2013, trauma or 
fractures were registered in 0.13% of reindeer carcasses 
and in 0.88% of the heads [37]. It must be noted that our 
data do not include the traumas in the head, which are 
typically seen in antlers, because such trauma do not usu-
ally lead to condemnations.

The apparently reduced incidence of bruises and 
fractures is likely due to the increased information and 
education delivered by the Reindeer Herders’ Associa-
tion and related organizations and authorities which 
has led to improved handling methods and transports. 
One contributing factor can also be the fact that in 
Finland, especially in the northern reindeer herding 
area, veterinarians are present practically in every big-
ger slaughter round-up, administrating anti-parasitic 
treatment and at the same time doing animal welfare 
work, for example inspecting the fitness of animals for 
transportation.

Rumen content can become more liquid because of 
handling stress [13, 15], transportation [27] and supple-
mentary feeding [28, 29]. This may predispose animals 
to aspiration of liquid rumen contents during or after 
stunning. In our study, aspiration of rumen content was 
reported in 0.2% of Finnish slaughter reindeer. The nega-
tive correlation to the distance of slaughter transport was 
not as clear as in bruises and fractures, while there were 
significant differences between individual cooperatives 
and abattoirs. In addition, aspiration of rumen content 
was a significantly more common finding in the reindeer 
from Area 1 compared to Area 2, reflecting decreased 
welfare and supporting that it could be associated with 
handling, transport, behavioural and feeding stress. 
In the southern area, reindeer are often held in lairage, 
waiting for the herd to grow big enough for the slaughter 
batch, sometimes several days. During that time, they are 
supplementary fed, usually with silage and pellets, which 
often leads to the fullness and distension of the rumen 
(unpublished observations).

During stunning, especially if the bolting accuracy or 
cartridge strength are not ideal, the unconsciousness is 
not immediate and reindeer continue to breathe which 
can result in regurgitation and aspiration of rumen con-
tent. It is known that slaughter without stunning (ritual 
slaughter) increases the possibility of aspiration of blood 
and, in the case of ruminants, rumen content [30]. All 
Finnish reindeer abattoirs use penetrating captive bolt 
pistols to stun reindeer. It is concluded that an animal 
effectively stunned with a penetrating captive bolt pis-
tol, as indicated by the presence of certain signs and 
the absence of others, like failure to collapse, rhythmic 
breathing, eyeball rotation and, positive corneal reflex, 
has little possibility of a reversal of the brain function 
[31]. However, in cattle, the prevalence of shallow depth 
of concussion following captive bolt shooting was 8% for 
all cattle and 15% for young bulls, and 2.7% of animals 
maintained spontaneous breathing [32]. It is likely that 
this happens also during reindeer slaughter.

The finding that aspiration of rumen content was more 
common if the bleeding was done when the reindeer 
were in horizontal position compared to those abattoirs 
where reindeer were in a hanging position, was not sur-
prising. It is logical that the regurgitation can reach lungs 
more easily if the animal is in horizontal position during 
commonly occurring reflexive gasping [32]. Aspiration of 
rumen content is also a concern for meat hygiene, since 
potential pathogens are transported to the clean side of 
the abattoir and can contaminate other carcasses and 
organs [38, 39].

“Stress flavour” occurs in reindeer meat after inten-
sive handling of the animals prior to slaughter [15, 18, 
20]. In our study, the finding registered was abnormal 
odour, which may include also other odours diagnosed by 
meat inspectors. A strong abnormal odour which lead to 
condemnations was diagnosed in 0.03% of reindeer. The 
real incidence of abnormal flavour is likely much higher, 
for example, Hanssen and Skei [40] detected moderate 
ammonia-like taint in two and a weak taint in seven sam-
ples of 29 reindeer which had been transported in lorries 
before slaughter. Nevertheless, our results show that the 
same trend as for bruises, fractures and rumen content 
aspiration was also detected in abnormal odour, having a 
negative correlation with transport distance and with sig-
nificant differences between abattoirs and cooperatives. 
These patterns are in accordance with the published 
views that detecting abnormal odour is related to stress 
[15, 18, 20, 27, 40].

There are many more factors associated with transport 
and connected operations that could contribute to the 
observed effect of transport distance and that were not 
covered in this work. These include handling, holding, 
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habituation, sex effect, socialisation, stunning, and the 
slaughter process. The differences in incidence between 
abattoirs and herding cooperatives reinforce this further.

Our study was based on the observations and meat 
inspection findings made by several veterinarians, 
which may cause bias on the results. All the reindeer 
meat inspectors have participated in education for meat 
inspection and harmonizing meat inspection decisions, 
and the reporting is simple. The strengths of the study 
include a long study period (>10 years) and a large num-
ber of observations, and the data were collected from 
official meat inspection decisions of condemnations. 
Because minor lesions and deep bruises, are not always 
detectable in the meat inspection, the true incidence of 
these indicators is likely higher.

Conclusions
Long distance transport of reindeer in approved rein-
deer trucks and conducted by educated drivers was asso-
ciated with less stress and trauma to the animals than 
transport for short distances, the latter requiring more 
manual handling, being conducted in a variety of vehicle 
types, and by untrained handlers. Although the welfare 
of reindeer during transportations and connected activi-
ties has improved, significant differences in incidence of 
bruises or fractures, aspiration of rumen content, and 
abnormal odour were detected between abattoirs and 
between reindeer herding cooperatives, emphasizing that 
there still is room for improvement. Although further 
research is required to elucidate the impact of all factors 
that are involved in transportation and that may be asso-
ciated with stress and welfare of reindeer, the results of 
this study indicate that in particular the short-distance 
transports and related operations merit more attention. 
This is likely not limited to slaughter transport, but rather 
relevant to all transportation of reindeer e.g. to a feeding 
corral or to a different pasture area.
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Structural changes in femoral bone 
microstructure of female rabbits after 
intramuscular administration of quercetin
Ramona Babosova1, Hana Duranova1, Radoslav Omelka2, Veronika Kovacova1, Maria Adamkovicova2, 
Birgit Grosskopf3*, Marcela Capcarova4 and Monika Martiniakova1

Abstract 

Background: Quercetin is one of the best known flavonoids being present in a variety of fruits and vegetables. It 
has cardioprotective, anticarcinogenic, antioxidant, anti-inflammatory and antiapoptotic properties. Some studies 
suggest that quercetin has protective effects on bone. However, its influence on qualitative and quantitative histologi-
cal characteristics of compact bone is still unknown. In our study, 12 clinically healthy five-month-old female rabbits 
were divided into four groups of three animals each. Quercetin was applied intramuscularly in various concentrations; 
10 µg/kg body weight (bw) in the E1 group, 100 µg/kg bw in the E2 group, and 1000 µg/kg bw in the E3 group for 
90 days, 3 times per week. Three rabbits without exposure to quercetin served as a control (C) group. Differences in 
femoral bone microstructure among groups were evaluated.

Results: Qualitative histological characteristics of compact bone differed between rabbits from the E1 and E2 groups. 
Primary vascular longitudinal bone tissue was not found in some areas near the endosteal surface due to increased 
endocortical bone resorption. In addition, periosteal border of rabbits from the E1 group was composed of a thicker 
layer of primary vascular longitudinal bone tissue than in the other groups. In all groups of rabbits administered 
quercetin, a lower density of secondary osteons was observed. Histomorphometrical evaluations showed significantly 
decreased sizes of the primary osteons’ vascular canals in individuals from the E1 and E2 groups. Secondary osteons 
were significantly smaller in rabbits from the E1, E2, E3 groups when compared to the C group. Cortical bone thick-
ness was significantly increased in females from the E1 and E2 groups.

Conclusions: The results indicate that quercetin has not only a positive dose–response on qualitative and quantita-
tive histological characteristics of the compact bone of female rabbits as it would be expected.

Keywords: Bone microstructure, Histomorphometry, Quercetin, Rabbit, Intramuscular administration

Background
Flavonoids belong to the group of polyphenolic secondary 
herbal substances that have beneficial effects on human 
health [1]. Quercetin (2-(3,4-dihydroxyphenyl)-3,5,7-trihy-
droxy-4H-1-benzopyran-4-one; 3,3’,4’,5,7-pentahydroxyfla-
vone) is one of the best characterized flavonoids present in 
fruits and vegetables [2]. It has cardioprotective [3], anti-
carcinogenic [4], antioxidant [5], anti-inflammatory [6] 

and antiapoptotic properties [7]. It also protects against 
reactive oxygen species (ROS) and reactive nitrogen spe-
cies (RNS) [8, 9]. Some studies [10, 11] suggest that querce-
tin also has protective effects on bone as it inhibits bone 
loss by affecting osteoclastogenesis. Horcajada–Molteni 
et al. [12] and Tsuji et al. [13] state that quercetin and its 
dietary analogue rutin inhibit osteopenia in ovariecto-
mized rats. On the other hand, quercetin stimulates differ-
entiation of osteoblasts and MG-63 osteoblast-like cells in 
rats [14]. Besides its beneficial health effects, potentially 
toxic actions of quercetin related to mutagenicity, prooxi-
dant activity, mitochondrial toxicity, and inhibition of key 
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enzymes involve in hormone metabolism have been dem-
onstrated [15, 16]. However, the impact of quercetin on 
qualitative and quantitative histological characteristics of 
the compact bone is still unknown. Therefore, the aim of 
this study was to investigate femoral bone microstructure 
of adult female rabbits after intramuscular application of 
quercetin.

Methods
Animals
The study was conducted on 12 clinically healthy adult 
female rabbits of meat line M91, maternal albinotic line 
(crossbreed New Zealand White, Buskat rabbit, French 
Silver) and paternal acromalictic line (crossbreed Nitra’s 
rabbit, Californian rabbit, Big Light Silver) of approxi-
mately 5  months of age, with a body weight (bw) of 
4.00 ±  0.5  kg. Animals were obtained from an experi-
mental farm of the Animal Production Research Centre 
in Nitra (Slovak Republic) and were housed in individ-
ual flat-deck wire cages under a constant photoperiod 
of 12  h of daylight, temperature 20–24  °C and humid-
ity 55 ± 10 %, with an access to food (feed mixture) and 
drinking water ad libitum. Adult female rabbits were ran-
domly divided into four groups of three animals each: E1, 
E2, E3 and C. The rabbits from the E1, E2 and E3 groups 
were intramuscularly injected with quercetin (Sigma-
Aldrich, Germany) at doses of 10, 100 and 1000 μg/kg bw, 
respectively for 90 days, 3 times per week. The doses of 
quercetin (reflecting the natural exposure of animals to 
quercetin in rabbit feed) were chosen based on literature 
data [17–19]. Rabbits from the C group (controls) were 
injected by a saline solution at the same time for 90 days. 
In general, the rabbits were kept for other investigations 
(e.g. histological and biochemical analyses) at the Animal 
Production Research Centre in Nitra. The present study 
was performed as an additional investigation focused on 
compact bone microstructure.

Procedures
At the end of experimental period (i.e. after 90 days), all 
the rabbits were killed and their femurs were used for 
analyses. For histological evaluation, the right femurs 
were sectioned at the diaphyseal midshaft and the seg-
ments were fixed in HistoChoice fixative (Amresco, 
USA). The segments were then dehydrated in increasing 
grades (40–100  %) of ethanol and embedded in Biodur 
epoxy resin (Günter von Hagens, Heidelberg, Germany) 
as previously described [20]. Transverse sections (70–
80  μm) were prepared with a sawing microtome (Leitz 
1600, Leica, Wetzlar, Germany) and fixed onto glass 
slides by Eukitt (Merck, Darmstadt, Germany) [21]. The 
qualitative histological characteristics of the compact 
bone were determined according to the internationally 

accepted classification systems of Enlow and Brown [22] 
and de Ricqlés et  al. [23], who classify bone tissue into 
three main categories: primary vascular tissue, non-
vascular tissue and Haversian bone tissue. Various pat-
terns of vascularization occur in primary vascular bone 
tissue: longitudinal, radial, reticular, plexiform, laminar, 
lepidosteoid, acellular, fibriform and protohaversian. 
Three subcategories in Haversian bone tissue are known: 
irregular, endosteal and dense. The quantitative (histo-
morphometrical) variables were assessed using the soft-
ware Motic Images Plus 2.0 ML (Motic China Group 
Co., Ltd.). We measured area, perimeter, minimum and 
maximum diameters of primary osteons’ vascular canals, 
Haversian canals, and secondary osteons in the four 
cross-sectional quadrants (i.e. anterior, posterior, medial 
and lateral) to minimize inter-animal differences. The 
diaphyseal cortical bone thickness was also measured 
by Motic Images Plus 2.0 ML software. Twenty random 
areas were selected and average thickness was calculated 
for each femur.

Statistics
Statistical analysis was performed using SPSS 8.0 soft-
ware. All data were expressed as mean ± standard devia-
tion (SD). The unpaired Games-Howell’s test was used for 
establishing statistical significance between all groups.

Results
Qualitative histological analysis
The periosteal and endosteal surfaces of femurs in rab-
bits from the C group were formed by primary vascular 
longitudinal bone tissue. This tissue included vascular 
canals, which ran in a direction essentially parallel to the 
long axis of the bone. Near endosteal surfaces, primary 
vascular radial bone tissue (formed by branching or non-
branching vascular canals radiating from the marrow 
cavity) and/or Haversian bone tissues were also found. 
Haversian bone tissue was characterized by the presence 
of isolated and scattered secondary osteons (irregular 
Haversian bone tissue) or by a large density of the oste-
ons (dense Haversian bone tissue). The middle part of the 
substantia compacta was formed by a layer of irregular 
and/or dense Haversian bone tissues (Fig. 1a).

Rabbits exposed to quercetin displayed differences in 
compact bone microstructure compared to the C group. In 
rabbits from the E1 (Fig. 1b) and E2 (Fig. 1c) groups, pri-
mary vascular longitudinal bone tissue was not observed 
in some areas (in anterior and posterior views) near 
endosteal surfaces. These areas were created by primary 
vascular radial and/or Haversian bone tissues. The mid-
dle part of substantia compacta was formed not only by 
Haversian bone tissue but also by primary vascular lon-
gitudinal bone tissue. In rabbits from the E1 group, the 

17Structural changes in femoral bone microstructure of female rabbits after intramuscular administration...



WT
periosteal border consisted of a thicker layer of primary 
vascular longitudinal bone tissue when compared to the 
other groups. The animals from the E3 (Fig. 1d) group had 
a compact bone microstructure similar to rabbits from the 
C group although the number of secondary osteons was 
lower as found in rabbits from the E1 and E2 groups.

Quantitative histological analysis
In total, 480 vascular canals of primary osteons, 480 
Haversian canals and 480 secondary osteons were meas-
ured. The results are summarized in Table 1. All variables 
(area, perimeter, maximum and minimum diameters) of 
the primary osteons’ vascular canals were significantly 
decreased in groups E2 and E3 when compared to the C 
group. Significant differences were also found between 
E1 and E2, and E1 and E3 groups (except for minimum 

diameter). Haversian canals’ values did not differ signifi-
cantly between groups. On the other hand, secondary 
osteon values were significantly lower in rabbits from the 
E1, E2 and E3 groups compared to the C group. Signifi-
cant differences were also demonstrated between the E1 
and E2 groups.

Cortical bone thickness of rabbits from the E1 and E2 
groups was significantly increased compared to the C 
group. In addition, statistically significant differences 
were also identified between the groups E1 and E2, and 
the groups E1 and E3 (Table 2).

Discussion
The results of qualitative histological analysis are in 
accordance to those of others [24–26]. Primary vas-
cular longitudinal, primary vascular radial, irregular 

Fig. 1 a, d Photomicrographs showing the structure of the compact bone of rabbits from the C and E3 groups. 1 Primary vascular longitudinal 
bone tissue. 2 Primary vascular radial bone tissue. 3 Dense Haversian bone tissue. b, c Photomicrographs showing the structure of the compact 
bone in rabbits from the E1 and E2 groups. 1 Primary vascular longitudinal bone tissue. 2 Primary vascular radial bone tissue. 3 Irregular Haversian 
bone tissue
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Haversian and/or dense Haversian bone tissues were 
found in all groups of rabbits. However, exposure to 
quercetin at levels of 10, 100, and 1000 μg/kg bw three 
times per week through 90  days leads to changes such 
as increased bone resorption, lower number of second-
ary osteons in the compact bone microstructure. These 
lesions were the most significant in rabbits exposed to 
the lowest dose of quercetin (10  μg/kg  bw; E1 group), 
although they were also present in the E2 group given 
a dose of 100  μg/kg  bw. The absence of primary vas-
cular longitudinal bone tissue in some areas near the 
endosteal border and a lower density of secondary oste-
ons in the middle part of the substantia compacta in 
these animals influences accelerated bone resorption at 
the endosteal surface.

Despite an increasing knowledge of quercetin’s ben-
eficial activities as high potential free radical scavenger 
in vitro, it may also have prooxidant effects under certain 
conditions [27, 28]. This prooxidant activity can contrib-
ute to the generation of ROS [29, 30] which have been 
shown to stimulate osteoclastic bone resorption [31].

According to Ahlborg et  al. [32], excessive bone loss 
from the endocortical surface induces a mechanical stress 
on bone tissue, resulting in stimulation of periosteal bone 
apposition. Deposition of bone tissue onto the periosteal 
surface is considered to be an adaptive bone response 
to maintain resistance to bone loss and fractures. In our 
study, the predominance of periosteal bone apposition 
over endocortical bone resorption was associated with 
the thickest layer of primary vascular longitudinal bone 
tissue (E1 group) and increased thickness of cortical 
bone in rabbits from the E1 and E2 groups [33, 34]. The 
lower density of secondary osteons in the middle part of 
substantia compacta in rabbits from the E1, E2 and E3 
groups could lead to weakness of biomechanical proper-
ties of their bones due to increased formation of microc-
racks [35].

The results also revealed significantly decreased sizes 
of the primary osteons’ vascular canals in rabbits from 
the E2 and E3 groups. Primary osteons’ vascular canals 
contain blood vessels which provide nutrition for the 
bone [36]. Pries et al. [37] showed that blood vessels can 
adapt its structure (vascular remodeling) in response 

Table 1 Data of the primary osteons’ vascular canals, Haversian canals and secondary osteons in adult rabbits from the 
E1, E2, E3 and C groups

N number of measured structures; NS non-significant differences

P < 0.05 (*); P < 0.01 (**)

Rabbits group N Area
(μm2)

Perimeter
(μm)

Max. diameter
(μm)

Min. diameter
(μm)

Vascular canals of primary osteons E1 (1) 120 399.27 ± 63.02 71.83 ± 5.84 12.57 ± 1.39 10.15 ± 1.02

E2 (2) 120 358.42 ± 52.11 67.82 ± 4.88 11.77 ± 1.02 9.73 ± 1.00

E3 (3) 120 359.38 ± 62.33 67.90 ± 5.66 11.75 ± 1.18 9.77 ± 1.14

C (4) 120 408.30 ± 79.95 72.22 ± 7.21 12.43 ± 1.45 10.45 ± 1.34

Games–Howell’s test 1:2**; 1:3**;
2:4**; 3:4**

1:2**; 1:3**;
2:4**; 3:4**

1:2**; 1:3**;
2:4**; 3:4**

1:2*; 1:3**; 2:4**

Haversian canals E1 (1) 120 329.56 ± 57.64 65.15 ± 5.51 11.33 ± 1.16 9.30 ± 1.17

E2 (2) 120 317.14 ± 54.53 63.84 ± 5.67 11.08 ± 1.27 9.15 ± 1.04

E3 (3) 120 318.62 ± 56.46 64.02 ± 5.63 11.18 ± 1.16 9.10 ± 1.07

C (4) 120 334.86 ± 69.49 65.47 ± 6.67 11.37 ± 1.35 9.38 ± 1.18

Games–Howell’s test NS NS NS NS

Secondary osteons E1 (1) 120 5976.51 ± 2236.50 276.00 ± 51.00 48.79 ± 9.85 38.04 ± 8.15

E2 (2) 120 4945.24 ± 1691.32 252.24 ± 44.01 44.93 ± 8.60 34.31 ± 7.17

E3 (3) 120 5355.22 ± 2046.25 262.10 ± 48.34 46.37 ± 9.67 35.97 ± 7.77

C (4) 120 6982.93 ± 2773.93 299.10 ± 55.97 53.13 ± 10.65 40.80 ± 9.44

Games–Howell’s test 1:2**; 1:4*;
2:4**; 3:4**

1:2**; 1:4*;
2:4**; 3:4**

1:2**; 1:4*;
2:4**; 3:4**

1:2**; 2:4**; 3:4**

Table 2 Cortical bone thickness in  adult rabbits from  the 
E1, E2, E3 and C groups

N number of measurements

P < 0.05 (*); P < 0.01 (**)

Rabbits group N Cortical bone thickness (μm)

E1 (1) 120 1224.78 ± 160.09

E2 (2) 120 1104.79 ± 127.29

E3 (3) 120 1059.01 ± 151.78

C (4) 120 1055.53 ± 112.34

Games–Howell’s test 1:2**; 1:3**;
1:4**; 2:4*
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to continuous functional changes. The results of sev-
eral in  vitro studies [38–41] documented the suppres-
sive effect of quercetin on the expression of enzyme 
nitric oxide synthase (eNOS), which catalyzes a release 
of nitric oxide (NO), and endothelial cell proliferation. 
NO acts as a potential vasodilator and decreased pro-
duction leads to vasoconstriction of blood vessels [42]. 
Therefore, the reduced size of primary osteons’ vascu-
lar canals may be associated with structural changes of 
blood vessels present in primary osteons due to a nega-
tive effect of higher doses of quercetin on the eNOS 
expression. In addition, vascular endothelial growth fac-
tor (VEGF) is considered to play a central role in angio-
genesis under pathological conditions [43, 44]. Several 
studies [45–47] have demonstrated an inhibitory effect 
of quercetin on the expression of VEGF. Furthermore, 
the inhibitory effect of quercetin on proliferation, 
migration and differentiation of endothelial cells dur-
ing angiogenesis was observed [48, 49]. For this reason, 
quercetin-induced changes during angiogenesis could 
contribute to the smaller primary osteons’ vascular 
canals in rabbits from the E2 and E3 groups. Interest-
ingly, the size of the vascular canals of primary osteons 
did not change in rabbits from the E1 group. This indi-
cates a dose-dependent effect of quercetin on their size. 
On the other hand, significantly decreased sizes of the 
secondary osteons were observed in all groups exposed 
to quercetin. We assume that evident alterations in the 
size of secondary osteons in these animals could be 
related to the destruction of collagen fibers present in 
the secondary osteons [50]. Kang et al. [51] found that 
quercetin (6.25–50  µmol/l) inhibited collagen synthe-
sis on keloid-derived fibroblasts in  vitro. The negative 
effect of various concentrations of quercetin (20, 40, and 
80  µmol/l) on collagen reduction (more than 50  % in 
case of the highest dose) in human fibroblasts was also 
confirmed by Stipcevic et al. [52].

Conclusions
The study demonstrates that prolonged intramuscular 
application of quercetin has a significant effect on both 
qualitative and quantitative histological characteristics 
of the compact bone in adult female rabbits at doses of 
10, 100, and 1000  μg/kg  bw. A positive dose–response 
of quercetin has been identified for the sizes of primary 
osteons’ vascular canals and secondary osteons. On the 
contrary, quercetin had a negative dose–response on 
qualitative histological characteristics of the compact 
bone and cortical bone thickness. Our study provides 
initial information related to quercetin’s impact on fem-
oral bone microstructure in rabbits. These findings may 
be useful for future insights into bone microstructural 
changes after the application of various nutrients.
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Serological patterns of Actinobacillus 
pleuropneumoniae, Mycoplasma hyopneumoniae, 
Pasteurella multocida and Streptococcus suis 
in pig herds affected by pleuritis
Per Wallgren1,2*, Erik Nörregård3, Benedicta Molander3, Maria Persson1 and Carl‑Johan Ehlorsson3

Abstract 

Background: Respiratory illness is traditionally regarded as the disease of the growing pig, and has historically 
mainly been associated to bacterial infections with focus on Mycoplasma hyopneumoniae and Actinobacillus pleuro-
pneumoniae. These bacteria still are of great importance, but continuously increasing herd sizes have complicated 
the scenario and the influence of secondary invaders may have been increased. The aim of this study was to evaluate 
the presence of A. pleuropneumoniae and M. hyopneumoniae, as well as that of the secondary invaders Pasteurella 
multocida and Streptococcus suis by serology in four pig herds (A–D) using age segregated rearing systems with high 
incidences of pleuritic lesions at slaughter.

Results: Pleuritic lesions registered at slaughter ranged from 20.5 to 33.1 % in the four herds. In herd A, the levels 
of serum antibodies to A. pleuropneumoniae exceeded A450 > 1.5, but not to any other microbe searched for. The 
seroconversion took place early during the fattening period. Similar levels of serum antibodies to A. pleuropneumoniae 
were also recorded in herd B, with a subsequent increase in levels of antibodies to P. multocida. Pigs seroconverted to 
both agents during the early phase of the fattening period. In herd C, pigs seroconverted to P. multocida during the 
early phase of the fattening period and thereafter to A. pleuropneumoniae. In herd D, the levels of antibodies to P. mul-
tocida exceeded A450 > 1.0 in absence (A450 < 0.5) of antibodies to A. pleuropneumoniae. The levels of serum antibod‑
ies to M. hyopneumoniae and to S. suis remained below A450 < 1.0 in all four herds. Pigs seroconverted to M. hyopneu-
moniae late during the rearing period (herd B–D), or not at all (herd A).

Conclusion: Different serological patterns were found in the four herds with high levels of serum antibodies to 
A. pleuropneumoniae and P. multocida, either alone or in combination with each other. Seroconversion to M. hyopneu-
moniae late during the rearing period or not at all, confirmed the positive effect of age segregated rearing in prevent‑
ing or delaying infections with M. hyopneumoniae. The results obtained highlight the necessity of diagnostic investi‑
gations to define the true disease pattern in herds with a high incidence of pleuritic lesions.

Keywords: Pig, Respiratory disease, Pleuritis, Antibodies, Disease pattern
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Background
Respiratory illness is traditionally regarded as the disease 
of the growing pig, and has historically been associated 
with bacterial infections such as Mycoplasma  hyopneu-
moniae [1–3] and Actinobacillus  pleuropneumoniae 
[4–6]. These bacteria still are of great importance, but 
the continuously increasing herd sizes have compli-
cated the clinical picture. As the number of transmis-
sion events between pigs in a population is equal to the 
number of pigs multiplied with the number of pigs minus 
one [x = n * (n − 1)], they will escalate as the herd size
increase [7]. Thus, the number of transmission events 
between pigs will increase with a factor of around four if 
a population is doubled and with a factor of around 100 if 
a population is enlarged ten times.

The increased number of transmissions between pigs 
may increase the influence of other microbes. M. hyo-
pneumoniae and A.  pleuropneumoniae are important 
pathogenic microbes, but co-infections may intensify 
or prolong clinical signs of respiratory disease [8–11]. 
It has also been observed that the incidence of res-
piratory illness may vary with season [12]. Therefore, 
infections in the respiratory tract of grower pigs have 
become regarded as a syndrome rather than linked 
to single microorganisms [11, 13, 14]. This syndrome 
is referred to as the porcine respiratory disease com-
plex (PRDC). As stated above PRDC is regarded to be 
dominated by bacterial species, and important primar-
ily pathogenic bacterial species include M.  hyopneu-
moniae [1–3] and A.  pleuropneumoniae [4–6]. The 
frequent demonstration of interferon-α in serum in 
growers during the first week after arrival to fatten-
ing herds [15, 16] suggest that PRDC can be associated 
with viral infections, and that PRDC can also include 
the influence of secondary invaders such as Pasteur-
ella spp [17, 18].

When Sweden in 1986 as the first country in the world 
banned the use of low dose antibiotics in animal feed 
for growth promotion, some introductory health dis-
turbances were recorded. As a consequence, a strict age 
segregated rearing from birth to slaughter was imple-
mented in a large scale, which improved health as well 
as productivity [19, 20]. As seen in Fig. 1, the incidence 
of recorded pathogenic lesions in the respiratory tract at 
slaughter decreased during the last decade of the twen-
tieth century [21]. The registrations of pneumonia at 
slaughter has remained stable at that level since then. In 
contrast, the incidence of recorded pleuritis at slaughter 
has continuously increased since the year 2000, as has 
the clinical evidence of actinobacillosis [22]. Discussions 
concerning the reason for this increase has included sug-
gestions of introduction of new strains, or mutation of 
existing strains of A. pleuropneumoniae. However, acute 

actinobacillosis has in Sweden historically been domi-
nated by serotype 2, and is still dominated by that sero-
type [22]. Further, Pulse Field Gel Electrophoreses has 
revealed that strains isolated in the twenty-first century 
were identical to strains isolated in the 1970s and 1980s 
[23]. As a consequence, the increase of actinobacillosis 
and pleuritic recordings at slaughter has merely been 
linked to the continuously increasing herd sizes with 
increasing number of transmissions of microbes between 
pigs, within and between units [22].

The aim of this study was to validate the presence of 
A.  pleuropneumoniae and M. hyopneumoniae, as well 
as the secondary invaders P.  multocida and Streptococ-
cus  suis in pig herds with a high incidence of pleuritic 
lesions at slaughter.

Methods
Herds and general health status
Four pig herds (A, B, C and D) with continuously high 
incidences of pleuritis recorded at slaughter (Table  1) 
were included in the study. All these herds used age seg-
regated rearing with emptying and cleaning of each unit 
between consecutive batches of growers. The pigs were 
weaned at a median age of 31 days (range 28–34) and the 
growers weighted approximately 28 kg when transferred 
to the fattening unit and around 120  kg at slaughter. 
Details of herd sizes are included in Table 2.

Pigs in Sweden are certified free from African swine 
fever, Aujeszky’s disease, hog cholera, porcine epidemic 
diarrhoea, porcine reproductive and respiratory syn-
drome, transmissible gastroenteritis, and salmonellosis 
[24].
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Fig. 1 National incidence of pathological lesions in the respiratory 
tract of pigs in Sweden at slaughter during a period of 26 years 
[21]. The figure shows the annual incidence of respiratory lesions 
registered of the entire Swedish pig population. In 1980 around four 
million pigs were slaughtered. In 2014 around three million pigs 
were slaughtered. Pneumonia of mycoplasma type dotted grey line; 
Pneumonia of acute A. pleuropneumoniae type dashed black line; 
Pleuritis black line
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tract include swine influenza that was introduced in 
1982. At that time, it caused severe disease outbreaks 
but today influenza is rarely associated with severe res-
piratory disease [24]. Porcine respiratory coronavirus 
(PRCV) entered Sweden in 1987, but has never been 
associated with severe respiratory disease [24], nor has 
porcine circovirus type 2 (PCV2). PCV2 was diagnosed 
for the first time in 1993 in a specific pathogen free (SPF) 
herd when exudative epidermitis was diagnosed in one 
batch of piglets [25], which indicated that PCV2 probably 
had existed earlier in the country.

Animals and collection of blood samplings
The study was carried out during the winter season in 
four pig herds with fattening units sized for 400 pigs. 
All herds applied the “all in–all out” system, and clinical 
signs of respiratory disease were monitored. On arrival to 
an empty fattening unit, 10 pens in herd B and 12 pens 
in herd A, C and D were selected. The pens were evenly 
distributed within the unit. One pig in each pen was ran-
domly selected and tagged. Blood samples were collected, 
into tubes without additive, from the tagged pig by jugu-
lar venipuncture within the first week after arrival and 
thereafter every 4th week (week 0, 4 and 8 in all herds, 
and also week 12 in herd A, C and D). The serum was 
removed and stored at −20 °C until analysis.

Registration of pathological lesions in the respiratory tract 
at slaughter
At slaughter, every pig was inspected by the Swedish 
Food Administration, a governmental veterinary author-
ity. Lesions in the respiratory tract were registered 
according to rules set by The Swedish Food Administra-
tion (SLVFS 1996:32 and SLVFS 2002:27). Adhesions 
between lungs and pleura intercostalis larger than 10 cm2 
(a diameter of 3.5 cm) were recorded as pleuritis. Ongo-
ing pneumonic lesions in the cranio-ventral parts of the 
lungs were recorded as Mycoplasma-like pneumonia. 
Acute pneumonic lesions in other parts of the lung were 
registered as A. pleuropneumoniae-like pneumonia.

Detection of antibodies to Actinobacillus 
pleuropneumoniae
Antibodies to A.  pleuropneumoniae serotypes 2 and 3 
(cross reacting with serotypes 6 and 8) in serum diluted 
1/1000 were detected by previously described indirect 
ELISA systems based on phenol water extracts of the 
antigens [26]. The absorbance value in serum diluted 
1/1000 (A450 =  0.5) was used as the limit for defining a
positive reaction in both tests.

Detection of antibodies to M. hyopneumoniae
Antibodies to M. hyopneumoniae in serum diluted 1/40 
were detected by a commercial ELISA kit (IDEXX M. 

Table 1 Incidence of  pleuritis and  pneumonia registered at  slaughter in  four fattening herds with  high prevalence 
of pleuritic lesions recorded at slaughter during 1 year (mean percentage ± standard deviation)

The table also shows the prevalence of pleuritis and pneumonia during the quarter of a year when serological profiles were established for individual pigs regarding 
antibodies to selected bacterial infections. For details, see “Methods” section

Pleuritis Pneumonia

Mycoplasma-like Resembling acute A. pleuropneumoniae

Preceding 4 quarters 
(%)

Study quarter (%) Preceding 4 quarters 
(%)

Study quarter (%) Preceding 4 quarters 
(%)

Study quarter (%)

Herd A 32.9 ± 1.0 33.1 0.8 ± 0.8 1.2 0.2 ± 0.1 0.3

Herd B 26.7 ± 5.9 21.5 10.0 ± 2.7 7.5 1.4 ± 1.7 0.8

Herd C 19.3 ± 2.6 20.5 1.1 ± 1.1 0.8 1.5 ± 0.8 0.4

Herd D 26.9 ± 11.5 26.1 3.2 ± 4.4 3.8 0.2 ± 0.2 0.3

Table 2 Information about the four herds that participated in the study

Herd A Herd B Herd C Herd D

Category Fattening herd Farrow to finish Farrow to finish Farrow to finish

Pigs slaughtered per year 21,000 15,800 6400 22,000

Merchandise of pigs from 1 herd None None None

Vaccination of growers None None None None

Season studied Winter Winter Winter Winter

Pigs in unit studied 400 400 400 400
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hyo. Ab test, IDEXX, Westbrook, USA) according the 
instructions of the manufacturer. The absorbance value 
in serum diluted 1/40 (A450 = 0.4) was used as the limit
for defining a positive reaction.

Detection of antibodies to P. multocida
Antibodies to P. multocida in serum diluted 1/1000 was 
detected by a previously described indirect ELISA system 
based on a sonicated whole cell antigen [27]. The absorb-
ance value in serum diluted 1/1000 (A450 = 0.5) was used
as the limit for defining a positive reaction.

Detection of antibodies to S. suis
Detection of antibodies to S.  suis was made by an indi-
rect ELISA designed for that purpose. The antigen was 
produced by cultivating S.  suis (strain CCUG 4255) for 
18 h at 37 °C on horse blood agar plates. From each plate, 
the whole growth was harvested in 2 ml PBS without Ca 
and Mg (pH 7.4; SVA art no 302800) and ultrasonicated 
(MSE, 60  W ultrasonic disintegrator, Measuring Sci-
entific Equipment Ltd, London, UK) for 5 min per 8 ml 
solution at 1.3 Ampere with an amplitude of 10 µm. The 
ultrasonicated solution was centrifuged at 12,000g for 
20 min at 4 °C (RC2B, Sorvall, Newton, USA). Thereafter, 
the liquid phase was collected and stored at −20 °C.

Each well in a microtiter plate (Greiner Bio-one, Sigma-
Aldrich) was coated with 100 µL of the sonicated antigen 
diluted 1/10,000 in PBS-T in room temperature for 18 h. 
Thereafter the microtiter plate was washed three times 
with PBS-T, and 100 µL serum diluted 1/100 in PBS was 
added to duplicate wells and the plates were incubated at 
37  °C for 1 h. The plates were again washed three times 
with PBS-T and 100 µL of the conjugate (Protein A-horse-
radish peroxidase conjugate, Bio-Rad, Richmond, USA) 
diluted 1/5000 with PBS-T was added to each well and 
the microtiter plates were stored for 1  h in 37  °C. Then 
the plates were again washed three times with PBS-T and 
100 µL of the substrate with tetra methylbenzidine (TMB, 
SVANOVA Biotech, Uppsala, Sweden) was added to each 
well. The reaction was stopped with 100 µL H2SO4 after 
10 min and the absorbance was read at 450 nm by a spec-
trophotometer (Multiscan MCC/340® MK type II, Lab-
system OY, Helsinki, Finland). The results obtained were 
adjusted to A450 = 1.0 for a positive standard serum and
absorbance values exceeding 0.5 were regarded as positive 
reactions, based on the mean absorbance value +2 stand-
ard deviations of samples from 72 pigs without clinical 
signs of S. suis infection (A450 = 0.26 ± 0.12).

Presentation of serum antibody levels and statistical 
calculations
The levels of serum antibodies are shown as mean absorb-
ance values with standard deviations in Figs. 2, 3, 4, 5. These 

figures also show statistical differences in antibody levels 
between consecutive sampling occasions within herds cal-
culated with the Wilcoxon signed-rank test for matched 

Bacteria/comparison 4 vs 0 8 vs 4 12 vs 8 
A. pleuropneumoniae, 2 * ** NS 
A. pleuropneumoniae, 3 * ** NS 
P. multocida NS * NS 
S. suis * ** NS 
M. hyopneumoniae NS NS NS 
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Fig. 2 Herd A. Serological profile (mean absorbance ± standard devi‑
ation) of 12 pigs repeatedly analyzed during the fattening period at a 
time when pleuritis was registered in 33.1 % of the pigs at slaughter. 
The figure shows serum levels of antibodies to A. pleuropneumoniae 
serotype 2 (filled square), serotype 3 (square), P. multocida (filled trian-
gle), S. suis (filled circle) and M. hyopneumoniae (filled diamond). Statisti‑
cal differences to the previous sampling occasion are visualized at the 
top of the figure (NS, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001)

Bacteria/comparison 4 vs 0 8 vs 4
A. pleuropneumoniae, 2 ** * 
A. pleuropneumoniae, 3 *** NS 
P.multocida * NS 
S. suis * NS 
M. hyopneumoniae NS ** 
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Fig. 3 Herd B. Serological profile (mean absorbance ± standard devi‑
ation) of 10 pigs repeatedly analyzed during the fattening period at a 
time when pleuritis was registered in 21.5 % of the pigs at slaughter. 
The figure shows serum levels of antibodies to A. pleuropneumoniae 
serotype 2 (filled square), serotype 3 (square), P. multocida (filled trian-
gle), S. suis (filled circle) and M. hyopneumoniae (filled diamond). Statisti‑
cal differences to the previous sampling occasion are visualized at the 
top of the figure (NS, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001)
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data. Tables 3, 4, 5, 6 show the number of seropositive and 
the number of pigs tested at each occasion. These tables 
include no statistical calculations since the number of pigs 
tested were too few to allow Chi square analysis, and the 
variance was too low to allow Fisher’s exact test.

Results
There were no clinical signs of severe respiratory disease 
during the rearing of the pigs, but the herd prevalence 
of pleuritic lesions registered at slaughter at that time 
ranged from 20.5 to 33.1 % (Table 1).

Bacteria/comparison 4 vs 0 8 vs 4 12 vs 8
A. pleuropneumoniae, 2 NS ** NS 
A. pleuropneumoniae, 3 * ** ** 
P.multocida ** *** * 
S. suis * * ** 
M. hyopneumoniae NS * ** 
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Fig. 4 Herd C. Serological profile (mean absorbance ± standard devi‑
ation) of 12 pigs repeatedly analyzed during the fattening period at a 
time when pleuritis was registered in 20.5 % of the pigs at slaughter. 
The figure shows serum levels of antibodies to A. pleuropneumoniae 
serotype 2 (filled square), serotype 3 (square), P. multocida (filled trian-
gle), S. suis (filled circle) and M. hyopneumoniae (filled diamond). Statisti‑
cal differences to the previous sampling occasion are visualized at the 
top of the figure (NS, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001)

Bacteria/comparison 4 vs 0 8 vs 4 12 vs 8
A. pleuropneumoniae, 2 NS ** NS 
A. pleuropneumoniae, 3 NS ** * 
P.multocida ** ** NS 
S. suis ** NS NS 
M. hyopneumoniae NS NS ** 
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Fig. 5 Herd D. Serological profile (mean absorbance ± standard 
deviation) of 12 pigs repeatedly analyzed during the fattening period 
at a time when pleuritis was registered in 26.1 % of the pigs at slaugh‑
ter. The figure shows serum levels of antibodies to A. pleuropneumo-
niae serotype 2 (filled square), serotype 3 (square), P. multocida (filled 
triangle), S. suis (filled circle) and M. hyopneumoniae (filled diamond). 
Statistical differences to the previous sampling occasion are visual‑
ized at the top of the figure (NS, P > 0.05; *P < 0.05; **P < 0.01; 
***P < 0.001)

Table 3 Herd A

Number of seropositive pigs in 12 pigs repeatedly analysed during the fattening 
period at a time when pleuritis was registered in 33.1 % of the pigs at slaughter. 
At week 12, one of the pigs was slaughtered. For details about serum antibody 
levels, see the corresponding Fig. 2

Week after arrival

0 4 8 12

A. pleuropneumoniae, type 2 8/12 12/12 12/12 11/11

A. pleuropneumoniae, type 3 0/12 2/12 8/12 8/11

M. hyopneumoniae 0/12 0/12 0/12 0/11

P. multocida 7/12 10/12 12/12 11/11

S. suis 1/12 4/12 5/12 4/11

Table 4 Herd B

Number of seropositive pigs in 10 pigs repeatedly analysed during the fattening 
period at a time when pleuritis was registered in 21.5.1 % of the pigs at 
slaughter. At week 12, all of the pigs were slaughtered. For details about serum 
antibody levels, see the corresponding Fig. 3

Week after arrival

0 4 8 12

A. pleuropneumoniae, type 2 0/10 10/10 10/10 –

A. pleuropneumoniae, type 3 0/10 3/10 3/10 –

M. hyopneumoniae 0/10 0/10 4/10 –

P. multocida 1/10 10/10 10/10 –

S. suis 0/10 8/10 9/10 –

Table 5 Herd C

Number of seropositive pigs in 12 pigs repeatedly analysed during the fattening 
period at a time when pleuritis was registered in 20.5 % of the pigs at slaughter. 
For details about serum antibody levels, see the corresponding Fig. 4

Week after arrival

0 4 8 12

A. pleuropneumoniae, type 2 0/12 0/12 12/12 12/12

A. pleuropneumoniae, type 3 0/10 0/12 0/12 0/12

M. hyopneumoniae 0/12 0/12 0/12 5/12

P. multocida 8/12 12/12 12/12 12/12

S. suis 0/12 0/12 0/12 2/12
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In herd A, the pigs had seroconverted to A.  pleuro-

pneumoniae serotype 2 already on arrival to the fatten-
ing units (Fig.  2; Table  3), and the levels of antibodies 
increased (P  <  0.05) during the rearing period. There 
were also seroreactors to A. pleuropneumoniae serotype 
3, P.  multocida and S.  suis in the herd, but the serum 
concentrations of antibodies to these microbes remained 
below A450  =  1.0. The herd remained seronegative to
M. hyopneumoniae throughout the rearing period.

In herd B, pigs were seronegative to all microbes tested 
for on arrival to the fattening unit. After 4  weeks there 
was a clear seroconversion (P < 0.001) to A. pleuropneu-
moniae serotype 2, and also to P. multocida (P < 0.001) 
but with a lower concentration of antibodies (Fig.  3; 
Table  4). There were seroreactors to S.  suis, A.  pleuro-
pneumoniae serotype 3 and M.  hyopneumoniae in the 
herd, but the serum concentrations of antibodies to these 
microbes remained below A450 = 1.0.

In herd C, pigs were seronegative to A. pleuropneu-
moniae serotype 2 and 3, S  suis and M.  hyopneumo-
niae on arrival. At that time they were seropositive to 
P.  multocida, and the concentration of antibodies to 
P. multocida increased (P < 0.05–0.001) during the two 
subsequent sampling occasions (Fig. 4; Table 5). Eight 
weeks after arrival, a clear seroconversion (P < 0.001) 
to A.  pleuropneumoniae serotype 2 was recorded, 
whereas antibodies to M.  hyopneumoniae, A.  pleu-
ropneumoniae serotype 3 and S.  suis remained below 
A450 = 1.0.

Also in herd D, pigs were seronegative to A.  pleuro-
pneumoniae serotype 2 and 3, M.  hyopneumoniae and 
S.  suis on arrival. Regarding P.  multocida, seven out 
of twelve pigs (58  %) were seropositive on arrival and 
the antibody concentrations to P.  multocida increased 
(P  <  0.05–0.001) during the two subsequent sampling 
occasion (Fig.  5; Table  6). In contrast, the antibody 
concentrations to the other agents remained below 
A450 = 1.0 throughout the rearing period.

Discussion
The results obtained confirmed a low pathogen load 
of M.  hyopneumoniae, which concurred well with the 
decreased incidence of pneumonic lesions recorded at 
slaughter following the implementation of strict age seg-
regated rearing systems (all in–all out) in Sweden during 
the 1990s [21, 22] as shown in Fig. 1. It could of course, be 
argued that pulmonary lesions due to M. hyopneumoniae 
heal with time [28, 29], and therefore, infections gained 
during the early rearing period could escape detection at 
slaughter. However, the low levels (A450 < 1.0 in all herds) 
of antibodies to M.  hyopneumoniae recorded show that 
the registrations of pneumonia were correct. Still, the 
slight increase of serum antibodies to M. hyopneumoniae 
at the end of the rearing period in herds B, C and D indi-
cate the presence of M.  hyopneumoniae in these herds, 
and that should not be neglected. The global market 
weight of pigs varies from around 80–180  kg, and is at 
present around 120 kg in Sweden, which is reached at an 
age of 6–7 months. If the market weight increase also the 
rearing period will be prolonged with more days at risk 
for each pig, which may pave the way for clinical signs of 
M.  hyopneumoniae. Although the pathogen load differs 
between Sweden and Italy, it is notable that M. hyopneu-
moniae-like lesions were recorded in 2268 out of 4889 
pigs (45.4  %) slaughtered at an age of 9–10  months in 
Italy [30].

Traditionally A.  pleuropneumoniae has been strongly 
associated with pleuritis [6], and the capability of A. pleu-
ropneumoniae to induce pleuritis was visualized by herd 
A in this study where the serological profile suggested 
A. pleuropneumoniae serotype 2 to be the sole bacterial 
cause of the high incidence of pleuritic lesions recorded 
at slaughter, although a possible influence from viral 
infections [15, 16] not can be excluded. However, the 
high levels of serum antibodies to A. pleuropneumoniae 
(A450 > 1.5) and low levels of antibodies to other bacteria 
(A450 < 1) was concluded to illustrate a classic serological 
pattern (Fig. 2).

Still, the results obtained in herds B, C and D in this 
study suggest that pleuritis in pigs could be a multifacto-
rial syndrome rather than being linked to a single specific 
infection as also has been described by others [11–14, 
18].

The synergistic influence of a secondary invader was 
clear in herd B, where high levels (A450 > 1.5) of antibod-
ies to A.  pleuropneumoniae serotype 2 were followed 
by significant levels (A450 > 1.0) of antibodies to P. mul-
tocida. This suggested a strong influence from P. multo-
cida as also has been suggested earlier [17, 18, 31]. Also 
the levels of antibodies to M. hyopneumoniae and S. suis 
increased to some extent during the end of the rearing 

Table 6 Herd D

Number of seropositive pigs in 12 pigs repeatedly analysed during the fattening 
period at a time when pleuritis was registered in 26.1 % of the pigs at slaughter. 
At week 12, three of the pigs were slaughtered. For details about serum 
antibody levels, see the corresponding Fig. 5

Week after arrival

0 4 8 12

A. pleuropneumoniae, type 2 0/12 0/12 0/12 0/9

A. pleuropneumoniae, type 3 0/12 0/12 0/12 0/9

M. hyopneumoniae 0/12 0/12 1/12 5/9

P. multocida 7/12 12/12 12/12 9/9

S. suis 1/12 4/12 3/12 5/9
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period However, as the antibody levels to these microbes 
remained at low levels (A450 < 1.0) their influence on the 
lung score were considered to be less significant. Thus, 
the serological pattern in herd B suggested A.  pleuro-
pneumoniae serotype 2 to be the main cause of the pleu-
ritic lesions, but these lesions may have been amplified 
by subsequent secondary infections—especially with 
P. multocida.

In herd C the serological response to P. multocida was 
strong (A450 > 1.5) and preceded that to A. pleuropneu-
moniae serotype 2, and the influence of P.  multocida 
therefore should be regarded as even more significant 
in this herd. Still, the increasing levels of antibodies to 
A. pleuropneumoniae serotype 2 at the end of the rearing 
period suggested an influence of A.  pleuropneumoniae 
also in this herd, and it is notable that the levels of anti-
bodies to M.  hyopneumoniae increased slightly during 
the end of the rearing period. As P. multocida is regarded 
to be a secondary invader, something else than A. pleuro-
pneumoniae or M. hyopneumoniae ought to have paved 
the way for that microbe. Although this remain undiag-
nosed in the present study, the frequent demonstrations 
of interferon-α in serum of fattening pigs during the first 
week after allocation [15, 16] indicate that viral infec-
tions may be precursors to P. multocida and the frequent 
findings of different virus in pigs using novel techniques 
[32] support that hypothesis. The early infections with 
P.  multocida may by themselves not necessarily have 
induced pleuritic lesions, but obviously the infection with 
P. multocida already was established as the pigs became 
infected with A.  pleuropneumoniae and colonies of 
P. multocida already on site may have amplified the effect 
of the subsequent A. pleuropneumoniae infection.

The serological pattern in herd D suggested a minor 
impact of A. pleuropneumoniae despite the high fre-
quencies of pleuritic lesions recorded at slaughter. The 
mean concentration of antibodies to A.  pleuropneu-
moniae serotype 2 and 3 remained below the cut off-
value during the entire rearing period. Instead, pigs 
were seropositive to P. multocida already on arrival to 
the fattening unit and the level of serum antibodies to 
P.  multocida increased throughout the rearing period 
in absence of antibodies to the other microbes. This 
clearly indicated that pleuritic lesions may evolve at 
high frequencies also in absence of A.  pleuropneumo-
niae, as also has been suggested by others [33]. Like-
wise, no correlation between A. pleuropneumoniae and 
pleuritis at individual level was seen in herds with low 
incidences of pleuritic lesions recorded at slaughter 
[34]. Instead seroconversion to M. hyopneumoniae dur-
ing the early fattening period was related to pleuritis at 
an individual level in such herds, which indicated an 
influence of secondary infections [34]. Therefore, the 

common presence of serum antibodies to P. multocida 
is of interest. However, in the present study, P.  multo-
cida was associated with a high prevalence of pleuritic 
lesions recorded at slaughter in absence of M. hyopneu-
moniae. Thereby, the true initial cause for these lesions 
still remains unknown and warrants further investiga-
tions. Since viral infections repeatedly has been dem-
onstrated during the early fattening period [15, 16] 
viral infections may well have preceded the serological 
response to P. multocida.

Conclusion
Pleuritic lesions registered at slaughter ranged from 20.5 
to 33.1 % in the four herds. High levels of serum antibod-
ies to A. pleuropneumoniae and P. multocida, either alone 
or in combination, were seen. Pigs in this study sero-
converted to M.  hyopneumoniae late during the rearing 
period (herd B–D), or not at all (herd A), confirming a 
positive effect of age segregated rearing in preventing or 
delaying infections with M. hyopneumoniae. The results 
obtained highlight the necessity of diagnostic investiga-
tions to define the true disease pattern in herds with a 
high incidence of pleuritic lesions.
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Survey of otitis externa in American Cocker 
Spaniels in Finland
Mirja Kaimio* , Leena Saijonmaa‑Koulumies and Outi Laitinen‑Vapaavuori

Abstract 

Background: American Cocker Spaniels are overrepresented among breeds that require surgery as a treatment of 
end‑stage otitis externa. However, the prevalence of otitis externa (OE) in this breed remains unknown. We reviewed 
the year 2010 medical records of 55 private veterinary clinics in Finland to determine the prevalence of OE in Ameri‑
can Cocker Spaniels compared with English Cocker and English and Welsh Springer Spaniels. An American Cocker 
Spaniel owner questionnaire was designed to identify potential risk factors for end‑stage OE.

Results: From the medical records of 98,736 dogs, the prevalence of OE was highest in Welsh Springer Spaniels (149 
out of 468, 31.8%, [95% confidence interval 27.6–36.0]), followed by American Cocker (89/329, 27.0%, [22.2–31.7]), 
English Springer (96/491, 19.6%, [16.1–23.1]) and English Cocker Spaniels (231/1467, 15.7%, [13.8–17.6]). The mean 
number of OE episodes in ear‑diseased dogs and the number of ear surgeries were highest in American Cocker 
Spaniels. Owner questionnaires were received for 151 American Cocker Spaniels, 85 (56%) of which had suffered from 
OE. In 47% (40/85) of these dogs, OE occurred without concurrent skin lesions, 46% (33/72) displayed the first signs 
of OE before 1 year of age. In 24% (20/85) of the dogs, the signs of OE recurred within 1 month or continued despite 
treatment, 16% (14/85) required surgery (n = 11) or were euthanized (n = 5; 2 of the operated dogs and 3 others)
due to severe OE. The onset of OE before the age of 1 year significantly increased the risk (OR 3.8, 95% CI 1.1–13.6) of 
end‑stage OE.

Conclusions: The prevalence of OE in American Cocker Spaniels in Finland was higher than previously reported 
in Cocker Spaniels, but the highest prevalence of OE was found in Welsh Springer Spaniels. Compared to the other 
Spaniels, OE was more often recurrent and more frequently surgically managed in American Cocker Spaniels. Based 
on the questionnaire, early onset (<1 year) of OE increased the risk of end‑stage OE. In American Cocker Spaniels, OE 
requires an intensive approach from the first treatment, and prevention of recurrence should be emphasised. The 
causes and treatment of OE in this breed warrant further study.

Keywords: American Cocker Spaniel, Otitis externa, Prevalence, End‑stage otitis externa, Owner questionnaire

Background
Otitis externa (OE) is a relatively common disease in dogs 
[1]. In previous studies, the estimated prevalence of OE 
in primary-care veterinary practice has varied from 4.5% 
[2] and 10.2% [3] in the UK and England to 13% in the 
US. [4] Successful treatment of OE requires recognition 
and control of all the causative factors of OE, including 
primary and secondary causes, as well as predisposing 
and perpetuating factors [1, 5–7]. Cocker Spaniels have a 

breed predisposition to OE [8–10]. However, in the liter-
ature the term “Cocker Spaniel” is used to describe both 
English and American Cocker Spaniels; consequently the 
prevalence of OE in American Cocker Spaniels remains 
unknown. Some reports suggest, however, that Ameri-
can Cocker Spaniels are overrepresented among breeds 
that require total ear canal ablation and bulla osteot-
omy (TECABO) surgery as a treatment of end-stage OE 
[11–15].

This study aimed to evaluate the prevalence of OE in 
American Cocker Spaniels in Finland in comparison 
with other Spaniel breeds. We also aimed to evaluate *Correspondence:  mirja.kaimio@evidensia.fi 
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American Cocker Spaniel owners’ assessments of the 
clinical signs and management of OE, and to identify 
potential risk factors for end-stage OE.

Methods
Prevalence study
We conducted a retrospective cross-sectional study, 
reviewing the medical records of all dogs visiting 55 pri-
vately owned first opinion small animal veterinary clinics 
during 2010. The clinics varied in size and geographi-
cal location throughout Finland, but shared a database. 
These clinics covered 17–33% (the percentage varied 
regionally) of the total companion animal veterinary mar-
ket in Finland [16]. The total number of dogs in Finland 
in 2010 is unknown; but according to Statistics Finland, it 
stood at approximately 630,000 in 2012 [17].

Information retrieved from the database included dog 
breed, the number of dogs with veterinary consultations 
(for any reason) and the number of dogs with ear-related 
consultations (a keyword “ears” as the presenting sign), 
as well as topical ear-medication prescriptions. Since the 
keyword “ears” and the use of topical ear medications 
also included diagnoses other than OE, these figures 
were only used to determine the relative frequency of ear 
diseases in different breeds, not the true prevalence. We 
further classified topical ear medications according to 
national recommendations from the Finnish Food Safety 
Authority Evira [18] into first-line (primary) and second-
line (secondary) medications. First-line topical ear medi-
cations contain miconazole and polymyxin-B or fusidic 
acid, framycetin and nystatin as antimicrobials. Second-
line topical ear medications contain fluoroquinolones or 
gentamicin and should only be used after bacterial cul-
ture and sensitivity testing [18].

In order to determine the prevalence of OE in different 
Spaniel breeds, we further examined the medical records 
of American and English Cocker Spaniels as well as 
Welsh and English Springer Spaniels, and then calculated 
the number of dogs with at least 1 diagnosed OE episode 
during 2010. The diagnosis of OE was based on clinical 
and otoscopic examinations by a veterinarian (this infor-
mation was extracted from the free text notes), cytology 
of the aural exudate (when available) and treatment infor-
mation. The dogs were required to have clinical evidence 
of OE together with relevant treatment prescription, to 
be classified as having OE. In most of the cases, the medi-
cal record data did not contain sufficient information to 
rule in or out concurrent otitis media, so we used only 
one diagnosis term “otitis externa”. In addition, for each 
breed, we recorded the total number of consultations, 
the total number of OE episodes in each ear-diseased dog 
and the number of dogs undergoing ear canal surgery 
during 2010.

Owner questionnaire
An online owner questionnaire on ear and skin diseases 
in American Cocker Spaniels was developed to evaluate 
the owners´ assessments of the clinical signs and man-
agement of OE among this breed. The questionnaire was 
in Finnish, and a small pilot survey with a subsample of 
owners evaluated its ease of completion prior to the full-
scale launch. Veterinarians, breeders and the American 
Cocker Spaniel Kennel Club informed private dog own-
ers about the questionnaire from October 2009 to June 
2010. Owners were invited to participate in this volun-
tary and open study regardless of whether their dog had 
suffered from otitis. The questionnaire was freely down-
loadable via the Internet and also available in print for-
mat. In addition to questions on ear and skin conditions, 
the questionnaire consisted of multiple-choice ques-
tions on signalment (age, sex, colour and weight), overall 
health and general dog management.

Questions about ear conditions covered the age of 
onset, clinical signs and the development of OE as 
noticed by the owner. The owners were also requested 
whether they had consulted a veterinarian after noticing 
the signs of otitis. The treatment of OE included ques-
tions on possible medication(s), the recurrence of signs 
after treatment(s) and whether the ears were re-evaluated 
by a veterinarian following treatment. Table  1 presents 
the most relevant questions on ears.

Questions about skin diseases covered the age of onset, 
continuity, seasonality, appearance, localisation and the 
development of skin lesions as noticed by the owner. The 
level of pruritus, explained as scratching, biting, chew-
ing, licking and/or rubbing, at the time of answering the 
questionnaire was solicited using a 0–10 visual analogue 
scale (modified from Hill et al. [19]).

Statistical analysis
Prevalence study
The breeds of dogs were divided into “Spaniel breeds” 
and “other breeds” as well as into “dogs with pendulous 
ears” and “dogs with erect ears” according to the appear-
ance of the breed. The group “Spaniel breeds” included 
all Spaniel breeds in the database. The proportion of ear-
related consultations between Spaniels and dogs of other 
breeds and between dogs with pendulous and erect ears 
was assessed using univariate logistic regression models. 
The proportion of first-line and second-line topical ear 
medication prescriptions were analysed in the same way.

Owner questionnaire
We defined one dichotomous (yes or no) endpoint for 
the owner questionnaire database: incidence of end-
stage OE. Dogs that were treated with surgery or dogs 
that were euthanized due to severe OE were classified 
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as having end-stage OE. We determined predefined lists 
of potential explanatory factors for the response: signal-
ment (age, gender and body weight), diet (commercial 
diet, raw food diet, veterinary prescription diet for skin 
patients, use of nutritional oils or use of other additional 
nutritional supplements), owner’s management of the 
ears (ear inspection frequency, ear cleaning frequency, 
frequency of shaving the dog´s pinnae and cheeks, swim-
ming, rapidness of seeking veterinary consultations and 
whether a veterinary re-evaluation was performed after 
treatment) and clinical signs of disease (presence of skin 
lesions, age of onset of first OE episode, ear scratching, 
ear erythema, foul smell from the ears, increased ear 
secretion, head shaking, head tilting, rash on the pinnae 
or ear soreness). Some of these factors had low frequen-
cies in some categories. Therefore, we created a few com-
binations in order to analyse the data (Table 2).

Each explanatory factor was first assessed separately 
using univariate logistic regression models with the 
explanatory factor in question as the sole fixed term in 
the model. Second, a penalised least absolute shrinkage 
and selection operator (LASSO) logistic regression model 
[20, 21] was fitted for our response variable. LASSO is a 
regression analysis method that performs both variable 
selection and regularisation in order to enhance the pre-
dictive accuracy and interpretability of the fitted statisti-
cal model. We used Akaike Information Criteria (AIC) 
for the optimal model selection and the Newton–Raph-
son Optimisation as the optimisation technique.

Least absolute shrinkage and selection operator regres-
sion was applied separately for four different groups of 
explanatory variables: (1) signalment, (2) diet, (3) owner’s 
management of the ears and (4) clinical signs.

We calculated the odds ratios (OR) with a 95% confi-
dence interval (CI) to quantify the results. We considered 
P  <  0.05 statistically significant. All statistical analy-
ses were completed at 4Pharma Ltd using SAS® System 

for Windows, version 9.3 (SAS Institute Inc., Cary, NC, 
USA).

Results
Prevalence study
The medical record search yielded information on 98,736 
dogs, comprising 220 different breeds and mongrels, 
which represented 15.7% of the estimated total dog pop-
ulation in Finland [17]. Of these dogs, 11,281 (11.4%) had 
ear-related consultations. Among the 178 most prevalent 
breeds in the dataset (with a minimum of 50 individu-
als receiving veterinary consultations in each breed), the 
relative frequency of ear-related consultations was high-
est among Welsh Springer Spaniels (34.2%), followed by 
Shar-Peis (27.6%) and American Cocker Spaniels (27.1%) 
(Table 3). The OR for the proportion of dogs having ear-
related consultations compared to consultations for other 
reasons was 1.5 (95% CI 1.4–1.6) in both group compari-
sons: that is, Spaniel breeds compared to dogs of other 
breeds and dogs with pendulous ears compared to dogs 
with erect ears.

Of the 98,736 dogs, 8761 (8.9%) were treated with topi-
cal ear therapy. First-line topical ear medications were 
prescribed to 8041 (8.1%) dogs and second-line ear-
medications to 1136 (1.2%) dogs, while 416 dogs (0.4%) 
received both (Table 3). Second-line topical ear medica-
tions were prescribed at a higher proportion to Shar-Peis 
(10.5%) and American Cocker Spaniels (8.8%). When 
Spaniel breeds were compared to other breeds, the OR 
of first-line topical ear medications was 1.4 (95% CI 1.3–
1.6), while second-line topical ear medications resulted 
in an OR of 2.6 (95% CI 2.2–3.0). Comparing dogs with 
pendulous and erect ears, the ORs of first and second-
line topical ear medications were 1.7 (95% CI 1.6–1.8) 
and 1.6 (95% CI 1.4–1.9), respectively.

In Cocker and Springer Spaniel breeds, the preva-
lence of OE was highest in Welsh Springer Spaniels, but 
the mean number of OE episodes was 1.5-fold higher in 

Table 2 Variable modifications for the statistical analysis

The data were collected from the American cocker spaniel owner questionnaire

Variable Categories Action

Age of onset of signs “Less than 3 months”, “3 months to less than 
6 months”, “6 months to less than 12 months”

Combined to “less than 1 year”

Recurrence of signs of otitis “Less than 1 week”, “1 week to less than 2 weeks”, 
“2 weeks to less than 4 weeks”

Combined to “less than 4 weeks”

Ear inspection frequency “Once a week”, “once every 2 weeks”, “more seldom” Combined to “once a week or more seldom”

Frequency of shaving the dog´s pinnae and cheeks “Once every fortnight”, “biannually”, “once a 
year”,”never”

Combined

Rapidness of seeking veterinary advice “1–3 days after noticing signs of otitis”, “4–7 days 
after noticing signs of otitis”

Combined

Rapidness of seeking veterinary advice “8–14 days after noticing signs of otitis”, “I did not 
seek veterinary advice”

Combined

33Survey of otitis externa in American Cocker Spaniels in Finland
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ear-diseased American Cocker Spaniels compared with 
Welsh Springer Spaniels (Table 4). Ear surgery was per-
formed on eight of 89 (9.0%) American Cocker Span-
iels, consisting of a Zepp operation (n = 2), a vertical ear 
canal ablation (n =  1) or TECABO (n =  5). TECABO 
(n = 1) or Zepp (n = 1) was also performed on two of 231 
(0.9%) English Cocker Spaniels, while one of 96 (1.0%) 
English Springer Spaniels underwent the Zepp operation. 
None of the Welsh Springer Spaniels underwent surgery.

Owner questionnaire
Questionnaires were received from 117 owners, provid-
ing information on 151 dogs. This comprises approxi-
mately 10% of the American Cocker Spaniel population 
in Finland (American Cocker Spaniel Kennel Club, per-
sonal communication). Among these, 67 (44%) dogs were 
male and 84 (56%) were female. Their ages ranged from 
0.3 to 14.4 years (mean 4.9 years, SD ± 3.15). In total, 25 
of the dogs had already been euthanized, five due to seri-
ous ear disease. Of the 151 dogs, 85 (56%) had suffered 

from OE and 51 (34%) from skin disease. Only 6 dogs 
(4%) had experienced skin lesions without OE.

Clinical signs of ear and skin disease
Approximately half of the dogs with OE (47%, 40 out of 
85) had no concurrent reported skin lesions. Most dogs 
(88%, 75 out of 85) had bilateral ear disease. The first epi-
sode of OE appeared before the age of 1 year in 46% (33 
out of 72) of the dogs, 39% (13 out of 33) of these dogs 
also showed skin lesions before the age of 1 year and 12% 
(4 out of 33) after the age of 1 year. Only 22% (16 out of 
72) of the dogs displayed the first signs of OE after the 
age of 3 years.

Half of the ear-diseased dogs’ owners (54%, 46 out of 
85) examined their dog’s ears 1–2 times per week and 
37% (31 out of 85) every day. The most common reported 
sign of OE was scratching of the ears (85%, 72 out of 85) 
followed by a foul smell (62%, 53 out of 75). Of the symp-
toms related to the skin, scratching (63%, 32 out of 51) 
and scaling (33%, 17 out of 51) were most commonly 

Table 3 Relative frequency of ear-related consultations and topical ear medication prescriptions in different dog breeds

This table presents the relative frequencies for all dogs and for the 16 most prevalent and 5 least prevalent breeds with ear-related consultations for the year 2010, 
from the medical records of 55 private veterinary clinics in Finland. n = the number of dogs
a A topical product containing marbofloxacin, clotrimazole and dexamethasone (Aurizon®, Vetoquinol S.A., Cedex, France); gentamicin, betamethasone and 
clotrimazole (Otomax®, Intervet International B.V., Boxmeer, the Netherlands); or hydrocortisone aceponate, gentamicin and miconazole (Easotic®, Virbac, Carros, 
France)

Breed Dogs with veterinary 
consultations

Ear-related consultations
n % (95% CI)

Topical ear medication 
prescriptions
n % (95% CI)

Second-linea topical 
ear medication pre-
scriptions
n % (95% CI)

Welsh Springer Spaniel 468 160 34.2 (29.9–38.5) 136 29.1 (25.0–33.2) 29 6.2 (4.0–8.4)

Shar‑Pei 76 21 27.6 (17.6–37.7) 21 27.6 (17.6–37.7) 8 10.5 (3.6–17.4)

American Cocker Spaniel 329 89 27.1 (22.3–31.9) 75 22.8 (18.3–27.3) 29 8.8 (5.7–11.9)

West Highland White Terrier 1341 361 26.9 (24.5–29.3) 314 23.4 (21.1–25.7) 63 4.7 (3.6–4.8)

Bullmastiff 243 60 24.7 (19.3–30.1) 46 18.9 (14.0–23.8) 14 5.8 (2.9–8.7)

Pug 763 187 24.5 (21.4–27.6) 156 20.4 (17.5–23.3) 30 3.9 (2.5–5.3)

Dogue de Bordeaux 98 24 24.5 (16.0–33.0) 18 18.4 (10.7–26.1) 2 2.0 (−0.8 to 4.8)

Basset Hound 147 34 23.1 (16.3–29.9) 29 19.7 (13.3–26.1) 8 5.4 (1.7–9.1)

Grand Basset Griffon Vendeen 59 13 22.0 (11.4–32.6) 13 22.0 (11.4–32.5) 2 3.4 (−1.2 to 8.0)

Dogo Argentino 97 21 21.6 (13.4–29.8) 23 23.7 (15.2–32.2) 2 2.1 (−0.8 to 5.0)

Bull Terrier 188 40 21.3 (15.4–27.2) 33 17.6 (12.2–23.0) 11 5.9 (2.5–9.3)

Bulldog 596 122 20.5 (17.3–23.7) 105 17.6 (14.5–20.7) 27 4.5 (2.8–6.2)

Labrador Retriever 3708 737 19.9 (18.6–21.2) 644 17.4 (16.2–18.6) 75 2.0 (1.5–2.5)

Lagotto Romagnolo 426 84 19.7 (15.9–23.5) 70 16.4 (12.9–19.9) 3 0.7 (−0.1 to 1.5)

English Springer Spaniel 491 97 19.8 (16.3–23.3) 89 18.1 (14.7–21.5) 28 5.7 (3.6–7.5)

English Cocker Spaniel 1467 274 18.7 (16.7–20.7) 165 15.1 (13.3–16.9) 56 3.8 (2.8–4.8)

Swedish Elkhound 289 8 2.8 (0.9–4.7) 5 1.7 (0.2–3.2) 0 0

Japanese Spitz 344 9 2.6 (0.9–4.3) 12 3.5 (1.6–5.4) 2 0.6 (−0.2 to 1.4)

Greyhound 187 4 2.1 (0.0–4.2) 2 1.1 (−0.4 to 2.6) 0 0

German Spitz (klein) 171 3 1.8 (−0.2 to 3.8) 3 1.8 (−0.2 to 3.8) 0 0

Norrbottenspets 140 2 1.4 (−0.5 to 3.3) 3 2.1 (−0.3 to 4.5) 1 0.7 (−0.7 to 2.1)

All dogs (220 breeds) 98,736 11,281 11.4 (11.2–11.6) 8761 8.9 (8.7–9.1) 1136 1.2 (1.1–1.3)
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reported. The most frequent locations of the skin lesions 
were the axillae (29%, 15 out of 51), the back (25%, 13 out 
of 51), the interdigital skin (22%, 11 out of 51) and the 
paws (20%, 10 out of 51). The pruritus score ranged from 
1 to 10, but pruritus was mild or moderate in most of the 
dogs (mean 4.8, SD ± 2.59).

Treatment of the ears
After noticing signs of otitis, 94% of the owners (80 out of 
85) consulted a veterinarian. Altogether, topical ear med-
ications were used in 79 (93%) dogs with OE, of these 
27 (32%) received second-line medications. Half of the 
ear-diseased dogs (49%, 42 out of 85) received systemic 
antibiotics, most often amoxicillin and clavulanic acid 
or cephalexin. Systemic glucocorticoids were used on 
19 (22%) and cyclosporine on three (4%) of 85 dogs. Ear 
cleaning under sedation or anaesthesia was performed on 
22 (26%) of 85 dogs.

Most ear-diseased dogs´ owners (81%, 65 out of 80) 
received instructions from their veterinarian regarding 
how to clean their dog’s ears at home. Almost all own-
ers (84%, 71 out of 85) used commercially available clean-
ing products to clean their dog’s ears. The most common 
product mentioned (81%, 57 out of 70) contained sali-
cylic acid and EDTA (Epi-Otic®, Virbac, Carros, France).

Recurrence of signs
A veterinarian re-evaluated the ears each time after treat-
ment for 32% (25 out of 79) and occasionally among 
39% (31 out of 79) of the dogs; but, 29% (23 out of 79) of 
the owners never brought their dog for a re-evaluation. 
Approximately half of dog owners (48%, 41 out of 85) 
reported that the signs of OE resolved for a period of at 
least 1–3  months after treatment. Signs of OE recurred 
rapidly within less than 4 weeks or continued despite any 
medical therapy in 20 of 85 dogs (24%). The incidence of 
medically unmanageable end-stage OE was 16% (14 out 
of 85). Surgery was performed on 11 (13%) dogs consist-
ing of either Zepp (n = 5) or TECABO (n = 6). Two dogs 
undergoing Zepp and three other dogs were euthanized 
due to severe OE.

Diet and general health
A commercial pet diet was fed to 90% (136 out of 151) of 
the dogs, either exclusively or in conjunction with home-
cooked food. In addition, 8% of the dogs (12 out of 151) 
received only home-cooked or raw food. Among those 
who were on a commercial diet, a veterinary prescription 
diet formulated for skin patients was fed to 13 dogs–nine 
dogs with both ear and skin symptoms, three dogs with 
only skin symptoms and one dog with only OE. Nearly 
one-quarter of the dogs (23%, 35 out of 151) received 
nutritional oils and 11% (16 out of 151) received other 
nutritional supplements. One-third of the dogs (31%, 
46 out of 151) had other illnesses such as hypothyroid-
ism, cardiac failure, epilepsy, orthopaedic conditions and 
ophthalmic disease. Furthermore, eight of 151 (5%) dogs 
suffered from hypothyroidism, seven of which had both 
ear and skin symptoms, although none of these had end-
stage OE.

Factors associated with end-stage OE
Based on the univariate logistic regression analy-
ses, the onset OE before the age of 1  year (P =  0.040, 
OR =  3.804) and head tilting (P =  0.011, OR =  5.167) 
were risk factors for end-stage OE (Fig.  1). In the mul-
tivariate logistic regression model, in addition to head 
tilting (OR =  7.111) and onset of OE before the age of 
1 year (OR = 2.326), erythema of the ears (OR = 1.460) 
and ear soreness (OR  =  1.226) increased the risk, but 
the presence of symptoms related to the skin decreased 
(OR = 0.641) the risk of end-stage OE. None of the vari-
ables in the signalment, diet and owner’s management 
of the ears groups were identified as risk factors for end-
stage OE in the logistic regression analyses.

Discussion
In this study, the prevalence of otitis externa among 
American Cocker Spaniels visiting 55 private veterinary 
clinics in Finland during 2010 was high, reaching 27%. 
This is 1.4- to 5.9-fold higher than the figures reported 
in other studies for Cocker Spaniels [3, 22], for dogs 
with pendulous hairy ears [23] or for dogs in general 

Table 4 The prevalence of otitis externa (OE) in Cocker and Springer Spaniels in Finland

The data were collected from the medical records of 55 private veterinary clinics in Finland during 2010

Breed Number 
of dogs 
with veterinary 
consultations

Number 
of dogs 
with diag-
nosed OE

Prevalence 
of OE
(95% CI)

Total number 
of veterinary 
consultations

Total 
number 
of OE 
episodes

Mean number 
of OE episodes 
in ear-diseased 
dogs

Median number 
of OE episodes 
in ear-diseased 
dogs

American Cocker Spaniel 329 89 27.0 (22.2–31.7) 847 231 2.6 2.0

Welsh Springer Spaniel 468 149 31.8 (27.6–36.0) 1286 257 1.7 1.0

English Springer Spaniel 491 96 19.6 (16.1–23.1) 1176 196 2.0 1.0

English Cocker Spaniel 1467 231 15.7 (13.8–17.6) 3609 449 1.9 1.0
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WT[2–4]. Furthermore, among all breeds of dogs, ear-related 
consultations were most frequent in Welsh Springer 
Spaniels, followed by Shar-Peis and American Cocker 
Spaniels. Our finding that Spaniel breeds, compared to 
other dog breeds, had an increased risk for ear-related 
consultations and for the use of topical ear medications is 
in line with previous studies showing a predisposition to 
OE among these breeds [8–10].

When the four Spaniel breeds were studied more 
closely, American Cocker Spaniels and Welsh Springer 
Spaniels suffered more often from OE than English 
Cocker and Springer Spaniels. Interestingly, the highest 
prevalence of OE occurred among Welsh Springer Span-
iels. To our knowledge, the high prevalence of OE in this 
breed has not been documented previously, a finding 
that warrants further study. However, our study reflected 
the situation during 1 year only and the 95% confidence 
intervals of the prevalence estimates of American Cocker 
Spaniels overlapped with those of English and Welsh 
Springer Spaniels. Thus, the role of chance in sampling 
should be remembered within these results. The mean 
and median number of OE episodes in ear-diseased dogs 
were highest among American Cocker Spaniels, which 

may indicate that OE recurs more often in this breed. 
Moreover, the number of ear surgeries on American 
Cocker Spaniels was high in comparison to other Span-
iels, indicating that OE was also more difficult to manage 
medically in this breed. Difficulties in treatment were also 
reported by owners, whereby 24% of the owners of the 
ear-diseased dogs reported that the signs of OE recurred 
within one month or continued despite treatment. Fur-
thermore, in 16% of the dogs, medical treatment failed, 
and 5.6% of dogs were euthanized due to severe OE.

According to the owner questionnaire, half of the dogs 
with OE displayed initial signs of OE before reaching 
1 year of age. This could be explained in part by predis-
posing anatomical factors. Cocker Spaniels have long, 
hairy pendulous pinnae and, compared to Greyhounds 
and mongrels, a greater density of compound hair fol-
licles and ceruminous glands in the ear canal [24]. Pen-
dulous conformation is considered a predisposing factor 
for OE [25, 26], as also found in our study. In addition, 
the accumulation of cerumen in the external ear canal 
is thought to predispose dogs to OE [5], and sometimes 
the only underlying cause for chronic OE appears to be 
excessive cerumen production [1].
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Fig. 1 Explanatory factors for end‑stage otitis in the univariate logistic regression analyses. The statistically significant factors are marked with 
asterisk
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The early onset of first OE before the age of 1  year 
was a significant risk factor for end-stage OE. This is an 
interesting finding and, to our knowledge, not previously 
reported. It is possible that genetic predisposing factors 
play a larger role in the development of end-stage OE in 
this breed than previously understood. Other risk factors 
identified for end-stage OE such as ear soreness and head 
tilting appear to be clinical signs rather than risk factors 
for chronic otitis. These signs merely indicate that such 
dogs most probably suffered from severe otitis externa 
and otitis media. It is known that on-going inflamma-
tion can lead to permanent changes in the physiology 
and microanatomy of the ear canal [6]. American Cocker 
Spaniels in particular have a strong breed predisposi-
tion to proliferative ceruminous gland hyperplasia and 
ectasia, resulting in end-stage OE without proper care 
[13]. These facts and the results of this study imply that, 
in order to reduce the likelihood of chronic changes, 
the treatment of OE in a young American Cocker Span-
iel should be intensive from the very first treatment, 
with greater emphasis placed on preventing recur-
rence. Unfortunately, after ear treatment many dogs did 
not undergo a re-evaluation. It is uncertain, however, 
whether a re-evaluation was requested. The re-check 
of the ears is of utmost importance in recognising and 
controlling perpetuating factors [27]. Increasing the fre-
quency of veterinary re-checks through client and veteri-
nary education might lead to better outcomes.

Skin symptoms were reported in only half of the dogs 
with OE; 29% of these dogs showed initial signs of OE 
before the age of 1  year. Interestingly, the presence of 
symptoms related to the skin decreased the risk of end-
stage OE. Possible explanations for this surprising finding 
are that veterinarians may have neglected determining 
the primary cause of OE in dogs without concurrent skin 
disease, or that the primary cause of OE may have been 
more difficult to identify or control in these dogs. Thus, 
it would be useful to identify the primary cause of OE, 
particularly in these cases, through a more detailed study. 
In 1994, Rosychuck described “idiopathic inflammatory 
or hyperplastic otitis” in American Cocker Spaniels with 
chronic OE without other significant skin disease, but the 
cause of this ear disease remains unknown [28]. In our 
study, veterinary prescription diets for skin patients were 
fed more often to dogs with concurrent skin disease, 
suggesting that hypersensitivities were not considered 
a likely primary cause in dogs with OE only. However, 
allergies have been noted as the most common primary 
cause of OE [9, 10] and Cocker Spaniels are predisposed 
to atopic dermatitis [29]. Furthermore, food allergies 
[30] and canine atopic dermatitis [31] may be manifested 
solely by OE or otitis may precede other signs in aller-
gic dermatitis [32]. An undiagnosed allergic disease may 

have been the primary cause of recurrent OE in some of 
the dogs in our study. Our results underline the need for 
a thorough investigation to identify the primary cause of 
otitis in all cases of recurrent OE.

We should consider the results in relation to limitations 
of our study. In the prevalence study, the diagnosis of OE 
was based on medical record data. Thus, it was not pos-
sible to verify the accuracy of the diagnosis. Because we 
distributed the owner questionnaire through veterinar-
ians, breeders and the American Cocker Spaniel Kennel 
Club, we may not have reached all owners. The differ-
ences in the prevalence estimates of OE among Ameri-
can Cocker Spaniels between the questionnaire and the 
prevalence study indicate that the owners of dogs with 
ear-disease may have been more willing to participate 
in the questionnaire study, resulting in a nonresponse 
error. In addition, responses may have been influenced 
by the owners’ perceptions or memory of various facts. 
However, the prevalence estimates of ear-diseased dogs 
receiving second-line topical ear medications and under-
going surgery were similar in both studies. The temporal 
sequence of events can be difficult to establish in cross 
sectional studies. Also in our study, there was potential 
reverse causality for some of the factors, such as ear-
cleaning, because it was not known, whether ear-cleaning 
preceded OE or was introduced as a treatment of OE. In 
addition, certain factors, such as owner’s management of 
the ears, may have changed over time, but data were only 
captured for one point of time. Some questions appeared 
to be more difficult to answer, resulting in a lower 
response rate and a higher number of “I don’t know” 
responses, thus increasing measurement error. The prob-
lem regarding missing data was greater in the multivari-
ate analyses, since the analysis can only be conducted 
using complete data for all of the explanatory variables 
included in our model. Reducing the number of observa-
tions rendered the results less reliable and, similarly, the 
results between the univariate and multivariate analy-
ses were not completely comparable since they relied on 
somewhat different data. Because our questionnaire was 
freely downloadable from the internet, the total survey 
error is impossible to calculate. These limitations, many 
of which are inherent for cross sectional studies, should 
be kept in mind when interpreting our results.

Conclusions
We conclude that the prevalence of OE in American 
Cocker Spaniels in Finland was higher than previously 
reported among Cocker Spaniels. Interestingly, the 
highest prevalence of OE was found in Welsh Springer 
Spaniels. The recurrence of OE and the number of ear 
surgeries were highest among American Cocker Spaniels 
in comparison with other spaniels. Based on an owner 
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questionnaire, half of the American Cocker Spaniels 
displayed the initial signs of OE before the age of 1 year 
and half of the dogs with OE showed no concurrent skin 
lesions. Furthermore, the onset of OE before the age of 
1 year significantly increased the risk of end-stage OE. In 
this breed, OE requires an intensive approach from the 
first treatment, and emphasis should be placed on pre-
venting recurrence. Further studies should focus on the 
causes and treatment of OE in this breed.
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Comparison of the porcine uterine smooth 
muscle contractility on days 12–14 of the estrous 
cycle and pregnancy
Włodzimierz Markiewicz1*, Marek Bogacki2, Michał Blitek2 and Jerzy Jan Jaroszewski1

Abstract 

Background: Uterine contractile activity is very important for many reproductive functions including embryo 
transport, implantation, gestation and parturition. Abnormal contractility leads to implantation failure, spontaneous 
miscarriage, preterm birth and many other disorders. The objective of the present study was to assess the effects of 
acetylcholine (ACh), noradrenaline (NA), oxytocin (OT) and prostaglandins F2α (PGF2α) and E2 (PGE2) on the contraction 
of uterine strips collected from the horns of cyclic gilts (12–14 days of the estrous cycle—group I) and from pregnant 
(12–14 days after first insemination gilts in which one of the uterine horn was gravid (group IIa) and the second one 
was non-gravid (group IIb). Uterine strips consisting of the endometrium with the myometrium and myometrium 
alone were examined.

Results: ACh increased the tension in all groups as compared to the pretreatment period, and the increase was the 
highest in group IIb; the amplitude decreased in all groups, and the frequency increased mainly in groups I and IIa. 
NA did not affect the tension in any group, but decreased the amplitude and frequency in group IIb as compared 
to groups I and IIa. OT caused the highest increase in the tension in group IIb, a decrease in the amplitude and 
an increase in the frequency of contractions as compared to the pretreatment period. PGF2α induced the highest 
increase in the tension and amplitude in group IIb, with a decline in the frequency in this group. PGE2 increased the 
tension and frequency only in group IIb, and caused the greatest eduction in the amplitude in this group.

Conclusions: These results indicate that contractility of the porcine smooth muscle collected from uterine horns 
with embryos was different from those obtained from the uterine horns without embryos and the horns of cyclic gilts.

Keywords: Early pregnancy, Embryos, Gilts, Uterine contractility

Background
It is generally acknowledged that uterine contractility is 
regulated by complex interactions between many factors. 
Contractions determine the motor activity of the uterus 
which is particularly important during the migration of 
embryos and its implantation in the uterus. Contrac-
tions and relaxations of the porcine myometrium are 
controlled by the autonomic nerve system [1]. Moreo-
ver many endocrine and auto/paracrine/factors are also 

involved in this regulation [2–4]. Uterine contractions 
in pigs can be stimulated by compounds such as acetyl-
choline (ACh) [5], oxytocin (OT) [6–8], prostaglandins 
F2α (PGF2α) [7–9] and E2 (PGE2) [7, 8, 10], histamine 
[11], neuropeptide Y (NPY) [12], and endothelin [13]. 
On the other hand, the relaxation of the porcine myome-
trium may be caused by noradrenaline (NA), serotonin 
(5-HT) [14], and nitric oxide [15]. These factors influ-
ence smooth muscle contractility directly or indirectly 
by affecting the synthesis and release of other substances. 
It has been shown that both exogenous and endogenous 
ACh cause contraction of the myometrium through the 
activation of the muscarinic M3 receptor [5]. Other data 
have shown that NA causes an excitatory response, pre-
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dominantly via α2-adrenergic receptors, and stimulation  
of β2-adrenergic receptors inhibits contractile activity of 
the porcine myometrium [1]. It is also generally accepted 
that OT stimulates uterine contractile activity via its 
receptors [6], which are present in the porcine uterus 
[16]. Oxytocin, acting through its receptors in the endo-
metrium and myometrium, is involved in the control of 
PGF2α and PGE2 secretion in pigs [17, 18]. Prostaglandin 
F2α contracts the uterine muscle indirectly by enhancing 
the responsiveness to OT followed by the prostaglandin 
PGF2 receptor (FP) mediated regression of the corpora 
lutea (decrease in plasma progesterone levels) [2]. How-
ever, the direct action of PGF2α on contractile (FP, EP1, 
EP3) and relaxatory (DP, IP, EP2) receptors in porcine 
uterine smooth muscle has also been described [2]. Simi-
larly, PGE2 may cause contraction or relaxation through 
its impact on particular EP receptor subtypes [10].

In gilts, myometrial activity undergoes changes during 
the oestrous cycle [2, 9, 10, 14, 19], at the time of mat-
ing and insemination [20, 21], and during the course 
of pregnancy [3, 22]. The early pregnancy in the pig is 
divided into three periods: post-conception (days 1–10 
of pregnancy), the maternal recognition of pregnancy 
(days 11–13) and implantation (days 14–19) [23]. Thus, 
the period between the 12th and 14th days of the preg-
nancy is crucial for the successful implantation. The 
effects of various substances on motor activity of non-
pregnant and pregnant porcine uteri have been stud-
ied, however, a comparison of the contractile activity 
between 12–14 days of the estrous cycle and pregnancy 
has not yet been made, especially in regard to the pres-
ence or not of embryos in the uterine horns. Therefore, 
the aim of our study was to examine the effects of ACh, 
OT, PGF2α, and PGE2 on the contraction of uterine strips 
collected from the horns of cyclic gilts and from the 
horns with and without embryos of early pregnant pigs. 
Selection of the substances was made on their impor-
tance in the regulation of reproductive processes and the 
endogenous activity in the reproductive tract. The recep-
tor mechanisms of these substances are also used in the 
case of drugs that interfere with the processes of uterine 
contractility. Until now, the differences in the impact of 
tested substances within the a period that is a crucial for 
a successful implantation compared to the analogous 
period of the estrous cycle are unknown. Therefore, we 
hypothesize that the uterine contractile response to stim-
uli will be affected by the presence of embryos within the 
uterus.

Methods
Animals
Prepubertal crossbred gilts (n = 10) with a body weight 
of 106 ± 4.8 kg and approximately 7 months of age were 

used. The gilts were subjected to surgical procedure 
under general anaesthesia. The animals were premedi-
cated with azaperone (2  mg/kg bw i.m.; Stresnil, Jans-
sen Animal Health, Belgium) and ketamine (12  mg/kg 
bw i.m.; VetaKetam, Vet-Agro, Poland), and anaesthe-
tized with thiopental (20–30  mg/kg bw i.v.; Thiopental, 
Sandoz, GMBH, Austria). In five gilts one of the uterine 
horns was separated according to a surgically-generated 
model described previously by [24]. Briefly, the uterus 
was presented by a midventral opening of the caudal 
part of the abdomen. Thereafter, one horn was cut trans-
versely and the ends were closed by a suture. This way the 
uterus consisted of one whole uterine horn and a part of 
the second horn, both connected with the uterine corpus. 
The remaining part of the second horn, connected with 
the contiguous ovary, was surgically detached from the 
uterine corpus. Ten days after surgery gilts were treated 
hormonally by an intramuscular injection of 750 I.U. of 
eCG (Folligon, Intervet, Poland) and 500 I.U. of hCG 
(Chorulon, Intervet) given 72 h later. Subsequently, 24 h 
after the hCG treatment the gilts were inseminated twice 
at 12  h intervals. Only gilts with the symptoms of heat 
were used for the next stages of procedures. Heat were 
checked by observation of symptoms: sticky discharge 
from vulva, clitoris red and protruding and the stand-
ing behaviour after applying pressure on the back and 
flanks of the gilt. The remaining five gilts were treated 
hormonally in the same way but they were not insemi-
nated. On days 12–14 after insemination or for non-bred 
animals the gilts were slaughtered. To confirm preg-
nancy, the uterine horns were flushed with 10 ml PBS to 
determine the presence of embryos in uterine flushings 
[24]. The exact number of embryos was not possible to 
count because of their defragmentation caused by flush-
ing. All procedures involving animals were conducted in 
accordance with the rules approved by the Local Ethics 
Commission of the University of Warmia and Mazury in 
Olsztyn.

Preparation of the uterine strips and measurements 
of their contraction
Fragments of the uterine horns, collected from the mid-
dle part of the horns, were transferred to ice, moved to 
the laboratory and immediately processed for examina-
tion of contractile activity. Uterine tissue was collected 
from the horns of cyclic gilts (group I) and the horns 
of pregnant gilts without (group IIa) and with embryos 
(group IIb). The contractile activity was examined 
according to the method described previously [4, 19]. 
Briefly, two kinds of the uterine strips (3 × 5 mm) con-
sisting of the endometrium with myometrium (ENDO/
MYO) and myometrium (MYO) alone were resected. 
The study involved these two types of strips because in 
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previous studies we found that the presence of endo-
metrium affected the contractile activity of myome-
trium [20]. From each examined horn of the uterus two 
ENDO/MYO and two MYO strips were selected. After 
resection the strips were washed in saline and mounted 
between two stainless steel hooks in 5  ml of an organ 
bath (Schuler Organ bath type 809; Hugo Sachs Elec-
tronic, Germany) under conditions of resting tension of 
5 mN. The strips were kept in the Krebs-Ringer solution 
of the following composition (mM/l): NaCl, 120.3; KCl, 
5.9; CaCl2, 2.5; MCl2, 1.2; NaHCO3, 15.5; glucose, 11.5; 
37 °C, pH 7.4. The solution was maintained at 37 °C and 
continuously saturated with a mixture of 95 O2 and 5 % 
CO2. Measurements of smooth muscle contraction were 
conducted using a force transducer (HSE F-30 type 372), 
and a bridge coupler type 570, while the graphic record-
ing was made on a recorder (Hugo Sachs Elektronik) with 
HSE-ACAD W software.

Schedule of contractile activity examination
The recording was started after prior equilibration for at 
least 60  min. Thereafter, the strips were incubated with 
ACh (10−5–10−4 M; Sigma, St. Louis, MO, USA), NA 
(10−7–10−6 M; Levonor Polfa, Poland), OT (10−7–10−6 
M, Vet-Agro, Poland), PGF2α (10−8–10−7 M; Sigma), 
and PGE2 (10−8–10−7 M; Sigma). The doses of the sub-
stances tested were based on previous studies [9, 10, 19, 
22]. Contractile activity was measured for 10  min after 
the administration of each concentration of the exam-
ined substance. At the end of the examination of each 
substance tissue chambers were washed three times 
with 15 ml of Krebs-Ringer solution at 10 min intervals. 
Finally, at the end of treatment with examined substances 
to determine the viability of tissues, ACh was repeatedly 
administered in the same doses as given before. Only 
those results for which the difference in response to the 
stimulation by ACh at the beginning and the end of the 
treatment were less than 20 % were included into the sta-
tistical analysis.

Statistical analysis
Numerical values of the contractile activity (intensity, 
amplitude and frequency) of the strips before the appli-
cation of the examined substances were calculated for 
10  min and accepted as 100  %. The results calculated 
for 10-min periods after treatments were expressed as 
a percentage (mean ±  SD) of the contraction intensity, 
amplitude and frequency before drug administration. The 
statistical significance of the differences was assessed by 
one-way analysis of variance ANOVA (Graphpad PRISM 
3.1; Graphpad Software, San Diego, CA, USA), followed 
by Bonferroni’s multiple comparison test. Differences at 
P < 0.05 were considered statistically significant.

Results
The spontaneous contractile activity before ACh admin-
istration in all examined tissues is shown in Fig.  1. 
Analysis of this activity did not demonstrate statistically 
significant differences between groups. Therefore, in the 
further statistical analysis the changes in the contractile 
activity after administration of the tested substances were 
compared to the pretreatment period.

Influence of ACh on uterine contractile activity
The administration of ACh in both doses caused a signifi-
cant (P < 0.001) increase in the tension in all groups as 
compared to the pretreatment period (Fig. 2A). The mag-
nitude of the increase was greater (P < 0.01−P < 0.001) 

Fig. 1 A representative diagram showing spontaneous contractile 
activity and motor activity after acetylcholine (ACh) administra-
tion at doses 10−5 and 10−4 M in the endometrium/myometrium 
(ENDO+MYO) and myometrium (MYO) strips collected on days 12–14 
of the oestrous cycle (Group I) or after first insemination (groups 
without embryos—Group IIa and with embryos—Group IIb)

41Comparison of the porcine uterine smooth muscle contractility on days 12–14 of the estrous cycle...



WT

for strips from gravid horns than from non-gravid horns 
or cyclic gilt strips.

Administration of ACh caused a significant (P < 0.001) 
decrease in the amplitude in all groups (except ENDO/
MYO in group I at a concentration of 10−5 M) as com-
pared to the pretreatment period (Fig. 2B). Moreover, sig-
nificantly smaller changes in the amplitude of the ENDO/
MYO strips were determined in group I as compared to 
groups IIa and IIb (P < 0.001 after a dose of 10−5 M and 
P  <  0.05 after a higher dose); such differences were not 
observed in the MYO strips.

The frequency of contractions in ENDO/MYO and 
MYO increased significantly (P  <  0.05−P  <  0.001) after 
the application of ACh at both doses in groups I and 
IIa as compared to the pretreatment period (Fig.  2C). 
In group IIb a significant increase (P  <  0.05−P  <  0.01) 
was observed only after the higher dose of ACh. After 
the lower dose of ACh the increase in frequency of con-
tractions was significantly higher in the ENDO/MYO of 
group I as compared to groups IIa and IIb (P < 0.001), and 
in group IIa as compared to group IIb (P < 0.05); also in 
MYO strips a significantly greater increase was observed 
in group I as compared to groups IIa (P < 0.01) and IIb 
(P  <  0.001), and in group IIa as compared to group IIb 
(P  <  0.05). After the higher dose of ACh there were no 
differences between groups I and IIa, while a significantly 
(P  <  0.05−P  <  0.001) lower increase in group IIb was 
observed in both kind of strips as compared to groups I 
and IIa.

Influence of NA on uterine contractile activity
Administration of NA at both doses insignificantly 
influenced tension as compared to the pretreatment 
period (Fig. 3A); such differences were also not observed 
between the experimental groups.

The amplitude of contractions was significantly 
(P  <  0.001) decreased after both doses in the ENDO/
MYO and MYO in group IIb, and only after the smaller 
dose in groups I and IIa as compared to the pretreat-
ment period (Fig. 3B). After NA administration in a dose 
of 10−7M significantly lower amplitude was observed 
in group IIb as compared to group I (P  <  0.001), but 
this change was less evident as compared to group IIa 
(P < 0.05); significantly lower (P < 0.05−P < 0.01) ampli-
tude was also observed in group IIa as compared to group 
I in both kinds of the strips.

The frequency of contractions decreased significantly 
(P  <  0.01−P  <  0.001) only in group IIb as compared to 
the pretreatment period (Fig. 3C), as well as compared to 
groups I and IIa.

Fig. 2 Influence of acetylcholine (ACh) on the tension (A) amplitude 
(B) and frequency (C) of the contraction of the porcine endome-
trium/myometrium (ENDO+MYO) and myometrium (MYO) strips 
collected on days 12–14 of the oestrous cycle (cyclic) or after first 
insemination) (groups without embryos and with embryos). Values 
(mean ± SD) represents five uterine horns examined in two strips 
from each one and are expressed as a percentage of changes in 
the contractile activity before the treatment. *P < 0.05, **P < 0.01, 
***P < 0.001 as compared to the contractile activity before the treat-
ment; a, b, c indicates differences between groups (cyclic, without 
embryos and with embryos)
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Influence of OT on uterine contractile activity
In the ENDO/MYO strips OT at both doses and in all 
groups caused a significant (P < 0.01−P < 0.001) increase 
in tension as compared to the pretreatment period 
(Fig. 4A); a significant increase was also observed in the 
MYO strips in groups IIa and IIb. Insignificant differ-
ences (P > 0.05) were noticed in tension in both ENDO/
MYO and MYO strips between groups I and IIa, while 
significantly higher (P  <  0.001) tension was found in 
group IIb as compared to groups I and IIa.

A significant (P  <  0.05) increase in amplitude was 
observed after OT application at both doses in the 
ENDO/MYO and MYO strips in groups I and IIa, with 
a significant (P  <  0.05) decrease in group IIb as com-
pared to the pretreatment period (Fig. 4B). Significantly 
(P < 0.001) lower amplitude was also determined between 
group IIb as compared to groups I and IIa in both kinds 
of strip.

In ENDO/MYO and MYO strips the frequency 
of contractions decreased significantly in group 
I (P  <  0.01−P  <  0.001) but increased in group IIb 
(P  <  0.001), and was not changed in group IIa as com-
pared to the pretreatment period (Fig. 4C). The frequency 
of contractions was significantly lower in group I as com-
pared to groups IIa (P < 0.01) and IIb (P < 0.001), and in 
group IIa as compared to group IIb (P < 0.01−P < 0.001).

Influence of PGF2α on uterine contractile activity
In both kinds of strip a significant increase 
(P < 0.01−P < 0.001) in tension after PGF2α administra-
tion was observed only in group IIb as compared to the 
pretreatment period (Fig. 5A). There were no significant 
changes in tension between groups I and IIa, while signif-
icantly higher tension (P < 0.05−P < 0.01) was observed 
in group IIb as compared to groups I and IIa.

PGF2α significantly increased the amplitude in the 
ENDO/MYO strips in groups I (P  <  0.05) and IIb 
(P < 0.001), and in the MYO strips in group IIb (P < 0.01) 
as compared to the pretreatment period (Fig. 5B). There 
were no significant changes in amplitude between groups 
I and IIa, while significantly higher (P < 0.01−P < 0.001) 
amplitude was observed in group IIb as compared to 
groups I and IIa.

In the ENDO/MYO and MYO strips the frequency of 
contractions after PGF2α administration decreased sig-
nificantly (P  <  0.001) in group IIb as compared to the 
pretreatment period (Fig. 5C). There were no significant 
changes in the frequency of contractions between groups 
I and IIa, while significantly (P < 0.01−P < 0.001) lower 

Fig. 3 Influence of acetylcholine (NA) on the tension (A) amplitude 
(B) and frequency (C) of the contraction of the porcine endome-
trium/myometrium (ENDO+MYO) and myometrium (MYO) strips 
collected on days 12–14 of the oestrous cycle (cyclic) or after first 
insemination) (groups without embryos and with embryos). Values 
(mean ± SD) represents five uterine horns examined in two strips 
from each one and are expressed as a percentage of changes in the 
contractile activity before the treatment. **P < 0.01, ***P < 0.001 as 
compared to the contractile activity before the treatment; a, b, c 
indicates differences between groups (cyclic, without embryos and 
with embryos)
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Fig. 4 Influence of oxytocin (OT) on the tension (A) amplitude (B) 
and frequency (C) of the contraction of the porcine endometrium/
myometrium (ENDO+MYO) and myometrium (MYO) strips collected 
on days 12–14 of the oestrous cycle (cyclic) or after first insemination) 
(groups without embryos and with embryos). Values (mean ± SD) 
represents five uterine horns examined in two strips from each one) 
and are expressed as a percentage of changes in the contractile 
activity before the treatment. *P < 0.05, **P < 0.01, ***P < 0.001 as 
compared to the contractile activity before the treatment; a, b, c 
indicates differences between groups (cyclic, without embryos and 
with embryos)

Fig. 5 Influence of prostaglandin F2α (PGF2α) on the tension (A) 
amplitude (B) and frequency (C) of the contraction of the porcine 
endometrium/myometrium (ENDO+MYO) and myometrium (MYO) 
strips collected on days 12–14 of the oestrous cycle (cyclic) or after 
first insemination) (groups without embryos and with embryos). 
Values (mean ± SD) represents five uterine horns examined in two 
strips from each one and are expressed as a percentage of changes 
in the contractile activity before the treatment. *P < 0.05, **P < 0.01, 
***P < 0.001 as compared to the contractile activity before the treat-
ment; a, b, c indicates differences between groups (cyclic, without 
embryos and with embryos)
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frequency was observed in group IIb as compared to 
groups I and IIa.

Influence of PGE2 on uterine contractile activity
At both doses PGE2 caused a significant increase 
(P  <  0.001) in tension only in the ENDO/MYO strips 
from group IIb as compared to the pretreatment period 
(Fig.  6A), as well as compared to groups I and IIa 
(P < 0.01−P < 0.001).

In the ENDO/MYO strips PGE2 at the smaller dose 
decreased the amplitude in group IIb (P < 0.001), whereas 
it decreased the amplitude at the higher dose in all 
groups (P < 0.01−P < 0.001) as compared to the pretreat-
ment period (Fig. 6B). Significantly lower amplitude was 
observed in the ENDO/MYO in group IIb as compared 
to group I (P < 0.01) and group IIa (P < 0.05).

The frequency of contractions did not change signifi-
cantly in any of the analysed groups as compared to the 
pretreatment period (Fig. 6C). The frequency of contrac-
tions significantly (P  <  0.05) increased in the ENDO/
MYO strips of group IIb as compared to groups I and IIa.

Discussion
The presented results demonstrate the influence of bio-
logically active substances on smooth muscle contractil-
ity collected from cyclic gilts and uterine horns with or 
without embryos. The results indicate that in the uterus 
with embryos contractile activity is increased in com-
parison to the uterus with not embryos. These differences 
were clearer when compared to contractility in the uterus 
of cyclic gilts. The experiments in vitro of Pope et al. [25] 
showed that myometrial contractility increased concomi-
tantly with embryo migration.

In our studies the ACh increased tension in the smooth 
muscle of the uterus, which was the highest in the strips 
of pregnant uterus, with a simultaneous decrease in 
amplitude. Moreover, the frequency of contractions in 
the strips of the uterus without embryos was higher as 
compared to the uterine horn with embryos. Our results 
are consistent with the results of other authors. Kim et al. 
[26] observed that after administration of carbachol, a 
muscarinic receptor agonist, the force of contraction of 
the uterus in pregnant rats was several times higher than 
in the non-pregnant uterus. Kitazawa et al. [5] found that 
both exogenous and endogenous ACh cause contraction 
of the uterine muscle in the pig by the activation of the 
muscarinic M3 receptor. Our results also indicated that 
in the uterine strips with embryos the highest increase in 
tension is combined with a higher decrease of amplitude 

Fig. 6 Influence of prostaglandin E2 (PGE2) on the tension (A) 
amplitude (B) and frequency (C) of the contraction of the porcine 
endometrium/myometrium (ENDO+MYO) and myometrium (MYO) 
strips collected on days 12–14 of the oestrous cycle (cyclic) or after 
first insemination) (groups without embryos and with embryos). 
Values (mean ± SD) represents five uterine horns examined in two 
strips from each one and are expressed as a percentage of changes in 
the contractile activity before the treatment. **P < 0.01, ***P < 0.001 
as compared to the contractile activity before the treatment; a, b, c 
indicates differences between groups (cyclic, without embryos and 
with embryos)
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and a lower increase in the frequency of contractions as 
compared to the other groups examined. This data indi-
cate that the high motor activity in the gravid horn can 
promote uniform distribution of the multiple embryos in 
the lumen of the pig uterus.

One of the regulatory mechanisms affecting uter-
ine contractile activity is the stimulation of α- and 
β-adrenergic receptors by catecholamines such as NA. In 
our study, we observed that NA had no significant effect 
on muscle tension in any group during the 10-min obser-
vation period, although in some strips (in each group) a 
short-term increase in tension after its administration 
was seen. However, in comparison to the group I NA had 
a significant influence on the changes of amplitude and 
frequency of contractions in group IIb, which suggests 
that the presence of the embryo in the uterus affects the 
regulation of contractile activity. It is suggested that inhi-
bition of uterine contractile activity is due to a prevalence 
of β-adrenergic over the α-adrenergic receptors, and may 
be related to hormonal changes, particularly in the levels 
of ovarian steroid hormones, which affect the concentra-
tion and distribution of the population of muscarinic and 
adrenergic receptors [27–30]. Rexroad and Guthrie [31] 
suggested that a reduction in the number of α-adrenergic 
receptors in the early days of pregnancy may be associ-
ated with the migration and implantation of embryos. In 
this way, the embryos may affect the uterus, e.g., caus-
ing changes in the expression of maternal factors. Fur-
thermore, it was observed that embryos may physically 
affect the uterus by, e.g., changing the expression of genes 
responsible for the release of biologically active sub-
stances [32].

In our study the greatest increase in the tension and 
frequency of contractions after OT administration was 
observed in group IIb. Franczak and Bogacki [18] using 
the same pig model showed that embryonic products 
locally regulate the abundance of OT receptors mRNA 
in the porcine uterus. Moreover, it has been shown that 
the number of receptors for this peptide at 14–16 days of 
gestation, compared with days 14–16 of the cycle, is simi-
lar in MYO but much higher in ENDO [16]. The role of 
OT receptors in early pregnancy is not fully understood. 
It is assumed that the peptide, by interaction with its 
receptors, affects the secretion of prostaglandins, includ-
ing PGF2α and PGE2.

In our study, PGF2α caused the largest increase in ten-
sion and amplitude in group IIb, with a decline in fre-
quency in all groups. The weakest effect among all the 
tested substances was observed after PGE2 treatment. 
However, in the ENDO/MYO strips of group IIb it 
increased the tension and frequency and decreased the 
amplitude of contractions. In the reproductive system 

prostaglandin F2α and E2 participates in the control of 
many process, including implantation of embryos and 
causing contractions of the uterus [33]. Dittrich et  al. 
[34] demonstrated that human seminal plasma (consist-
ing among others prostaglandins) has a direct effect on 
enhancing uterine contractility, which could facilitate 
sperm transport. It is suggested that prostaglandin secre-
tion disorders during pregnancy are one of the causes of 
miscarriages and premature births. Currently, it is known 
that the myometrium secretes more PGE2 than PGF2α 
regardless of pregnancy status, and that the myome-
trium may be an additional important source of luteo-
trophic PGE2 action during early pregnancy [17]. It was 
also found that PGs may play a significant role in embryo 
implantation and decidualization of the endometrium 
[23].

Kitazawa et al. [3], studying the activity of smooth mus-
cle of the uterus of pregnant pig, stated, similarly to our 
study, that ACh, OT and PGF2α increased contractility in 
muscle. However, in our study the tension and frequency 
of contractions were increased, while Kitazawa et al. [3] 
observed a reduction in the frequency of contractions. 
This difference may be due to the fact that in our study 
strips were taken at 12–14 days after first insemination, 
whereas Kitazawa et al. [3] used tissue from 25–60 days 
of pregnancy. It is accepted that pregnancy changes the 
expression of receptors, such as oxytocin receptor [35, 
36] α2-adrenoceptor [37] and prostanoids receptors [38]. 
Therefore, the increase in the expression of contractile 
receptors in the uteri of pregnant pigs was suggested to 
be another mechanism for the pregnancy-associated 
increase in the contractile responses.

Conclusions
Summarizing, ACh, OT, PGF2α and PGE2 significantly 
increased the tension and decreased the amplitude 
of contraction (except PGF2α whose administration 
increased the amplitude) in gravid horns compared to 
non-gravid horns and cyclic gilts. The frequency of con-
tractions was increased in the uterine horn with embryos 
after the administration of ACh and OT, but this param-
eter decreased after NA and PGF2α, and remained prac-
tically unchanged after the administration of PGE2. 
Surprisingly, the contractility of the uterine smooth mus-
cle collected from gravid horns exhibited higher activ-
ity than that obtained from non-gravid horns and cyclic 
gilts. Perhaps this is connected with the time of implanta-
tion and uniform distribution of embryos. From the data 
of this study it seem possible to speculate that the pres-
ence of embryos may increase the release of some sub-
stances which, by auto and paracrine regulation, affect 
uterine contractile activity.
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Cervid herpesvirus 2 and not Moraxella bovoculi 
caused keratoconjunctivitis in experimentally 
inoculated semi-domesticated Eurasian tundra 
reindeer
Morten Tryland1* , Javier Sánchez Romano1, Nina Marcin1,4, Ingebjørg Helena Nymo1, 
Terje Domaas Josefsen2,5, Karen Kristine Sørensen3 and Torill Mørk2

Abstract 

Background: Infectious keratoconjunctivitis (IKC) is a transmissible disease in semi-domesticated Eurasian reindeer 
(Rangifer tarandus tarandus). It is regarded as multifactorial and a single causative pathogen has not yet been identi-
fied. From clinical outbreaks we have previously identified Cervid herpesvirus 2 (CvHV2) and Moraxella bovoculi as 
candidates for experimental investigations. Eighteen reindeer were inoculated in the right eye with CvHV2 (n = 5), M. 
bovoculi (n = 5), CvHV2 and M. bovoculi (n = 5) or sterile saline water (n = 3; controls).

Results: All animals inoculated with CvHv2, alone or in combination with M. bovoculi, showed raised body tempera-
ture, increased lacrimation, conjunctivitis, excretion of pus and periorbital oedema; clinical signs that increased in 
severity from day 2 post inoculation (p.i.) and throughout the experiment, until euthanasia 5–7 days p.i. Examination 
after euthanasia revealed corneal oedema, and three animals displayed a corneal ulcer. CvHV2 could be identified in 
swab samples from both the inoculated eye and the control eye from most animals and time points, indicating a viral 
spread from the inoculation site.

Conclusions: This study showed that CvHV2 alone and in combination with M. bovoculi was able to cause the char-
acteristic clinical signs of IKC in reindeer, whereas inoculation of M. bovoculi alone, originally isolated from a reindeer 
with IKC, did not produce clinical signs. Previous studies have suggested that herding procedures, animal stress and 
subsequent reactivation of latent CvHV2 infection in older animals is a plausible mechanism for IKC outbreaks among 
reindeer calves and young animals in reindeer herds. However, further studies are needed to fully understand the 
infection biology and epidemiology associated with IKC in reindeer.

Keywords: Alphaherpesvirus, Eye disease, IKC, Moraxella, Ophthalmology, Reindeer, Wildlife

Background
Infectious keratoconjunctivitis (IKC) has been reported 
in semi-domesticated Eurasian tundra reindeer (Rangi-
fer tarandus tarandus) in Fennoscandia for more than a 
century [1], causing outbreaks among calves of the year 
(<1 year) and young animals particularly [2–4]. The first 

sign of the disease is increased lacrimation observed as 
an untidy and miscoloured periocular hair coat followed 
by conjunctivitis and increasing periorbital and corneal 
oedema. The oedema is giving the eye an opaque, and 
whitish to bluish appearance (Fig. 1a), which is how IKC 
is usually recognized in the field by reindeer herders. In 
the absence of spontaneous healing, the infection pro-
gresses with an increasing severity of conjunctivitis and 
oedema, corneal ulceration, and panophthalmitis lead-
ing to permanent blindness (Fig.  1b). For reindeer, that 
spend most of the year free-ranging and unattended, this 
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disease represents an important animal welfare issue as 
well as a potential source of economic loss for the herders 
[2, 4].

In spite of long-term awareness of IKC in reindeer, a 
causative agent has not yet been identified and IKC in 
reindeer is regarded as a multi-factorial disease, similar 
to infectious bovine keratoconjunctivitis (IBK), com-
monly referred to as “pinkeye” in cattle. The Gram-
negative bacterium Moraxella bovis is suggested as the 
causative agent of IBK [5], although recent studies have 
shown that Moraxella bovoculi, originally identified in 
2002 and shown to be distinct from M. bovis, may also be 
associated with IBK [6, 7]. A disease similar to IKC has 
also been documented in sheep and goats [8, 9], as well 
as in a wide range of wild animal species, such as moose 
(Alces alces), mule deer (Odocoileus hemionus), ibex 

(Capra ibex), chamois (Rupicapra rupicapra), roe deer 
(Capreolus capreolus) and red deer (Cervus elaphus). 
Many different infectious agents have been associated 
with the disease in the different species [10–14], of which 
the majority have been bacteria, including known poten-
tial pathogens such as Mycoplasma spp.

Similarly, many different bacteria have been isolated 
from reindeer with IKC, such as M. bovoculi, M. ovis, 
Pasteurella multocida, and Trueperella pyogenes [2–4, 15, 
16]. In a recent study of reindeer in Norway, Sweden and 
Finland, analyses of swab samples from the conjunctiva 
of clinically healthy reindeer and of reindeer with clinical 
IKC, showed that M. bovoculi was the bacterial agent that 
was most prevalent [17].

However, during an outbreak of IKC in reindeer in 
Troms County, Norway, the reindeer alphaherpesvirus, 
cervid herpesvirus 2 (CvHV2), was identified as the pri-
mary infectious agent based on the finding of this virus 
during the early clinical stages of the disease. Bacteria 
such as M. bovoculi seemed to dominate during later 
stages of IKC along with declining virus titers from the 
swab samples of the conjunctiva of affected animals [4].

In addition, environmental factors such as stress asso-
ciated with gathering, corralling, handling and transport, 
reduced body condition or emaciation, exposure to UV 
light, and a dry and dusty environment may impact the 
pathogenesis of IKC in reindeer [2, 18, 19]. During natu-
ral outbreaks of IKC in reindeer, it is difficult to gain an 
overview of which potential pathogens are involved. It is 
also challenging to conduct a controlled sampling regime 
and to register the onset and development of disease. In 
addition, it is difficult to control environmental factors. 
In this study, reindeer calves <1 year old were inoculated 
with CvHV2 and M. bovoculi, which are considered the 
two most relevant candidates for IKC [4, 17]. The aim of 
this study was to investigate if experimental inoculation 
with CvHV2, M. bovoculi, or a combination of the two 
agents, was able to cause clinical IKC in reindeer.

Methods
Animals
Semi-domesticated Eurasian tundra reindeer (n  =  27) 
calves, approximately 11 months old, were gathered from 
their mountain pastures. They were corralled and physi-
cally restrained for ID-tagging (plastic collar) and sam-
pling to check for previous exposure to CvHV2 and M. 
bovoculi. Blood was obtained with a vacutainer system 
from the jugular vein and serum prepared by centrifuga-
tion and stored at −20  °C. For virological investigation, 
sterile cotton swabs were used to sample the conjunc-
tiva bilaterally, the nostrils and the vagina (females). 
Swabs were subsequently placed in 1.8 ml cryotubes with 
800  µl of Eagle’s minimum essential medium (EMEM) 

Fig. 1 Infectious keratoconjunctivitis (IKC) during an outbreak 
among free-ranging Eurasian semi-domesticated tundra reindeer 
(Rangifer tarandus tarandus): a corneal oedema indicated by an 
opaque and discolored cornea. b Severe grade of IKC with panoph-
thalimitis, oedema and haemorrhage. This condition often involves 
corneal ulcer and may lead to permanent blindness
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containing antibiotics (10,000 U/ml penicillin and 10 mg/
ml streptomycin; 1  ml/l of gentamicin, 50  mg/ml and 
10 ml/l of amphotericin B 250 μg/ml; EMEMab 10 ml/l) 
and stored at −80 °C. For bacteriological investigation, a 
swab  (TranswabR, Medical Wire & Equipment, Wiltshire, 
UK) was introduced into both conjunctivae, rubbed gen-
tly against the mucosal lining and placed in its transport 
medium container. Blood samples were tested for anti-
bodies against CvHV2. Swab samples from the conjunc-
tiva and nostrils were tested for the presence of CvHV2 
DNA (nested polymerase chain reaction [PCR]), whereas 
swab samples from conjunctiva were tested for M. 
bovoculi (cultivation), as described below. Based on the 
test results, 21 animals (5 females and 16 males) with no 
indication of previous exposure to CvHV2 or M. bovoculi 
were recruited to the study. The animals were corralled 
together in a fence (see below) for a habituation period 
of four weeks before inoculation. The inoculation experi-
ment lasted for a total of 15 days.

All animals were chemically immobilized and weighed 
twice during the study, i.e. on day 0 (inoculation) and 
on the day of euthanasia. Animals were immobilized 
by darting (Dan-Inject JM Special; Dan-Inject ApS, 
Børkop, Denmark) using a combination of medetomi-
dine  (Zalopine® 10  mg/ml, Orion Corporation Ani-
mal Health, Espoo, Finland) and ketamine  (Ketalar® 
50  mg/ml, Pfizer AS, Oslo, Norway) at a fixed ratio of 
1:5 (mg:mg) medetomidine:ketamine. When the inocu-
lation process was completed, sedation was reversed by 
intramuscular injection of atipamezole (Antisedan™; 
Atipamezole 5 mg/ml, Zoetis, UK) at a fixed ratio of 5:1 
atipamezole:medetomidine and animals were monitored 
until they were standing. Despite using recommended 
drugs and doses being reduced to one-third of those rec-
ommended for semi-domesticated reindeer [20], three 
reindeer (one female, two males) died from acute shock-
like complications. Similar complications did not occur 
during the second round of chemical immobilization 
using the same drugs and doses. When chemically immo-
bilized, body temperature was measured with a digital 
clinical thermometer (Fluke Thermometer 51/52 II; Fluke 
Norge, Oslo, Norway), with a sensor positioned 30  cm 
inside the rectum. Pulse rate and arterial oxyhemoglobin 
 (SpO2) was measured with a handheld pulse oximeter 
(Masimo RAD 57; Masimo International Sàrl, Neuchatel, 
Switzerland) with the clip-sensor applied to the tongue. 
Respiratory rate was recorded by counting breathing 
movements of the chest using a stopwatch.

Animals were euthanized at different time points dur-
ing the experiment using a captive bolt stunning gun 
followed by bleeding of the jugular vein. Animals R19 
(CvHV2-group) and R16 (M. bovoculi group) were eutha-
nized on day 2 and 3 respectively, due to fracture of the 

femur. Animals in the two groups inoculated with CvHV2 
(alone or in combination with M. bovoculi) were eutha-
nized according to defined animal welfare end-points on 
days 3–7 post inoculation (p.i.) (Table 1). Remaining ani-
mals of the M. bovoculi group were euthanized on day 6 
(n = 1) and day 13 (n = 3) p.i., whereas the control ani-
mals (n = 3) were euthanized on day 15 p.i. Animals with 
no other clinical symptoms besides those observed in the 
eyes were sampled in the animal experimental facility, 
whereas animals with trauma and animals that experi-
enced respiratory distress upon chemical immobilization 
were subjected to a full necropsy in an attempt to deter-
mine the cause of these unexpected complications.

Animal facility, feeding and handling
Animals were introduced to an outdoor field research 
facility on May 6th, 2014. The corral consists of one large 
pen (approx. 100 × 80 m) and four smaller pens (approx. 
50 × 50 m), all separated from each other and from the 
surrounding areas by 2.5  m high steel wire fences. The 
ground inside the pens was covered with a deep layer 
of snow in the beginning, but due to snow melting and 
greening in the spring, fresh grass pasture became avail-
able. Animals were ID-tagged with an ear tag and by 
spraying a number on the fur on both sides of the body to 
ensure easy identification. They were corralled together 
for the first four weeks (habituation period) to get used to 
the facility, the feed and the presence of people.

The animals were fed lichen (Cladina spp.), which was 
gradually replaced by commercial pelleted feed for reindeer 
(Reinsdyrfôr, Felleskjøpet, Trondheim, Norway). 1 week 
before inoculation and throughout the remaining experi-
ment, the animals were fed pellets ad libitum, supplemented 
with lichen. Fresh water was provided and changed on a 
daily basis. Body condition, evaluated by visual inspection 
and palpation, varied from medium to lean, but increased 
during the habituation period. On the day of inoculation, 
the animals weighed 37–59  kg (mean 49.1  kg) and were 
separated into four groups without further contact (Control, 
CvHV2, M. bovoculi and CvHV2/M. bovoculi).

During the entire study, the animals were fed and 
inspected three times a day by veterinarians licenced 
for conducting animal experiments. A record was kept 
describing the behaviour of each animal, condition, food 
intake and interactions between animals as well as devel-
opment of clinical signs.

Except for day 0 (inoculation) and on the day of eutha-
nasia at varying time points p.i. when animals were 
chemically immobilized, all other close inspections and 
sampling were conducted during physical restraint. How-
ever, on days when animals were not handled, the evalu-
ation and development of clinical signs was observed at a 
distance of a few metres with binoculars.
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Table 1 Clinical signs from the right eye of 10 semi-domesticated Eurasian tundra reindeer (Rangifer tarandus tarandus) 
after inoculation with cervid herpesvirus 2 (CvHV2; n = 5) or a combination of CvHV2 and Moraxella bovoculi (n = 5) (data 
from animals inoculated with M. bovoculi alone or from control animals are not shown)

Clinical signs are indicated, relative to the day of inoculation (day 0). Observations during day 1, day 3, day 4 and day 6 were conducted without handling the animals, 
whereas all animals were captured (physical restraint) and sampled at day 2 and day 5

The time of euthanasia for each animal is indicated with italic text
a Pus: (1) small amounts (clots), (2) large amounts, and (3) huge amounts of pus, adherent to eyelids/skin and covering the eye
b P-oedema: periorbital oedema: (1) slight swelling of conjunctiva, (2) severe oedema, and (3) extensive oedema, periorbital tissues covering the eyeball
c Euthanized due to trauma

Inoculum ID Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7

CvHV2 R4 None Pus (2)a

P-oedema (1)b

Conjunctivitis

Pus (2)
P-oedema (3)

Lacrimation
P-oedema (3)

Pus (3)
P-oedema (3)
Corneal 

oedema
T: 40.3

Pus (3)
P-oedema (3)

Pus (3)
P-oedema (3)
Conjunctivitis
Corneal oedema
T: 39.8

R5 None Pus (1)
P-oedema (1)

Pus (3)
P-oedema (2)

Pus (3)
P-oedema (3)

Pus (3)
P-oedema (3)
Corneal oedema
Corneal ulcer: 

12 mm
T: 40.5

R10 None Pus (3)
P-oedema (1)
Conjunctivitis

Pus (3)
P-oedema (2)

Pus (3)
P-oedema (3)

Pus (3)
P-oedema (3)
Conjunctivitis
Corneal oedema
T: 40.0

R19 None Lacrimation
Pus (1)
P-oedema (1) c

R21 None P-oedema (1) Lacrimation
Pus (2)
P-oedema (2)

Lacrimation
Pus (2)
P-oedema (2)

Pus (2)
P-oedema (2)
Corneal 

oedema
Corneal ulcer: 

4 mm

Pus (3)
P-oedema (3)
Corneal oedema
Corneal ulcer: 

10 mm
T: 40.1

CvHV2 and M. 
bovoculi

R1 None Pus (1) Lacrimation
Pus (1)
P-oedema (1)
Red sclera

Lacrimation
Pus (2)
P-oedema (2)

Pus (2)
Lacrimation
P-oedema (2)

Pus (3)
P-oedema (3)
Corneal 

oedema
T: 40.4

Pus (3)
P-oedema (3)

P-oedema (3)
Conjunctivitis
Corneal oedema
Corneal ulcer: 

3 mm
T: 39.1

R3 None Lacrimation
P-oedema (1)

Pus (3)
P-oedema (3)

Pus (3)
P-oedema (3)

P-oedema (3)
Adherent pus
Blue cornea
T: 40.0

Pus (3)
Conjunctivitis
Corneal oedema
T: 39.8

R7 None Pus (1) Pus (2)
Lacrimation
P-oedema (2)

Pus (2)
Lacrimation
P-oedema (2)

Pus (3)
P-oedema (3)
Conjunctivitis
Corneal oedema
T: 40.3

R13 None Pus (1)
Lacrimation
Red sclera
P-oedema (2)

Pus (3)
Lacrimation
P-oedema (2)

Pus (3)
P-oedema (3)
Conjunctivitis
Corneal oedema
T: 40.4

R17 None Dry cornea Pus (1)
Lacrimation
P-oedema (2)

Pus (3)
P-oedema (2)
T: 40.9
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Preparation of inocula
CvHV2 was originally isolated from the conjunctiva of a 
reindeer with clinical IKC [4]. The virus was propagated 
in Madin-Darby bovine kidney (MDBK) cells (ATCC 
CCL22) in EMEM supplemented with 10% horse serum 
(LGC Standards, Middlesex, UK). Virus cultures were 
harvested when more than 90% of the cells showed 
cytopathic effect (CPE). Cellular debris was removed by 
centrifugation (7800g, 30  min) and viral particles in the 
supernatant were pelleted through a 30% sucrose cush-
ion (20,000  g, 1  h), re-suspended in 5  ml PBS, filtered 
through a 0.45  μm cellulose filter (Merck Millipore, 
Darmstadt, Germany) and frozen at −80  °C. The virus 
titre of the inoculum was 5.8 × 106  TCID50/ml.

The M. bovoculi strain used for inoculation was origi-
nally cultivated from a swab sample from the conjunctiva 
of a Norwegian reindeer with clinical IKC in 2014. The 
colonies were 2–3  mm in diameter, yellow/grey, round, 
with a shiny “fat” appearance, and revealed beta-haemol-
ysis after 24 h growth on blood agar. The colonies grew 
at 37  °C, but only in aerobic conditions (without  CO2). 
The bacteria were Gram negative with a coccoid form, 
and the catalase and oxidase tests were positive. Poten-
tial virulence factors were not investigated. The isolate 
was verified as M. bovoculi by 16s rRNA sequencing (data 
not shown). After storage (−80  °C), the isolate was cul-
tivated on 5% sheep blood agar at 37  °C under aerobic 
conditions for 24  h prior to inoculation. The bacterium 
underwent a total of four in vitro passages (from isolation 
to inoculation).

Inoculation
While the animals were sedated, both eyes were pho-
tographed and checked for general clinical signs and 
for corneal ulcers using the fluorescein test (Fluores-
ceinnatrium Minims 20  mg/ml; Chauvin, Surrey, UK). 
Disposable coats and gloves were used by all persons 
involved in the inoculation and sampling of the animals. 
For any intervention with the animals (feeding, inocula-
tion, sampling), the control group was visited before the 
inoculated animals.

Prior to inoculation and at each of the following inspec-
tions, eyes were photographed, sampled (swab) and 
checked for corneal ulcers using fluorescein, followed 
by thorough flushing of the eyes with sterile water. Local 
anaesthesia (Oxibuprokain Minims 4 mg/ml; Chauvin) was 
applied in the right eye 4 min prior to a mild rubbing of the 
conjunctival mucosa with sterile sandpaper (grade 60).

The virus was inoculated by introducing a small ster-
ile cotton cushion, soaked in PBS/CvHV2, to the con-
junctiva under the lower eyelid and keeping it there for 
4 min. M. bovoculi was inoculated by picking a colony of 
M. bovoculi from the agar plate with a sterile cotton stick 

and spreading it onto the rubbed area of the conjunctiva. 
Bacterial colonies from the same plate were subsequently 
reseeded onto new agar plates to check for viability. These 
procedures for viral and bacterial inoculations were con-
ducted to allow access of virus and bacteria in excess to 
slightly scarified mucosal cells of the conjunctiva. When 
inoculating both CvHV2 and M. bovoculi in the same eye, 
the virus was inoculated first, followed by the bacterium 
after 10 min. For the animals in the control group, a ster-
ile cotton stick was soaked in sterile water and applied 
onto the rubbed conjunctiva. The left eye was inspected 
as described above, but not further manipulated, and 
served as a control for each animal (all groups).

Bacterial cultivation
Swab samples from the conjunctiva of both eyes, 
obtained on the day of inoculation (Day 0) and every 
second day after inoculation, were subjected to culti-
vation on a 5% sheep blood agar plate. The plates were 
incubated aerobically at 37 °C and inspected after 24 and 
48 h. Bacterial colonies that were yellow to grey of colour, 
2–3  mm in diameter, with a shiny “fat” appearance and 
were beta-haemolytic, were suspected to be Moraxella 
spp. Such colonies were sub-cultured for purity and fur-
ther characterized (morphology, Gram staining, catalase, 
oxidase). Selected isolates were subsequently identified to 
species level (score > 2) by MALDI-TOF mass spectrom-
etry (Microflex; Bruker UK Limited, Coventry, UK).

DNA extraction, PCR and sequencing
To verify that the animals did not harbour CvHV2 viral 
particles in the conjunctival mucosa prior to the experi-
ment, DNA was extracted from swabs obtained from the 
conjunctival mucosa  (QIAamp® DNA Mini Kit, Hilden, 
Germany) with a mean output of 8.1  ng/µl (SD =  8.0) 
and a nested PCR was conducted as described previously 
[21]. The inner primer set amplified a 294  bp region of 
the UL27 gene encoding glycoprotein B (gB), which is a 
highly conserved gene region among ruminant alphaher-
pesviruses [22]. CvHV2 (strain Salla 82) [23] and BoHV1 
[24] were used as positive controls. PCR amplicons were 
separated by agarose gel electrophoresis and visualized 
with ethidium bromide (Sigma-Aldrich Norway AS, 
Oslo, Norway).

A quantitative real-time Taqman Probe based PCR 
(qPCR), amplifying a 95 bp fragment in a different region 
of the UL27 gene as compared to the nested PCR and 
shown previously to detect Rangiferine herpesvirus (now 
designated CvHV2), was performed as described previ-
ously [25]. The PCR was conducted with two slight modifi-
cations; the annealing temperature was reduced to 58.9 °C 
(following thermal gradient analysis) and the volume of 
nuclease-free water was increased from 4.0 to 4.5 µl for a 
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total reaction volume of 25 µl. Samples were run in dupli-
cates. A positive control (CvHV2, used as inoculum) [4], 
a negative control (DNA extracted from muscular tissue 
of a CvHV2 seronegative control animal), and a non-tem-
plate control containing all PCR-components except DNA 
were included on each plate. This technique was used to 
analyse all eye swab and plasma samples collected from 
day 0 and throughout the experiment.

PCR amplicons were prepared for nucleotide sequenc-
ing by enzymatic removal of unused dNTP and primers 
(ExoSAP-IT™; Amersham Pharmacia Biotech, Sweden), 
after which sequencing was conducted  (BigDye® Ter-
minator v3.1 cycle sequencing kit; Applied Biosystems, 
Norway) in an Applied Biosystems 3130 XL Genetic 
Analyzer (Applied Biosystems).

Serology
Serum samples were investigated for anti-alphaherpesvi-
rus antibodies using a commercial bovine enzyme-linked 
immunosorbent assay (ELISA; gB Blocking, LSI Labo-
ratoire Service International, Lissieu, France) based on 
BoHV1 glycoprotein B (gB) as an antigen. The kit was 
previously validated against a virus neutralization test 
(VNT) for analyzing reindeer serum samples for anti-
CvHV2 antibodies [26]. All serum samples were tested 
in duplicate and evaluated against bovine (provided with 
the kit) and reindeer [27] positive-control sera.

Results
Clinical signs
A thorough clinical examination, including body temper-
ature measurement, was conducted on each animal when 
they were physically or chemically immobilized, i.e. upon 
arrival to the fence, on the day of inoculation one month 
later (day 0), and on days 2, 5, 7, 13 and 15 p.i., as well as 
upon euthanasia, if euthanized outside this schedule.

Body temperature (n =  18) at the time of inoculation 
(day 0) varied from 37.8 to 39.5  °C (mean 39.0  °C, SD 
0.05). On day 5 p.i., the mean body temperature for all 
inoculated animals (except the controls) had increased 
to 39.8–40.6 °C (mean 40.2 °C), and decreased again over 
the following days. Mean temperature also increased 
for the control animals (n =  3), from 39.0  °C (day 0) to 
39.9  °C (day 7), after which it decreased to 39.6  °C (day 
10) and 39.3 °C (day 15).

In the CvHV2 group, no clinical signs were observed on 
day 1 (Table 1). On day 2, the inoculated eyes of all ani-
mals in this group displayed conjunctival oedema, four of 
the five animals having purulent exudate and two having 
hyperaemia of the conjunctiva (3). From day 3 to day 5, 
the severity of the oedema typically increased from mild 
(grade 1) to severe (grade 3), involving the whole perior-
bital region by day 5. Similarly, the suppuration increased 

from mild (grade 1) to severe (grade 3) (Fig.  2). Upon 
inspection on day 5, two animals (R5 and R10) were euth-
anized, showing corneal oedema, high grades of perior-
bital oedema and suppuration, as well as a slightly raised 
body temperature, 40.5 and 40.0 °C, respectively. Similar 
clinical signs were observed for R21 and R4, which were 
euthanized on day 6 and 7, respectively (Fig. 2). Animals 
R5 and R21 had at the time of euthanasia developed a 
corneal ulcer, by day 5 and day 6, respectively.

In the M. bovoculi group, a grey or whitish exudate 
was observed associated with the lower eyelid of the 

Fig. 2 Semi-domesticated Eurasian tundra reindeer (R21) experimen-
tally inoculated with reindeer alphaherpesvirus (cervid herpesvirus 2; 
CvHV2). a Day 0, i.e. the day of inoculation, b day 5 post inoculation 
(p.i.), and c day 6 p.i.
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inoculated right eye in two animals (R6 and R8) some 
hours after inoculation (day 0) and early the following day 
(day 1), which thereafter disappeared. No clinical signs 
were observed in this group throughout the remaining 
period of the experiment (Fig. 3).

The clinical signs observed in the group receiving both 
CvHV2 and M. bovoculi were indistinguishable from 
those described for the CvHV2 group (Table 1). All ani-
mals in this group, except the one euthanized on day 3 
(R17), showed suppuration and developed conjunctivitis, 
and corneal and periorbital oedema (Fig. 4). One animal 
(R1) developed a corneal ulcer.

No clinical signs of disease were recorded in the con-
trol animals (R2, R18, R20) throughout the experiment 
(day 0–15).

Bacteriology
On day 0, prior to inoculation, a few colonies of M. 
bovoculi were cultured from the conjunctiva of two ani-
mals (R6 and R8) from the group to be inoculated with 
M. bovoculi, and from another two animals (R1 and 
R17) from the group to be inoculated with CvHV2 and 
M. bovoculi. These isolates were all identified using the 
MALDI-TOF mass spectrometry. During the experi-
ment, M. bovoculi was, at different time points, cultivated 
from all five animals inoculated with the bacterium. In 
the group inoculated with CvHV2 and M. bovoculi, the 
bacterium was cultivated from three of five animals. In 
the group inoculated with CvHV2 alone, M. bovoculi 
was cultivated from four of five animals. No M. bovoculi 
was isolated from the control animals. In most cases, M. 
bovoculi was found with few colonies in a mixed culture.

PCR
In spite of being sero-negative, CvHV2-specific DNA was 
detected in one eye swab (nested PCR; R21) before the 
experiment, and this animal was allocated to the CvHV2 
group. No CvHV2-specific DNA was detected from con-
junctival swab samples from this animal or any other 
swab samples (both eyes, all animals) taken on day 0 of 
the experiment, i.e. prior to inoculation. Of the animals 
inoculated with CvHV2, alone or in combination with M. 
bovoculi, CvHV2 specific DNA was detected (qPCR) in 
all samples from both inoculated and control eyes, from 
day 2 until the last sampling of each animal (euthanasia). 
There were two exceptions: CvHV2 could not be detected 
in the swab sample from the right (inoculated) eye of 
animal R3 on day 5 (the day before euthanasia, though 
detected again upon euthanasia, day 6), nor from the left 
eye (not inoculated) of animal R21 on day 6 (the day of 
euthanasia).

From the animals inoculated with only M. bovoculi, 
CvHV2-specific DNA was detected in one sample from 
the left eye of animal R6 on day 6, but besides this, all 
samples from animals in this group and the control group 
were negative for CvHV2. Viral DNA was detected in the 
plasma of one animal (R7) from the CvHV2-inoculated 
group on day 2 but not in the plasma of this animal at 
later time points, and not from plasma samples from any 
other animal during the experiment.

Serology (CvHV2)
All animals selected for the study were sero-negative for 
CvHV2 upon arrival and on the day of inoculation (day 
0). Animals R21 and R4 from the group inoculated with 

Fig. 3 Semi-domesticated Eurasian tundra reindeer (R15) inoculated 
with Moraxella bovculi. a Day 0, i.e. the day of inoculation, b day 5 
post inoculation (p.i.), and c day 10 p.i.
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CvHV2 seroconverted on day 6 and 7, respectively, and 
animal R1 from the group inoculated with CvHV2 and 
M. bovoculi seroconverted on day 7.

Discussion
All animals inoculated with CvHV2, alone or in combina-
tion with M. bovoculi (Figs.  2 and 4) developed clinical 
signs characteristic of IKC [2, 4] with a quick onset (day 
2) and rapid progression from day 2 to days 5/6/7 (eutha-
nasia). The animals inoculated with M. bovoculi alone, 
and the control animals, remained healthy throughout 

the experiment. These unambiguous clinical results, gen-
erated from an experimental inoculation of one-year-old 
reindeer with all members of each animal group display-
ing similar responses, provide powerful support of pre-
vious findings during IKC outbreaks [4], that CvHV2 is 
capable of causing the clinical picture that is characteris-
tic for IKC in reindeer.

The titres of the inoculum of virus and bacteria in this 
study were probably high as compared to viral and bac-
terial transmissions under natural conditions, but nev-
ertheless, for the virus, in line with previous reported 
inoculations of BoHV1 in cattle [28]. It is, however, 
important to keep in mind that both the virus and the 
bacterium are replicative agents that, once the infection 
is established, will multiply in permissive cells, whereas 
virus and bacteria in excess will be washed away from the 
surface linings of the eye, rendering the inoculum titres 
less important.

We gently rubbed a part of the conjunctival mucosa of 
the lower eye lid to make sure that the infectious agents 
had access to permissive cells upon inoculation, but we 
chose not to conduct scarified corneal inoculations as 
has been done in similar experiments using cattle and 
Moraxella spp. [29]. The rubbing may be somewhat simi-
lar to what reindeer may experience when corralled and 
exposed to sand and dust in the pen. Thus, we think the 
conditions under which this experiment was carried out 
were in many ways close to a natural setting, including 
the fact that animals were young (<1  year) at the time 
of inoculation, and that they had been exposed to stress 
by being gathered from their mountain pastures, trans-
ported and corralled, and by being exposed to people and 
handling, all resembling natural herding conditions.

In IBK in cattle, the pathogenicity of M. bovis is based 
on the expression of a pilin protein for attachment [30] 
and a cytotoxin that damages the corneal epithelial cells 
[31]. However, M. bovoculi has also been associated with 
IBK. In a retrospective study of Moraxella spp. isolated 
from IBK outbreaks in 282 herds in 30 states of the USA, 
701 were identified as M. bovoculi and 295 isolates as M. 
bovis [32]. It has also been shown that M. bovoculi iso-
lates from cattle may have both putative cytotoxin [33] 
and pilin [34] genes, similar to those that have been iden-
tified in M. bovis. However, a randomized blind challenge 
study to assess the association between M. bovis and M. 
bovoculi, and IBK in 31 dairy calves, revealed that nine 
out of 10 calves inoculated with M. bovis developed cor-
neal ulcers consistent with IBK, whereas none of the 
10 calves inoculated with M. bovoculi did, although the 
authors stated that the pathogenicity of this particular M. 
bovoculi strain was not yet characterized [29]. This was 
also the situation for the M. bovoculi isolate used in our 
study, although it was originally isolated and identified as 

Fig. 4 Semi-domesticated Eurasian tundra reindeer (R1) inoculated 
with reindeer alphaherpesvirus (cervid herpesvirus 2; CvHV2) and 
Moraxella bovculi. a Day 0, i.e. the day of inoculation, b day 2 post 
inoculation (p.i.), and c day 5 p.i.
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the bacterium that was dominating the bacterial growth 
from a swab sample obtained from the conjunctiva of a 
reindeer with clinical signs of IKC. Large genetic differ-
ences have recently been reported between isolates of 
M. bovoculi from eyes of cattle with IBK as compared to 
isolates from the nasopharynx of asymptomatic cattle, 
suggesting that certain genetically distinct strains of M. 
bovoculi are associated with IBK in cattle [35], which may 
also be the case for IKC in reindeer.

Throughout our study period, M. bovoculi was culti-
vated from eight of 10 animals that had been inoculated 
with the bacterium alone or in combination with CvHV2, 
but no clinical signs were associated with these findings 
in those inoculated with M. bovoculi alone. This might 
indicate that the isolate of M. bovoculi used for inocula-
tion was not pathogenic, or that the duration of the bac-
terial infection was too short to produce clinical signs. 
M. bovoculi was also cultivated from four animals prior 
to inoculation (day 0), and from four animals inoculated 
with CvHV2 alone, from the right eye of all four animals 
and from both eyes of one individual. This may indicate 
the transmission of bacteria from other individuals, which 
means that M. bovoculi was transferred from inoculated 
animals into the other corrals. However, the fact that M. 
bovoculi was not cultivated from any of the control ani-
mals at any time (day 0–day 13 p.i.) indicated that M. 
bovoculi was not introduced but rather sporadically pre-
sent in apparently healthy reindeer without ocular dis-
ease. The bacterium may therefore be a commensal in the 
conjunctiva of reindeer as also indicated from previous 
bacteriological screenings [17]. Since serology for anti-
bodies against M. bovoculi prior to the inoculation was 
not conducted, it can be argued that a lack of clinical signs 
in the animals inoculated with M. bovoculi alone may be 
due to a pre-existing immunity against the bacterium, 
but it remains uncertain if presence of the bacterium on 
mucosal membranes such as conjunctiva and nasophar-
ynx would elicit a detectable humoral immune response.

Animals R1 (CvHV2 and M. bovoculi), and R4 and R21 
(CvHV2) had antibodies against CvHV2 on the day of 
euthanasia (day 6 and 7, respectively), whereas the other 
animals inoculated with CvHV2 assumingly were eutha-
nized prior to sero-conversion. This is in line with pre-
vious inoculation experiments in reindeer with CvHV2 
[36], in which a humoral immune response generally was 
not evident until days 8–10 p.i. Thus, the rapid onset of 
clinical signs after inoculation of CvHV2 in the conjunc-
tiva indicates that a primary specific immune response 
will develop too late to be protective against disease in 
previously unexposed animals. This, and the observation 
that the seroprevalence among reindeer aged <1 year in 
Finnmark County, Norway, was only 8% as compared to 

77% in adults (2004–2006) [26] suggests a rapid spread of 
the virus among young and immunologically naïve ani-
mals, sometimes resulting in outbreaks of IKC involving 
hundreds of animals [1, 18]. The hypothesis that stress 
causes reactivation of CvHV2 in latently infected animals 
[37] with subsequent viral shedding, exposing young and 
immunologically naïve animals to the virus, seems to be 
valid. During later stages of the disease, however, many 
different bacterial species, including M. bovoculi, have 
been isolated, but their role may be of a more opportun-
istic character, establishing infection and possibly being 
pathogenic once the mucosa is impacted by the CvHV2 
infection. Based on the recent reports of the pathogenic 
properties of M. bovoculi in cattle, the pathogenic poten-
tial of the M. bovoculi isolates from reindeer should be 
further investigated.

No clinical signs were recorded in the three control 
animals, or in the left eye (control) of the inoculated 
reindeer (all groups). This lack of clinical signs in the left 
(control) eyes is in contrast to the detection of CvHV2-
specific DNA from the left eyes of all CvHV2-inoculated 
animals from day 2 until the last sampling day, with the 
exceptions of animal R21 on day 6. At the same time, we 
were also unable to demonstrate viremia, since CvHV2-
specific DNA was detected in a plasma sample from only 
one animal (R7) at one time point (day 2) during the 
experiment. Thus, these results indicate that the virus 
was able to spread from the inoculated conjunctiva to the 
conjunctival mucosa of the other eye within 2 days p.i. in 
all CvHV2- inoculated animals,

Conclusions
Experimental inoculation of semi-domesticated reindeer 
revealed that CvHV2 is capable of inducing typical clini-
cal signs of IKC within 2–7 days p.i., suggesting that the 
reindeer alphaherpesvirus, CvHV2, is the transmissible 
and causative agent of IKC in reindeer. The combined 
inoculation of CvHV2 and M. bovoculi did not change the 
onset, development, or the character of the clinical signs. 
Ocular inoculation of M. bovoculi alone did not produce 
clinical signs. M. bovoculi and other bacteria may, how-
ever, be important as opportunistic pathogens, especially 
during later stages of the disease.  Based on the recent 
reports of the pathogenic properties of M. bovoculi in 
cattle [35, 38], the pathogenic potential of the M. bovoculi 
isolates from reindeer should be further investigated.
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Occurrence of Salmonella spp.: a comparison 
between indoor and outdoor housing of broilers 
and laying hens
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Abstract 

Background: Outdoor production of poultry is rapidly increasing, which could be associated with increased risks for 
exposure to different environmental sources of Salmonella. We report a comparison on the occurrence of Salmonella 
during 2007–2015 in broilers and laying hens in outdoor and indoor production subjected to the same requirements 
for the prevention and control of Salmonella as applied in Sweden.

Results: Our results give no indication that, during the period studied, the exposure to Salmonella in outdoor poultry 
production was higher than in the indoor production. The annual incidence of Salmonella infected flocks in outdoor 
production remained at a very low and at a similar level as for indoor production. For laying hens the annual propor-
tion of birds in test positive flocks ranged from 0 to 1.3% for indoor production from 0 to 2.0% for outdoor production. 
For broilers the proportion of Salmonella infected flocks (2013–2015) was 0.16% for indoor, and 0% in outdoor pro-
duction. The difference was not statistically significant and was further reduced when flocks infected due to vertical 
transmission or from a hatchery source were excluded. It should, however, be considered that the number of outdoor 
flocks included in this evaluation is very small and continuous evaluation is needed.

Conclusions: New animal production systems, including those driven by consumer and welfare demands, may be 
associated with a higher risk for the exposure of potential pathogens to food animals and possibly also subsequent 
outbreaks of food borne infections. In this study no increase in the risk for exposure of flocks to Salmonella in outdoor 
poultry production was found. The situation may well change and the possibility of Salmonella contamination in 
outdoor poultry production requires continuous attention.

Keywords: Salmonella, Broiler, Laying hen, Outdoor poultry production, Indoor poultry production, Environmental 
exposure, Wildlife, Free-range

Background
Salmonella is a major food borne pathogen which glob-
ally is estimated to cause 93 million enteric infections 
and 155,000 diarrheal deaths each year [1]. Poultry prod-
ucts are a significant source which initially was consid-
ered to be a consequence of the global introduction of 
industrialized production of broiler chickens around 

some 50  years ago [2]. In the late 1980s, the emerging 
and pandemic spread of Salmonella Enteritidis primarily 
via table eggs also focused attention on the presence of 
Salmonella in the laying hen industry [3]. This pandemic 
reached alarming proportions and, e.g. in Germany, 
it was estimated that two million human food-borne 
Salmonella infections occurred annually, of which the 
majority were caused by serovar Enteritidis [4]. Efforts 
were therefore made to prevent the spread of Salmonella 
in particular from the poultry industry, and in the EU a 
significant decreasing trend of human cases of salmonel-
losis has been observed mainly attributed to successful 
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implementation of national Salmonella control programs 
at the preharvest level in poultry populations [5]. Nev-
ertheless, poultry meat remained the food product from 
which Salmonella was most frequently detected and eggs 
are still the most important source of reported outbreaks 
of food-borne salmonellosis [5].

Long term experience from Sweden, Finland and Nor-
way has shown that exposure of poultry to Salmonella 
can largely be prevented in indoor production of broiler 
chickens and in laying hens [6, 7]. In these countries, the 
prevalence of Salmonella of any serovar is extremely low 
[5]. However, outdoor production of poultry is rapidly 
increasing in Sweden, which could be associated with 
increased risks for exposure to different environmental 
sources of Salmonella, including wildlife [8–10]. It could 
further be assumed that cleaning and disinfection applied 
between flocks in indoor production and in particular 
when outbreaks of Salmonella infections have occurred 
would be less efficient in minimizing the risk for residual 
Salmonella contamination in outdoor conditions.

The objective of this study was to analyze the risk for 
exposure of Salmonella in outdoor poultry production 
compared to indoor production. The results should also 
indicate if methods successfully applied for the preven-
tion and control of Salmonella in indoor poultry pro-
duction are equally useful under outdoor production 
conditions.

Methods
Control measures for Salmonella
This study is based on results from the official Swedish 
control of Salmonella and associated testing procedures, 
which are similar for indoor and outdoor production. 
A voluntary preventive Salmonella control program 
for poultry has been in place since 1970. In 1984 pre-
slaughter testing of broiler flocks became mandatory. In 
response to the pandemic spread of Salmonella Enter-
itidis during the late 1980s a voluntary control program 
based on pre-slaughter sampling was initiated for lay-
ing hens in 1990. In 1994 sampling of laying hen flocks 
became mandatory not only before slaughter but also 
during the production period [11]. The programme was 
further intensified in 1995 when Sweden joined the Euro-
pean Union. In case of findings of Salmonella, regardless 
of serovar, the affected flocks (epidemiological unit) are 
euthanized, followed by cleaning and disinfection of the 
poultry holding premises and repeated Salmonella sam-
pling of the environment, which has to be negative before 
restocking.

Currently, sampling for Salmonella in Swedish poultry 
flocks is performed as described in the EU harmonized 
regulations (breeders of Gallus gallus EU 200/2010, lay-
ing hens of Gallus gallus 517/2011, broilers EU 200/2012) 

with some exceptions. All poultry flocks delivering birds 
to an abattoir, irrespectively of the flock size, are tested 
1–2  weeks before slaughter. In addition, all laying hen 
flocks are tested once during the rearing period and 
every 15th week during the production period as well 
as before slaughter, i.e. usually four to five times during 
the production period. Samples are taken from all sec-
tions of the poultry house. For non-cage systems, the test 
material consists of two pairs of sock samples in produc-
tion flocks, five pairs of sock samples in breeding flocks, 
while for flocks housed in enriched cages faecal samples 
(2 ×  75 g) are collected [12]. The results must be avail-
able before slaughter and only test negative flocks are 
allowed to deliver table eggs to egg packing plants and 
birds for slaughter. Before the above described controls 
were implemented for broilers and laying hens, specific 
requirements for control of Salmonella were in place for 
the breeding flocks as well as for the poultry feed [13].

Only accredited laboratories are allowed to perform 
the analyses. All samples from animals including poul-
try are analyzed using the MSRV (EN-ISO 6579:2002/
A1: 2007: Amendment 1: Annex D) method. Putative 
isolates of Salmonella are sent for confirmation, serotyp-
ing, antimicrobial susceptibility testing and other typing 
to the National Veterinary Institute (SVA). The results 
from the control of Salmonella are reported and are pre-
sented annually in National Zoonosis Reports and the EU 
harmonized data is also included in the EFSA/ECDC´s 
zoonosis reports.

The results of the monitoring of Salmonella in laying 
hens and broilers are based on the testing of flocks i.e. the 
epidemiological unit of birds defined for each production 
holding.

Population and study period
The study was limited to chickens (Gallus gallus dom.) 
i.e. laying hens producing table eggs (including the rear-
ing period up to 16 weeks of age) and broiler chickens. In 
this study a flock was considered to belong to an outdoor 
system if the birds during any time period had had access 
to the outdoor environment. Apart from that separation, 
all indoor laying hens were considered as equal although 
different housing systems exist as recently have been 
described [14]. Breeder flocks (grandparent and parent 
flocks) were not included since outdoor production is 
not allowed in this population. The study covered 9 years 
(2007–2015).

Data sources
Data on the numbers of slaughtered broilers were 
retrieved from official statistics of the Swedish Board of 
Agriculture. Data on the laying hen population in terms 
of housing capacity i.e. maximum total number of laying 
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hens at one time in all Swedish laying hen houses were 
provided by The Swedish Egg Association. The total 
number of slaughtered broiler flocks (>350 birds) rep-
resenting the number of Salmonella—tested flocks, was 
available for 2013–2015 from the Swedish Poultry Meat 
Association. Information on whether individual laying 
hen or broiler flocks were reared indoors or outdoors 
was obtained through the Swedish Egg Association, The 
Swedish Poultry Meat Association; and from the organi-
zation for organic farming KRAV. Data on Salmonella—
infected flocks of laying hens and broilers was obtained 
from the official statistics. Further information on the 
number of birds in each infected flock and if the flock 
was housed indoors or outdoors were obtained from 
reports of outbreak investigations by the Swedish Board 
of Agriculture and the National Veterinary Institute.

Statistical methods
Laying hens
To obtain an estimate of exposure to Salmonella that was 
comparable between indoor and outdoor production, 
the number of birds in infected flocks was divided by the 
respective total housing capacity for indoor and outdoor 
production. These calculations were made on an annual 
basis and also for the whole period. For the latter, the 
nominator was the number of birds in test positive flocks 
during 2008–2015 (for indoor and outdoor production, 
respectively) and the denominator was the sum of the 
total of housing capacity each year for indoor and out-
door production. For year 2010, where data on housing 

capacity was missing, an average of 2009 and 2011 was 
used.

Broilers
An estimate of the exposure to Salmonella that was com-
parable between the in-and outdoor production was 
obtained by dividing the number of birds in test-positive 
flocks, i.e. the unit of concern where sampling is done, by 
the total number of slaughtered birds raised in the pro-
duction specific systems. The latter calculations were 
made annually for years 2007–2015 and for the whole 
period. A second estimate of exposure was obtained 
by calculating the proportion of test-positive flocks in 
indoor and outdoor production. As data on flock level 
was only available from 2013, calculations were made 
for the years 2013–2015 and for the whole period. As all 
flocks were sampled, there is no random variation for the 
flock prevalence estimates for each of years 2013–2015. 
However, to estimate the uncertainty, if these flocks are 
considered to be samples from the population of outdoor 
broiler flocks, the exact 95% confidence intervals were 
calculated for the proportion of test positive flocks using 
binom test, stats package, R version 3.1.1.

Results
Laying hen production
Between 2007 and 2015, the total number of laying hens 
(Table  1; Fig.  1) increased from 6.0 million birds to 7.4 
million birds (24%). The proportion of outdoor produc-
tion (out of the total production) increased from 5.9% in 

Table 1 Flocks of laying hens tested positive for Salmonella in indoor and outdoor production in Sweden

a Maximum total number of laying hens at one time in laying hen houses
b Not available
c Year 2007 not included since data on number of birds in test-positive flocks was missing

Year Housing capacitya No. test-positive flocks No. birds in test-positive 
flocks

No. birds in test-
positive flocks/total 
housing capacity (%)

Indoor Outdoor Indoor Outdoor Indoor Outdoor Indoor Outdoor

2007 5,649,000 351,000 1 2 Ndb Ndb Ndb Ndb

2008 5,285,639 413,305 5 0 66,900 0 1.3 0.0

2009 5,457,711 646,930 1 2 20,000 2820 0.4 0.4

2010 5,690,353 708,435 2 0 23,600 0 0.4 0.0

2011 5,922,995 769,939 0 0 0 0 0.0 0.0

2012 6,222,224 816,864 2 0 17,600 0 0.3 0.0

2013 6,312,001 875,437 7 0 69,800 0 1.1 0.0

2014 6,217,685 896,371 1 1 6600 18,000 0.1 2.0

215 6,289,060 1,153,615 2 0 39,399 0 0.6 0.0

Totalc

2008–2015
47,397,668 6,280,895 20 3 243,899 20,820 0.5 0.3
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2007 to 15.5% in 2015. Outdoor production increased 
both in absolute numbers as a proportion of the total 
housing capacity.

The results of the control of Salmonella in laying hens 
are presented in Table 1. The numbers of infected flocks 
ranged from zero to seven flocks annually. In total, 26 
flocks were found to be Salmonella-infected during the 
9-year period (2007–2015) and five of these flocks (19%) 
were from outdoor production. No rearing flocks were 
found to be Salmonella infected (data not shown). The 
proportion of birds in test-positive flocks/total housing 
capacity during the period studied ranged from 0 to 1.3% 
for indoor production and from 0 to 2.0% for outdoor 
production on an annual basis. For the whole period the 
corresponding data was 0.5% for indoor production and 
0.3% for outdoor production (Table 1).

Broiler production
The annual production of broiler chickens (no of slaugh-
tered birds) was 94 million in 2015, which represents an 
increase by 24% since 2007 (Table 2; Fig. 2a). The major-
ity of birds were raised indoors (99.7% in 2015) but the 
outdoor production increased from 0.06 million 2007 to 
0.28 million in 2015 (Fig. 2b).

The results of the control of Salmonella are presented 
in Table 2. The numbers of test-positive flocks were low 
and ranged from 1 to 17 flocks annually. In total, 61 
flocks were found to be infected with Salmonella during 
the 9-year period (2007–2015), of which five flocks (8.2%) 
were raised outdoors. In 2007 and 2015, three and six of 
the infected broiler flocks, respectively, could be epide-
miologically linked to infected breeding flocks and dur-
ing 2010, 15 of the infected flocks originated from the 
same breeding company, hatched very closely in time. For 
the years when data was available (2013–2015) the pro-
portion of infected broiler flocks was higher in indoor 
production (0.16%, 95% CI 0.09–0.2%) than in outdoor 
production (0%, 95% CI 0–2%), but this was not signifi-
cantly different (Table 2). When excluding the six flocks 
which during 2015 were linked to infected breeding 
flocks, the proportion of Salmonella test-positive broiler 
flocks in indoor production during 2013–2015 decreased 
from 0.16 to 0.10%.

The proportion of the total number of animals in Sal-
monella test-positive flocks out of the total of animals 
slaughtered, divided by indoor and outdoor produc-
tion was calculated for the years 2007–2015 (Table  2). 

Fig. 1 Total number of laying hens in Sweden by indoor and outdoor 
production

Table 2 Flocks of broilers tested positive for Salmonella in indoor and outdoor production in Sweden

a Not available
b Three of the flocks originated from a Salmonella—infected breeding flock
c 15 of the flocks originated from a Salmonella—contaminated hatchery
d Six of the flocks originated from a Salmonella—infected breeding flock

Year No. slaughtered birds No. slaughtered 
flocks

No. test-positive 
flocks

No. birds in test-
positive flocks

No. birds in test-
positive flocks/no. 
slaughtered birds 
(%)

Proportion test-
positive flocks (%)

Indoor Outdoor Indoor Outdoor Indoor Outdoor Indoor Outdoor Indoor Outdoor Indoor Outdoor

2007 75,987,684 62,040 Nda Nda 10b 1 186,500 1400 0.25 2.26 Nda Nda

2008 76,029,408 79,055 Nda Nda 8 0 206,700 0 0.27 0.00 Nda Nda

2009 74,836,094 179,050 Nda Nda 1 3 35,000 4070 0.05 2.27 Nda Nda

2010 79,413,074 185,020 Nda Nda 17c 0 320,555 0 0.40 0.00 Nda Nda

2011 79,193,063 170,030 Nda Nda 3 1 47,000 400 0.06 0.24 Nda Nda

2012 77,903,897 170,045 Nda Nda 1 0 31,000 0 0.04 0.00 Nda Nda

2013 83,110,440 155,000 3233 43 1 0 61,800 0 0.07 0.00 0.03 0.0

2014 89,504,467 176,500 3232 44 2 0 55,000 0 0.06 0.00 0.06 0.0

2015 93,820,000 280,000 3329 61 13d 0 405,574 0 0.43 0.00 0.39 0.0

Total 729,798,117 1,456,740 9794 148 56 5 1,349,129 5870 0.18 0.40 0.16 0.0
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This proportion was (0.18%) in flocks raised indoors 
compared to (0.4%) in flocks with access to outdoor 
conditions.

Isolated Salmonella serovars
The isolated serovars of Salmonella are listed in Table 3. 
Only one serovar or subspecies was isolated from each of 
the 87 infected flocks. In both indoor and outdoor pro-
duction Salmonella Typhimurium was the most com-
mon serovar and accounted for 67 and 60% of all the 
isolates respectively. Salmonella Typhimurium was also 
the only serovar involved in the dissemination of Salmo-
nella from parent flocks or hatchery to 24 broiler flocks. 
All six flocks infected with serovar Agona were recur-
rently infected broiler flocks housed on the same farm. 
Infections with serovar Livingstone all involved laying 
hen flocks at four different farms and in two of these the 
serovar reoccurred. These reoccurring infections all con-
cerned indoor production.

Discussion
In this study, the occurrence of Salmonella for indoor 
and outdoor housing of laying hens and broilers was ana-
lyzed. The method applied was to compare the occur-
rence of Salmonella test-positive flocks and also the 
proportion of birds in test-positive flocks (broilers and 
laying hens) in outdoor and indoor production subjected 
to similar requirements for the prevention and control of 
Salmonella.

Our results gave no indication that, during the period 
studied, the exposure to Salmonella in outdoor poultry 
production was higher than in indoor production. In 
both the outdoor laying hen and broiler production the 
annual incidence of Salmonella-infected flocks remained 
at a very low level and at a similar level as for indoor 
production. For laying hens, data at flock level was not 
available but the proportion of birds in test positive 
flocks was not higher in outdoor production. For broil-
ers, where data on flock level was available, there was 
no significant difference between indoor and outdoor 
production. The proportion of the total number of birds 
in Salmonella test-positive flocks at slaughter were low, 
although slightly higher in outdoor production. The over-
all conclusion was that there is no indication that the risk 
of Salmonella is much higher in outdoor production in 
Sweden. It should however be considered that the num-
ber of outdoor flocks included in this evaluation is very 
small and that the risk may vary over time. It is therefore 

Fig. 2 Total number of broilers slaughtered from indoor and outdoor 
production in Sweden (a) and the outdoor production further visual-
ized using truncated Y-axis (b)

Table 3 Salmonella isolated from laying hens and broilers 
in indoor and outdoor production in Sweden

a Only one serovar was isolated from each of the 87 flocks tested positive for 
Salmonella
b All six Agona isolates originated from the same farm

Serovar or subspecies 
of Salmonella

No. isolates/flock
2007–2015a

Indoor production Outdoor production

Agona 6b 0

Be 0 1

diarizonae (IIIb) serovar 
O38:r:z

1 1

Epinay 2 0

Goldcoast 0 2

Livingstone 9 0

Mbandaka 3 0

Meleagridis 2 0

Reading 2 0

Typhimurium 52 6

Total 77 10
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recommended that the situation should be continuously 
evaluated.

It should be noted that the incidence of Salmonella 
-infected broiler flocks was relatively high for Swedish 
circumstances and with a substantial variation between 
years. This variation can largely be explained by vertical 
transmission from Salmonella infected parent flocks in 
2007 and 2015 and a Salmonella—contaminated hatch-
ery in 2010. Vertical spread of Salmonella from the par-
ent stock, which previously has been an extremely rare 
event in Swedish commercial poultry production, does 
not reflect the risk for Salmonella contamination related 
to indoor or outdoor production at the production level 
and this was therefore also considered in the assessment. 
However, the broilers with outdoor access predominantly 
originate from the same breeding companies as the 
indoor broilers. During the period of the study the same 
genotypes were used for both indoor and outdoor pro-
duction for both broiler and laying hens respectively. The 
fact that no outdoor flock was infected by these issues 
may reflect the small proportion of outdoor production.

The risk for Salmonella contamination in outdoor pro-
duction merits continuous attention, although the results 
from Sweden so far do not suggest that the current meth-
ods for prevention and control of Salmonella have to be 
modified for outdoor production. It should primarily be 
noted that the period studied represents the early stage 
of a current trend towards commercial production of 
poultry outdoors as recently described [14]. In the future, 
the risk for exposure to Salmonella in outdoor produc-
tion may change. Secondly, an increased risk can follow 
on infected farms if residual Salmonella contamination 
cannot be eliminated by the sanitary methods that are 
successfully applied in indoor production. So far, our 
corresponding knowledge for outdoor production is lim-
ited and requires further attention, in particular decon-
tamination of outdoor runs and natural ground surfaces. 
Methods for preventing contact and contamination from 
wildlife, mainly passerine birds, are also of importance. 
Apart from passerine birds and in certain areas hedge-
hogs, Salmonella in wild-life in Sweden is very rare [12, 
15] but the situation can be considerably different in 
other countries [10]. The location of outdoor poultry 
production in areas with a high density of farm animal 
populations, particularly in countries with less stringent 
control of Salmonella in pigs and cattle can be an addi-
tional factor that may significantly influence the risk for 
Salmonella -infection in outdoor production. In order to 
minimize the risk for exposure of Salmonella to the out-
door production, basic knowledge on biosecurity, includ-
ing prevention and control of Salmonella is, essential for 
new producers and farm staff.

The isolated serovars of Salmonella included those gen-
erally isolated from poultry and animal feed ingredients 
[12]. Independent of housing conditions, Typhimurium 
was the most commonly isolated serovar. Further subtyp-
ing by e.g. multi-locus variable number tandem repeat 
analysis (MLVA) can reveal additional epidemiological 
information on the source of infection [10]. Recurrent 
infections may thus be linked to certain strains, as was 
observed in this study for Agona where one farm with 
indoor broilers had infected flocks recurring six times 
over a period of two and a half years. Recurrent infec-
tions could also be seen for other serovars in our study, 
but not to the same extent. However, in our study only 
one outdoor holding has shown a repeated Salmonella—
infection during the studied period. The test-positive 
flocks at that holding were of different categories, one in 
laying hens and one in broilers and were spaced 2 years 
apart. Both flocks were infected with S. Typhimurium but 
of different phage types, RDNC for broilers and U277 for 
laying hens, and are therefore more likely to result from 
separate introductions of infection.

For various reasons it is difficult to compare the result 
of our studies with those of most others found in the 
literature. Some previous studies have described the 
impact of different laying hen housing conditions on the 
prevalence of Salmonella, in particular prior to the 2012 
ban in the European Union of housing of laying hens in 
conventional battery cages. However, due to many dif-
ferent risk factors involved including e.g. flock size, 
methods for cleaning and disinfection between batches 
and methods of sampling, it is difficult to draw detailed 
conclusions concerning risks for Salmonella infection 
in poultry in outdoor conditions [16–18]. A major lim-
iting factor for an evaluation and comparison with the 
results of our study is that the referred studies generally 
were performed under what could be called high Sal-
monella prevalence conditions in flocks where active 
specific control of Salmonella was limited or absent as 
previously observed in studies on Salmonella in the pig 
production [19]. In the absence of such control, the prev-
alence of Salmonella is generally higher, which was dem-
onstrated in a comprehensive EU baseline study based 
on a harmonized sampling from 5310 poultry holdings 
in 24 Member States. In the EU study, Salmonella was 
detected in 30.8% of the laying hen holdings [6]. That 
study also found that in the Member States, the observed 
flock prevalence of Salmonella ranged from 0 to 79.5%. 
The lowest prevalence figures were observed in countries 
including Sweden, with a long history of active control of 
Salmonella. However, in an individual country produc-
tion system with special control measures for Salmo-
nella can be applied. Recent data from France reports a 
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decreasing trend of Salmonella contamination in outdoor 
production in the traditional free-range “Label Rouge” 
broiler production [20]. The prevalence of Salmonella—
contaminated carcasses decreased from 16 to <2% during 
1994–2014, and a prevalence of 1.47–2.65% Salmonella—
infected flocks was achieved during 2010–2014, although 
this is higher than in this study.

Interestingly, in the present study, only one serovar 
of Salmonella was isolated from each of the 87 flocks 
found infected. This fact most likely also reflects that this 
study was performed in a low prevalence country were 
the serovar diversity of environmental Salmonella con-
tamination, in particular around animal farms, can be 
expected to be lower than in countries where the imple-
mentation of preventive measures and control of Salmo-
nella has been more limited. It is here also interesting to 
compare with Campylobacter, another highly important 
zoonotic poultry associated pathogen. In Sweden a sig-
nificant difference have been found in the prevalence of 
Campylobacter in caecum of conventionally indoor pro-
duced broilers (13%) and broilers produced in organic 
and other small scale production systems with outdoor 
access (60%) [21]. Because the epidemiology of Campy-
lobacter is different from Salmonella and only partly 
understood, there in contrast to Salmonella are currently 
no identified measures for the reliable control of this 
organism in free ranged poultry [22].

Conclusions
In summary, new animal production systems, includ-
ing those driven by consumer and welfare demands may 
potentially be associated with a higher risk for the expo-
sure of potential pathogens to food animals and possibly 
also subsequent outbreaks of food-borne infections. In 
order to prevent such scenarios, new production sys-
tems require special attention and monitoring so neces-
sary actions can be taken should such risks incursions 
occur. In this study, no increase in the risk for exposure 
of Salmonella in outdoor poultry production was found 
so far, despite the current trend towards such production 
conditions. However, this situation may well change and 
opportunity for Salmonella -contamination in the out-
door poultry production requires continuous attention.
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Liver morphometrics and metabolic blood 
profile across divergent phenotypes for feed 
efficiency in the bovine
Yuri Regis Montanholi1*, Livia Sadocco Haas2, Kendall Carl Swanson3, Brenda Lynn Coomber4, 
Shigeto Yamashiro4 and Stephen Paul Miller5,6

Abstract 

Background: Feed costs are a major expense in the production of beef cattle. Individual variation in the efficiency of 
feed utilization may be evident through feed efficiency-related phenotypes such as those related to major energetic 
sinks. Our objectives were to assess the relationships between feed efficiency with liver morphometry and metabolic 
blood profile in feedlot beef cattle.

Methods: Two populations (A = 112 and B = 45) of steers were tested for feed efficiency. Blood from the 12
most (efficient) and 12 least feed inefficient (inefficient) steers from population A was sampled hourly over the 
circadian period. Blood plasma samples were submitted for analysis on albumin, aspartate aminotransferase, 
γ-glutamyl transpeptidase urea, cholesterol, creatinine, alkaline phosphatase, creatine kinase, lipase, carbon dioxide, 
β-hydroxybutyrate, acetate and bile acids. Liver tissue was also harvested from 24 steers that were blood sampled 
from population A and the 10 steers with divergent feed efficiency in each tail of population B was sampled for 
microscopy at slaughter. Photomicroscopy images were taken using the portal triad and central vein as landmarks. 
Histological quantifications included cross-sectional hepatocyte perimeter and area, hepatocyte nuclear area and 
nuclei area as proportion of the hepatocyte area. The least square means comparison between efficient and inef-
ficient steers for productive performance and liver morphometry and for blood analytes data were analyzed using 
general linear model and mixed model procedures of SAS, respectively.

Results: No differences were observed for liver weight; however, efficient steers had larger hepatocyte (i.e. hepato-
cyte area at the porta triad 323.31 vs. 286.37 µm2) and nuclei dimensions at portal triad and central vein regions, com-
pared with inefficient steers. The metabolic profile indicated efficient steers had lower albumin (36.18 vs. 37.65 g/l) 
and cholesterol (2.62 vs. 3.05 mmol/l) and higher creatinine (118.59 vs. 110.50 mmol/l) and carbon dioxide (24.36 vs. 
23.65 mmol/l) than inefficient steers.

Conclusions: Improved feed efficiency is associated with increased metabolism by the liver (enlarged hepatocytes 
and no difference on organ size), muscle (higher creatinine) and whole body (higher carbon dioxide); additionally, 
efficient steers had reduced bloodstream pools of albumin and cholesterol. These metabolic discrepancies between 
feed efficient and inefficient cattle may be determinants of productive performance.

Keywords: Albumin, Carbon dioxide, Cholesterol, Creatinine, Energy metabolism, Hepatocyte dimensions, 
Histomorphometry, Liver size, Metabolic rate, Residual feed intake
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Background
Feed costs are a major expense in the production of beef 
cattle [1]. An avenue for decreasing feeding costs is the 
improvement of feed utilization through utilization of 
cattle with improved feed efficiency. The identification 
of such cattle is limited by practical phenotypes for feed 
efficiency with application in commercial herds. The 
evaluation of physiological aspects underlying feed effi-
ciency has been studied in beef cattle through residual 
feed intake (RFI) [2, 3]. This feed efficiency measure 
reflects the variation in feed intake upon adjustment 
for body size, body weight gain and body composition. 
Thus, the residual of this determination represents vari-
ation in the requirements for basal metabolic processes 
rather than differences in productivity, constituting a rel-
evant trait in the search of biological indicators for feed 
efficiency.

Requirements for basal metabolic processes represent 
a large amount of total energy expenditure of the ani-
mal [4]. Cattle raised under the same conditions, at the 
same physiological state, and with similar genetic com-
position vary in basal energy requirements [5, 6]. A sig-
nificant portion of these energy requirements supports 
the metabolism of visceral organs [7]. Despite the fact 
that these organs only represent approximately 6–10% 
of body-weight, about 40–50% of the total basal energy 
requirements is due to the metabolism of the liver and 
digestive tract [8]. Liver metabolism accounts for about 
half of this amount [9], while comprising 1.45% of body 
weight in beef steers [10].

Variation in feed intake results in changes to the met-
abolic rate of visceral organs [11], which in turn cre-
ates fluctuations in blood flow affecting both organ size 
and tissue metabolic activity [12]. Johnson et  al. [7] 
found that an increase in the functional workload of the 
liver through dietary manipulation in cattle and sheep, 
resulted in an increase in liver weight, which is associated 
with hepatocyte hypertrophy [13]. Conversely, Zaitoun 
et  al. [14] observed that a decrease in liver metabolism 
through surgical manipulation in rats resulted in hepat-
ocyte hypotrophy. Interestingly, Montanholi et  al. [15] 
observed an increase in the small intestine crypt cellular-
ity in cattle with improved feed efficiency. Such histologi-
cal and functional evidence is associated with increased 
metabolic rate of the digestive tract in snakes [16] and 
also associated with variation in feed efficiency in beef 
cattle calves [17].

Besides micro-structural changes, variation in work-
load of the liver and other metabolic systems is also 
reflected in blood plasma analytes; such findings were 
reported by Gonano et al. [18] while evaluating a series 
of blood analytes over the circadian period and across 
physiological states in beef heifers; by Bourgon et al. [19] 

while evaluating blood analytes over the ultradian period 
in young beef bulls and; by Richardson et  al. [20] while 
evaluating blood analytes over spot sampling in feed-
lot cattle. Products related to liver function including 
albumin, cholesterol, urea and bile acids (BA); enzymes 
related to liver function including alkaline phosphatase 
(ALP), aspartate aminotransferase (AST), γ-glutamyl 
transpeptidase (GGT) and lipase; indicators of energetic 
status including acetate, β-hydroxybutyrate (BHBA) and 
carbon dioxide  (CO2); and indicators of muscle metabo-
lism including creatinine and creatine kinase (CK) are 
important analytes to be evaluated over the circadian 
period due to their relevance in the basal energy require-
ments [20, 21].

Since variation in feed efficiency results in differences 
in feed intake and, consequently, impacts the workload 
placed on visceral organs in which metabolic changes 
affect tissue microarchitecture and blood metabolic pro-
file, it can be hypothesized that these biological indicators 
may also indicate variation in feed efficiency. Therefore, 
our objectives were to characterize: (1) the morphometry 
of liver tissue; and (2) the circadian metabolic blood pro-
file in beef cattle with divergent feed efficiency.

Methods
Experimental units and animal husbandry
The experiment followed recommendations outlined by 
the Canadian Council of Animal Care guidelines (2009). 
A total of 112 (population A) plus 45 (population B) 
crossbred steers with known dates of birth were fed for 
140 days at the Elora Beef Research Centre, Canada. The 
breed composition of the steers was primarily 57.1% 
Angus, 29.6% Simmental and 3.5% Hereford for popu-
lation A, and 33.0% Angus, 27.7% Charolais, and 13.9% 
Piedmontese for population B. The remaining breed 
composition was comprised of other European breeds 
in both populations. Steers were allowed to adjust to 
the facilities, feed and feeding system for 15 days prior 
to the start of the feeding and performance evalua-
tion trial. Pens were naturally ventilated, bedded with 
wood shavings and each held 14–15 steers. Every pen 
contained four electronic feeding stations (Insentec, 
B.V., Marknesse, The Netherlands) with access to fresh 
water. Radio frequency identification tags (Allflex, St. 
Hyacinthe, Canada) were placed in the right ear of each 
steer to continuously record individual feeding events. 
Both populations were fed ad  libitum a high moisture, 
corn-based diet similar to a formulation used elsewhere 
[23]. The ration was added with 28  mg of monensin 
 (Rumensin®; Elanco, Greenfield, USA) per kilogram of 
dry matter, which is typical for commercial operations 
in regions that produce corn in North America. Every 
28 days for a period of 140 days, in the morning, steers 
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were weighed using a calibrated livestock scale and 
ultrasound scanned for body composition by a trained 
technician. Backfat thickness (BKFT; mm) and rib eye 
area (RBEA;  cm2) were assessed using real-time ultra-
sound as described by [3]. Shortly after the end of the 
productive performance evaluation (10  ±  2.4  days), 
steers from population A were subjected to blood sam-
pling and then sent to slaughter, steers from popula-
tion B were sent to slaughter within 2  weeks after the 
completion of the performance evaluation. The aver-
age age of the steers at slaughter was 477  ±  21  days 
(mean  ±  standard deviation) for population A and 
411 ±  18  days for population B. Both groups of steers 
were also weighed on the day before and on the day of 
the slaughter at the research station.

Feed efficiency determination and feed efficiency ranking
Body weight (BW), body composition and feed intake 
measures were assessed to determine the residual feed 
intake following the methodology described by Mon-
tanholi et  al. [3]. Briefly, the individual daily dry matter 
intake (DMI; kg/day) was computed by combining feed-
ing events within each day. The daily feed intakes were 
filtered for outliers, which represented less than 2% of 
the feeding records, and converted to a dry matter basis. 
Average BW, BKFT and RBEA was calculated by com-
puting the animals’ intercept plus the average daily gains 
of each of these traits times 70. Individual DMI, average 
BW gain, average BW and ultrasound measurements were 
used to calculate RFI. The most appropriate model for 
the population A had a  R2 of 0.63, as presented by Mon-
tanholi et al. [24]. Similarly, for population B the best fit 
model had a  R2 of 0.72, as computed by Montanholi et al. 
[23]. Steers were then ranked based on residual feed 
intake and the animals in the extremes for feed efficiency 
(12 efficient and 12 inefficient) were selected for circadian 
blood plasma metabolic profile analysis from population 
A only. In the case of biometry, liver morphometry and 
productive performance traits, steers from both popula-
tions were considered. Thus, the same 12 efficient and 12 
inefficient steers from population A, subjected to blood 
sampling, were added to the 10 efficient and 10 inefficient 
steers from population B in these datasets based on statis-
tics detailed below.

Blood collection and processing
Steers from population A were blood sampled in six 
groups of four animals at 6 ±  3.6  days prior to slaugh-
ter. The methodology for hourly blood collection over 
the circadian period and sample processing applied to 
steers from population A is described in detail by Mon-
tanholi et al. [24]. Briefly, the groups of four animals were 
composed of two efficient and two inefficient steers and 

offered water and feed for ad  libitum consumption over 
the duration of blood sampling. Steers were blood sam-
pled hourly from noon until 11:00 the following morn-
ing. Steers had a heparinized jugular catheter coupled 
to a tubing placed in between the shoulders to minimize 
the distress of blood sampling. Blood samples (10  ml) 
were withdrawn and immediately centrifuged (3000g for 
25  min at 4  °C), then blood plasma was harvested and 
stored at −80 °C until further metabolic profile analysis.

Liver biometrics, sampling and microscopic imaging
Liver weights were measured and reported as whole liver 
weight and as a proportion of the animal’s live weight. 
The body weight used for this proportionate trait was 
the average of the weights measured the day before 
slaughter and assessed immediately before transpor-
tation to the abattoir. The transportation to the abat-
toir lasted 25  min and steers were slaughtered without 
prior fasting. The entire liver was removed, inspected 
and weighed after excising the gallbladder. All the livers 
sampled were considered healthy by the federal inspec-
tor. Liver fragments, sampled within 42 ± 6 min of stun-
ning, were gently collected from the visceral side of the 
right lobe and adjacent to the insertion of the portal vein. 
Samples (1.0 × 1.0 × 0.5 cm) were fixed in 10% neutral 
phosphate buffered formalin for 24 h under gentle agita-
tion and processed for paraffin embedding (Sakura Tis-
sue Tek VIP  6®: Sakura Finetek; Alphen aan den Rijn, 
The Netherlands). Paraffin blocks were sectioned at 5 µm 
thickness using a microtome (Leica  2255®: Leica Biosys-
tems; Wetzlar, Germany). Tissue fragments mounted on 
glass slides were left to dry overnight on a hot surface 
(36  °C) and stained with hematoxylin and eosin accord-
ing to the method described by Carson [25]. Liver tis-
sue slides were first screened by an animal histologist to 
ensure that all livers were free of any abnormality. Then, 
liver tissue microscopic images were taken using a Leica 
DMLB microscope (Leica Microsystems Inc.®, Wet-
zlar, Germany) equipped with a video camera QICAM 
Fast 1394  (QImaging®, Surrey, Canada) connected to 
the computer-based image analysis software QImaging 
 (QImaging®, Surrey, Canada). Images were taken using 
the portal triad and central vein as histological refer-
ences [13]. A total of 10 images around each of these two 
regions were taken from each liver and from a single sec-
tion at 200× magnification.

Liver histomorphometry analyses
Four measurements performed in both central vein and 
portal triad regions included the following: hepato-
cyte area (HA; µm2), hepatocyte perimeter (HP; µm), 
hepatocyte nuclei area (NA; µm2) and percentage of the 
total hepatocyte area occupied by the nuclei (NH; %). 
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Hepatocytes were selected and analyzed by an expe-
rienced judge, who was blinded to the feed efficiency 
group of the corresponding animal. Ten hepatocytes 
where chosen per image of central vein or portal triad, 
totaling 100 hepatocytes measured per animal in each 
histological region. The criteria for selecting hepato-
cytes were established as the following: proximity to the 
histological landmark (central vein or portal triad), well 
delimited cellular boundaries, and presence of round 
shaped nuclei. The same 100 hepatocytes were used to 
perform each of the four histological assessments. His-
tological quantifications were performed using  ImageJ® 
(ImageJ, U. S. National Institutes of Health, Bethesda, 
USA). Both HA and HP were assessed using a free hand 
drawing tool by outlining the perimeter of the chosen 
hepatocytes. This was followed by the application of the 
threshold option, which highlights the area covered by 
the nuclei, to determine NA. The NH was calculated as 
the percentage of the HA occupied by the NA. Figure 1 
illustrates the histomorphometric measures (HA, HP 
and NA).

Blood plasma metabolic profile
The blood plasma samples were analyzed through an ani-
mal diagnostic service (Animal Health Laboratory, Uni-
versity of Guelph, Guelph, Canada). Briefly, an automated 
analyzer  (Cobas® c311/501 analyzer, Roche Diagnostics 
GmbH, Indianapolis, USA) [26] was used to measure the 
following blood plasma metabolic parameters: albumin 
(g/l), aspartate aminotransferase (AST; U/l), γ-glutamyl 
transpeptidase (GGT; U/l), urea (mmol/l), cholesterol 
(mmol/l), creatinine (mmol/l), alkaline phosphatase (ALP; 
U/l), creatine kinase (U/l) and lipase (U/l). Carbon diox-
ide  (CO2; mmol/l) levels were determined using an auto-
mated analyzer  (Cobas® 4000 c311, Roche Diagnostics 

GmbH, Mannheim, Germany). The determination of 
β-hydroxybutyrate (µmol/l) was completed using a com-
mercial kit  (Randox®, RANDOX Laboratories Ltd., 
Crumlin, UK). Blood plasma acetate (g/l) was determined 
via spectrophotometry using a commercial kit (K-ACE-
TRM, Megazyme© International, Wicklow, Ireland) 
according to the manufacturers’ protocol. A colorimet-
ric-based assay was used to determine the concentration 
of total bile acids (BA; µmol/l) (Diazyme total bile acids, 
Diazyme©, Poway, USA).

Statistical analyses
Data were analyzed using the  SAS® software (SAS Insti-
tute, Cary, USA). Data normality was tested using the 
univariate procedure for each continuous variable. Non-
normal data, based on Anderson–Darling test and kur-
tosis and skewness out of the −2 and +2 range, were 
either log or reciprocal transformed and then back-
transformed to report the results. Preliminary regres-
sion analysis using the general linear model procedure, 
as was described by Montanholi et  al. [3], indicated an 
absence of significant breed effects (P ≥ 0.10); therefore, 
breed effect was not included in the analyses detailed 
below. Additionally, preliminary analysis indicated sub-
stantial increase in statistical power by pooling the two 
populations for the measurements done in common. 
Thus, means of the two feed efficiency groups for biom-
etry, productive performance and liver morphometry 
measures were tested using the general linear model pro-
cedure and compared using T test, according to the fol-
lowing model:

Yijk = µ+ Populationi + Efficiencyj

+ β(Ageijk − Age..)+ εijk

Fig. 1 Liver histomorphometry, example of selected hepatocytes around central vein (a) and portal triad (b) histological regions for measurements 
on livers from both populations of steers. CV central vein, PV portal vein, HA hepatic artery and, BD bile duct
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where Yijk is the dependent variable measured on the kth 
steer, belonging to the jth feed efficiency group and sam-
pled in the ith population; µ is the overall mean effect for 
the measure; Populationi is the fixed effect of ith popu-
lation (A or B); Efficiencyj is the fixed effect of jth feed 
efficiency group (efficient or inefficient); β(Ageijk–Age..) 
indicates the inclusion of age at slaughter as a covari-
ate; and εijk is the residual random effect associated with 
the assessment on the kth steer. The interaction between 
population and efficiency group was tested and due to 
the lack of significance, it was removed from the model 
described above.

The repeated measures of blood analytes over the cir-
cadian cycle from population A were analyzed through 
repeated measures using the mixed procedure, accord-
ing to the following model:

where Yijk is the dependent variable, μ is the overall 
mean, Efficiencyi is the fixed effect of feed efficiency 
groups (i =  efficient or inefficient), Timeij is the fixed 
effect of sampling time within feed efficiency groups 
(j  =  1,2,…24), and εijk is the residual random error. 
Adjustment for age was tested and revealed unneces-
sary within population A, thus not included in the 
repeated sampling analysis. Although not included 
in the model, the interaction between feed efficiency 
group and time generated the least square means plot-
ted in Fig.  2. The autoregressive covariance structure 
was selected based upon maximum likelihood accord-
ing to the Bayesian information criterion and the bet-
within degrees of freedom option was used as repeated 
measures adjustments. The Scheffé’s test was used to 
compare the least square means of efficient and inef-
ficient steers from the repeated analysis. For all analy-
ses, data were considered statistically significant when 
P ≤  0.05 and were considered a trend towards signifi-
cance when 0.10 ≥ P > 0.05.

Results
The descriptive statistics and least square mean com-
parisons of indicators of productive performance 
are presented in Table  1. The efficient and inefficient 
groups of steers differed in residual feed intake. Effi-
cient steers consumed 1.85 kg/day less feed (dry matter 
basis) than inefficient steers while achieving a compa-
rable performance in terms of daily weight gain, body 
weight and body composition, as measured by ultra-
sonic assessments of back fat thickness and rib eye 
area. The biometrics of livers assessed at slaughter are 
listed in Table 1. No differences were observed between 
feed efficiency groups for liver weight or liver to body 
weight ratio.

Yijk = µ+ Efficiencyi + Timeij + εijk

Table  2 presents the descriptive statistics and least 
square mean comparisons of liver histomorphometric 
measures by histological region (portal triad and central 
vein). Consistently across the two histological regions, 
HA, HP and NA were larger in efficient steers. While the 
relative size of hepatocyte nuclei in relation to hepatocyte 

Fig. 2 Circadian profile of a albumin, b cholesterol, c carbon dioxide 
and d creatinine. Feed efficient (filled triangle) and inefficient (filled 
circle) beef steers. Presence of asterisk denotes P < 0.05 over the 
circadian period
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WTsize (NH) did not differ between efficiency groups in 
either of the histological regions. NH was 57.3% larger in 
the central vein region compared to its size at the portal 
triad.

The blood analytes were organized in four classes; 
namely, products related to liver function (albumin, BA, 
cholesterol and urea), enzymes primarily related to liver 
function (ALP, AST and GGT) and lipase that is pri-
marily secreted by the pancreatic acinar cells [27] but 
also described in the liver [28], indicators of energetic 
status (acetate, BHBA and  CO2) and indicators of mus-
cle metabolism (CK and creatinine). The descriptive sta-
tistics and mean comparisons between feed efficiency 
groups for metabolic profile parameters are presented in 
Table 3. Creatinine and  CO2 levels were greater in blood 
plasma of efficient steers compared to inefficient steers, 
while albumin and cholesterol levels were lower in effi-
cient steers. A trend (P ≤  0.10) was observed suggest-
ing greater levels of lipase in blood of efficient steers. No 
differences (P  ≥  0.10) between efficiency groups were 
observed for the remaining analytes evaluated, which 
include BA, urea, ALP, AST, GGT, acetate, BHBA and 
CK.

The circadian pattern of the blood analytes differing 
between efficient and inefficient steers are presented in 

Fig.  2. It is remarkable, the symmetry of the circadian 
pattern of cattle from distinct feed efficiency groups for 
albumin and cholesterol levels. It is also noticeable, the 
similarity of the  CO2 and creatinine patterns, especially 
during the first hours of blood sampling.

Discussion
Steers were monitored for productive performance dur-
ing the finishing phase of the beef cattle production 
cycle; a period which is particularly impacted by major 
expenses associated with the rich diets fed to ensure 
fast growth and desirable carcass composition [1]. 
We observed that during this period of 140  days, each 
of the efficient steers consumed a total of 259  kg less 
feed (dry matter basis) to achieve similar growth rate, 
body weight and carcass composition (as indicated by 
the ultrasonographic assessments of body fatness and 
leanness) when compared to the inefficient steers. This 
phenotypic divergence in feed efficiency has also been 
reported elsewhere [29] and reinforces the economic 
and environmental [30] benefits of increasing the effi-
ciency of feed utilization in the bovine. Herein, indica-
tors of metabolic rate and liver function are discussed 
in the context of feed efficiency, not only to advance 
our knowledge on physiological mechanisms related 

Table 1 Descriptive statistics and least square means of the productivity and liver biometrics by efficiency groups

* P ≤ 0.05

Measures (unit) Mean Standard deviation Efficient Inefficient P value

Residual feed intake (kg/d) 0.00 0.98 −0.90 0.89 0.001*

Average daily gain (kg/d) 1.77 0.25 1.74 1.76 0.662

Average feed intake (kg/d) 9.54 1.22 8.56 10.41 0.001*

Back fat thickness (mm) 12.17 3.06 12.27 12.09 0.885

Rib eye area  (cm2) 108.77 6.24 109.20 108.41 0.770

Body weight (kg) 535.4 48.86 533.4 545.0 0.361

Liver weight (kg) 7.35 1.09 7.24 7.55 0.363

Liver weight (% body weight) 1.26 0.25 1.26 1.29 0.561

Table 2 Descriptive statistics and  least square means of  liver histomorphometry by  histological regions and  efficiency 
groups

* P ≤ 0.05

Region Measures (abbreviation; unit) Mean Standard deviation Efficient Inefficient P value

Portal triad Hepatocyte area (HA; µm2) 302.66 36.29 323.31 286.37 0.001*

Hepatocyte perimeter (HP; µm) 66.38 5.13 68.55 63.61 0.001*

Hepatocyte nuclei area (NA; µm2) 68.93 14.12 71.73 65.23 0.007*

Nuclei area by HA (NH; % HA) 4.58 0.78 4.65 4.49 0.232

Central vein Hepatocyte area (HA; µm2) 332.16 38.09 357.43 321.26 0.037*

Hepatocyte perimeter (HP; µm) 69.23 4.40 70.64 67.76 0.024*

Hepatocyte nuclei area (NA; µm2) 69.61 11.95 71.92 66.93 0.031*

Nuclei area by HA (NH; % HA) 7.14 1.33 7.10 7.02 0.759
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markers that could be applied in the livestock industry 
to indirectly assess feed efficiency. Such biomarkers 
could be complementary and of assistance to support 
molecular approaches of research on gene expres-
sion [31] and gene networks [32] as these relate to feed 
efficiency.

Liver weight appears to increase or decrease in direct 
proportion to the nutritional plane [33] and across physi-
ological stages [7]. Our results indicated no difference 
in liver biometrics when efficient and inefficient steers 
were compared, suggesting that metabolic differences in 
liver function related to feed efficiency [6] may not be 
reflected in the liver weight. Gravimetric assessments of 
organ function are relatively coarse assessments when 
used to capture diminished structural and functional 
changes such as those due to variation in feed efficiency. 
Alternatively, one can assess certain physiological events 
which result in drastic changes in liver workload and 
weight. This lack of differences in liver and other visceral 
organ weights in relation to feed efficiency category is 
also reported elsewhere [20].

Despite the lack of liver weight differences between 
feed efficiency groups, the micro-structural evaluation 
of the liver parenchyma revealed direct associations 
between hepatocyte and hepatocyte nuclei size with feed 
efficiency in both histological regions evaluated. Overall, 
these results indicated that improved feed efficiency is 
associated with a greater functional workload placed on 

the liver. It is known that the liver primarily responds to 
fluctuations in workload through hepatocyte hypertro-
phy or hypotrophy [7]. For instance, Zaitoun et  al. [14] 
demonstrated that a portacaval shunt resulted in substan-
tial hypotrophy of hepatocytes in rats due to the surgical 
decrease in liver workload. Compared to other organs 
that are constantly being renewed (such as the intestine), 
the hepatic parenchyma is a relatively stable cell popula-
tion; dividing cells are seldom seen in the normal liver 
[13]. Thus, the observed enlarged hepatocytes in efficient 
steers strongly indicates that a higher metabolic pace in 
liver is consonant with improved feed efficiency. This is 
further reinforced by the observation of increased mito-
chondrial enzymatic activity in the liver of cattle with 
superior feed efficiency [6]. Moreover, the larger hepato-
cytes found in the efficient steers and the lack of differ-
ence in weight when compared to the inefficient steers, 
suggests an overall reduced number of hepatocytes in 
the liver of efficient steers, which remains to be evalu-
ated through extensive cellularity studies including other 
lobes of the liver, combined with cellular turnover assess-
ments [34].

The histomorphometrical findings herein, are also in 
agreement with observations in the intestine metabo-
lism and structure in the context of feed efficiency and 
productivity [15], when evaluating the histomorphom-
etry of the small intestine of the steers from population 
B reported in the present study, found larger cellularity 
in both the duodenum and ileum, corresponding to a 

Table 3 Descriptive statistics and least square means for metabolic profile parameters by efficiency groups

* P ≤ 0.05

** P ≤ 0.10

Parameter (abbreviation; unit) Mean Standard deviation Efficient Inefficient P value

Products related to liver function

 Albumin (g/l) 36.92 1.76 36.18 37.65 0.001*

 Bile acids (BA; umol/l) 13.75 5.65 9.79 10.64 0.491

 Cholesterol (mmol/l) 2.84 0.47 2.62 3.05 0.008*

 Urea (mmol/l) 4.66 0.84 4.56 4.49 0.920

Enzymes related to liver function

 Alkaline phosphatase (ALP; U/l) 98.72 18.36 101.80 99.76 0.816

 Aspartate aminotransferase (AST; U/l) 103.31 88.97 77.71 79.68 0.830

 γ-glutamyl transpeptidase (GGT; U/l) 23.01 4.46 22.69 23.17 0.558

 Lipase (U/l) 7.43 0.80 7.71 7.15 0.082**

Indicators of energetic status

 Acetate (µg/ml) 46.33 15.17 47.62 46.13 0.359

 β-hydroxybutyrate (BHBA; umol/l) 369.57 84.18 354.15 379.98 0.222

 Carbon dioxide  (CO2; mmol/l) 24.10 1.55 24.36 23.65 0.019*

Indicators of muscle metabolism

 Creatine kinase (CK; U/l) 320.14 180.43 278.57 258.59 0.702

 Creatinine (mmol/l) 116.58 15.78 118.59 110.50 0.037*

73Liver morphometrics and metabolic blood profile across divergent phenotypes for feed efficiency in the bovine



WT

higher functional workload in the small intestine of cattle 
with superior feed efficiency. Similarly, Steinhoff-Wagner 
et al. [35] found that breeds of cattle with higher growth 
rates and superior feed efficiency had greater cellularity 
in the small intestine compared with the cattle breeds 
with lower growth rates. Unlike the healthy liver [36], 
the intestine responds to changes in workload primarily 
by adjusting its cellularity [11]. In fact, our histomorpho-
metrical results in the liver are in line with findings in the 
small intestine [15, 35] as both indicate that improved 
feed efficiency is accompanied by a higher metabolic 
demand on these visceral organs. Interestingly, a study by 
Colnot et al. [37] on glucose absorption in the small intes-
tine of neonatal calves demonstrated the primary role of 
the mucosal growth to trigger the intestinal metabolism 
of glucose. In another study in calves, Meyer et  al. [17] 
demonstrated the relevance of intestinal growth to the 
variation in feed efficiency.

Despite the functional differences in hepatocytes 
neighboring the portal triad and central vein microscopic 
regions [38], we did not observe histomorphometri-
cal differences between these relating to feed efficiency. 
However, the relatively larger hepatocyte nuclei area in 
the central vein region in comparison to the portal triad 
region is an expected finding [13], and reinforces the 
soundness of our histomorphometry methodology.

The circadian profile of blood plasma albumin indi-
cated lower concentrations in efficient steers. Gonano 
et  al. [18], also evaluating the circadian cycle, observed 
no difference in albumin levels according to feed effi-
ciency in beef heifers. Similarly, Bourgon et  al. [19] did 
not find differences on albumin over ultradian sampling 
in feedlot beef bulls. In another study, Richardson et al. 
[20] observed a negative correlation between blood 
plasma albumin and daily feed intake. This observation 
supports our results, since inefficient steers consumed 
more feed than efficient steers. Additionally, albumin is 
solely produced in hepatocytes and is a relatively abun-
dant and large molecule [39] and understanding that the 
machinery associated with albumin synthesis and secre-
tion represents a large portion of the cytoplasm of hepat-
ocytes [40]. We suggest that the myriad of liver functional 
differences (i.e., [31, 32]) influencing feed efficiency could 
be related to the processes involved with production, 
storage and secretion of albumin by the hepatocytes, 
which ultimately could influence the histomorphomet-
ric differences observed herein. We hypothesize that the 
secretion of this protein may be enhanced in inefficient 
animals, resulting in a lower accumulation of albumin in 
the hepatocytes and partially explaining the diminished 
cell size in response to lower feed efficiency.

Cholesterol levels exhibited minimal fluctuation 
throughout the circadian period; this is similar to the 

findings of Bitman et  al. [41] in dairy cows. This rela-
tively stable relationship of cholesterol levels with feed 
efficiency supports the utilization of cholesterol as a 
robust indicator of feed efficiency, since fewer blood col-
lections may be sufficient to discriminate groups of cat-
tle by feed efficiency. This result is also supported by 
the similar findings of Bourgon et  al. [19] also studying 
feedlot cattle. The fact that improved feed efficiency was 
associated with lower levels of cholesterol, suggests that 
less lipogenesis, lipid transport and deposition occurs in 
efficient cattle. The biosynthesis of cholesterol from ace-
tate is an energetically expensive process in the cell [42]; 
thus, lower cholesterol seems associated with lower basal 
energy requirements of efficient steers.

These lower levels of cholesterol may also be associ-
ated with the suggested increase in levels of lipase in 
efficient steers. It is known that cholesterol levels are at 
least partly regulated by pancreatic [43] and hepatic [44] 
lipases. The hepatic lipase enzyme not only hydrolyzes 
metabolites in cholesterol, but also stimulates cholesterol 
ester uptake by hepatocytes [45]. This evidence may also 
partially explain the enlarged size of the hepatocytes in 
efficient steers, since liver is the major organ of choles-
terol uptake, accounting for 65% of the total [46]. Despite 
the fact that bile acids are produced in the liver as end 
products of cholesterol metabolism [47], differences in 
the size of the cholesterol pool across efficiency groups 
did not reflect differences in the abundance of bile acids 
throughout the circadian period; this supports the role of 
other controlling mechanisms to determine the pool size 
of bile acids discussed elsewhere [48].

The similarity in the concentration of liver function-
related enzymes (ALP, AST and GGT) between efficient 
and inefficient steers is supported by other studies. Rich-
ardson et  al. [38] and Bourgon et  al. [19] observed no 
differences for AST and ALP in cattle grouped by feed 
efficiency. Similarly, Richardson et  al. [38] observed no 
differences for GGT levels in cattle with distinct feed effi-
ciency. On the other hand, Gonano et  al. [18] observed 
increased levels of AST in blood of feed efficient beef 
heifers. The great variability of these enzymes, potentially 
due to effects of environment, physiological state and 
feeding regime, should be addressed in future studies.

Despite the relevance of acetate and BHBA as energy 
coins in the metabolism of ruminants [42], these param-
eters did not differ according to feed efficiency classes. 
Our findings reflect those of Gonano et  al. [18], who 
evaluated acetate over the circadian period for efficient 
and inefficient beef heifers across different physiological 
states and noticed no difference between feed efficiency 
classes, which agrees with the results by Bourgon et  al. 
[19] for acetate. In another study, Richardson et al. [38] 
found no difference in BHBA between feed efficiency 
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groups of beef steers. The substantial variability of these 
parameters, even with hourly sampling, is probably the 
main limitation of the use of these parameters in the 
characterization of distinct feed efficiency phenotypes.

Conversely,  CO2 was consistently increased through-
out the 24  h of sampling in cattle with improved feed 
efficiency. Since  CO2 serves as a fundamental indicator 
of metabolic rate [49], our results could be interpreted 
to suggest the increased metabolic rate is associated with 
improved feed efficiency. However, this is the opposite of 
the results reported in a study in beef heifers conducted at 
a comparable physiological stage and age [18]. An expla-
nation for this divergence may relate to the experimen-
tal conditions. In our study, steers were sampled in the 
warmest period of the year in the Northern hemisphere, 
with an average barn temperature of 24.9 ± 3.2 °C, while 
the heifers sampled by Gonano et  al. [18] were sampled 
during the winter, with an average barn temperature of 
6.2 ± 1.8 °C, which is within the thermal neutral zone for 
Bos taurus [50], unlike our steers. It is known that blood 
plasma  CO2 concentration is influenced by heat and cold 
stress, as evaluated across different breeds of cattle [51]. It 
is also known that efficient and inefficient cattle differ in 
their coping styles to stressors, with feed efficient steers 
being more physiologically capable of dealing with stress 
[52]. That said, we hypothesize that efficient steers may 
have a wider range of blood  CO2 tolerance, which allows 
these animals to increase their  CO2 baseline in response 
to heat stress without relying extensively on the energeti-
cally costly dissipation of heat through evaporative heat 
loss [49]. Contrarily, the less stress-tolerant, inefficient 
steers will increase their respiration rate at a lower  CO2 
threshold, maintaining their blood  CO2 at a lower level. 
Further investigations involving circadian patterns of 
breathe gasses analysis and blood partial pressure of  CO2 
and oxygen in different environmental conditions are 
warranted to elucidate this hypothesis.

Creatine kinase is a clinical marker for muscle protein 
turnover [53] that has been shown to differ according to 
feed efficiency class. Gonano et al. [18] observed greater 
levels of CK in efficient heifers at pubertal age. This rela-
tionship was inverted when the same heifers were tested 
over the circadian period during late gestation, which 
may be related to changes in CK activity in response to 
aging [54]. In our study, CK did not differ between feed 
efficiency groups; the same was observed by Richardson 
et al. [38], when also evaluating beef steers. This enzyme 
catalyzes the conversion of creatinine to phosphocre-
atine, a reversible and energetically demanding reaction 
occurring mostly in skeletal muscle [22]. Conversely, 
phosphocreatine spontaneously forms phosphocreatine 
and creatinine under physiological conditions [55]. In 
our study, levels of creatinine were increased in efficient 

steers throughout the circadian period. In another study, 
creatinine was negatively correlated with feed efficiency 
[38]. Given the dissociation of our results for CK and cre-
atinine, one may suggest that efficient steers may have a 
larger proportion of the creatinine metabolism occurring 
without relying on CK, since these animals had a larger 
creatinine pool in relation to the pool size of CK across 
the feed efficiency groups.

Conclusions
Our study provided the first evidence of a relationship 
between feed efficiency and liver histomorphometry. 
Improved feed efficiency appears to be associated with 
enlarged hepatocytes, which may be due to an increased 
metabolic rate of the liver parenchyma. Further stud-
ies utilizing complementary techniques such as micro-
calorimetry and molecular biology will provide further 
advances on this subject. Additionally, the evaluation of 
the metabolic profile across distinct phenotypes for feed 
efficiency revealed, that improved feed efficiency is asso-
ciated with increased metabolism of muscle (higher cre-
atinine) and of the whole body (higher  CO2 during heat 
stress) and reduced bloodstream pools of albumin and 
cholesterol. In essence, these metabolic discrepancies 
between feed efficient and inefficient cattle may be deter-
minants of the differences in productive performance 
and potential phenotypes for indirectly assessing feed 
efficiency upon extensive validation and refinement for 
field work applications.
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A retrospective study of forensic cases of skin 
ulcerations in Danish pigs
Kristiane Barington* , Kristine Dich‑Jørgensen and Henrik Elvang Jensen

Abstract 

Background: Ulcerations in pigs, as in other farm animals, are considered to be painful and therefore hampering the 
welfare. Farmers are obliged to provide an intervention to protect animals against unnecessary suffering and failure 
to do so is considered negligence. Moreover, animals with severe open wounds are considered unfit for transporta‑
tion and so are pigs with ulcerations located on hernias. This paper presents a retrospective study of forensic case files 
concerning ulcerations in Danish pigs from 2000 to 2014. The aim of the study was to clarify the number of cases, the 
number of pigs, the anatomical localization and size of ulcerations, evaluate changes during years and the age of the 
lesions.

Results: A total of 209 case files concerning 283 pigs with 459 ulcerations were included. In 2004, 2005, 2007–2009 
and 2011, sows with shoulder ulcerations were the most frequently submitted, while in 2014 pigs with ulcerations 
on umbilical outpouchings dominated. The change in pattern on body location most likely reflects specific national 
regulations enforced from 2003 to 2009. The ulcerations were estimated to be from 4 h to several months old and the 
median diameter of ulcerations was 4 cm.

Conclusions: Since 2004, the number of cases per year has declined. However, the number of affected pigs has 
remained almost constant from 2004 to 2014 (23.8 ± 8.5 pigs per year). The change in pattern on body parts with
ulcerations likely reflected specific national regulations.

Keywords: Forensic pathology, Pig, Ulcerations, Welfare

Background
Ulcerations in pigs, as in other farm animals, are consid-
ered to be painful and therefore hampering the welfare. If 
neglected, an ulceration can result in a forensic case, i.e. 
being reported to the police [1, 2]. Most ulcerations are 
due to external trauma while others are due to fistulation 
to the skin surface from an underlying condition [3–7]. 
However, farmers are obliged to provide an intervention 
to protect animals against unnecessary suffering no mat-
ter the cause of the ulceration. Failure to do so is consid-
ered negligence and a violation of the European Union 
Council Directive concerning the protection of animals 

kept for farming purposes [8]. In addition, animals with 
severe open wounds are considered unfit for transporta-
tion [9]. It has been specified by the Danish Veterinary 
and Food Administration that animals with ulcerations 
larger than 3 cm in diameter are unsuitable for transpor-
tation from transit locations or for transport across bor-
ders [10]. Moreover, the Danish Animal Welfare Council 
has stated that transport of slaughter pigs with ulcera-
tions located on hernias is prohibited [11, 12].

Since 2003, special attention has been drawn to shoul-
der ulcerations on sows in Denmark and other countries 
(e.g. England and Canada) [1, 2, 4, 13–15]. Consequently, 
the Danish Animal Welfare Council stated that all shoul-
der ulcerations involving the subcutaneous tissue or 
deeper structures are considered a violation of the Dan-
ish Animal Protection Act [16–19].
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The aim of a veterinary forensic examination requested 
by the police is to perform a thorough and precise doc-
umentation of the lesions with respect to diagnosis, 
dimensions, anatomical localization, and an assessment 
of the age of the lesions [20, 21]. Depending on the case, 
the estimated age of ulcerations is used to interpret the 
degree of negligence; i.e., ulcerations left untreated for a 
longer period are legally considered more serious than 
acute lesions [18].

In Denmark, all veterinary forensic investigations are 
requested by the police and carried out at the University 
of Copenhagen. This paper presents a retrospective study 
of forensic case files concerning ulcerations in Danish 
pigs from 2000 to 2014 submitted to Department of Vet-
erinary Disease Biology, Faculty of Health and Medical 
Sciences, University of Copenhagen. The aim of the study 
was to clarify the number of cases, the number of pigs, 
the anatomical localization and size of ulcerations, evalu-
ate changes during years and the age of lesions.

Methods
Case files concerning ulcerations in pigs sent for forensic 
investigation to the University of Copenhagen from 2000 
to 2014 were examined retrospectively. A case file was 
defined as a single police record and included informa-
tion regarding the number of pigs, the number and ana-
tomical localizations of the ulcerations, the sex and age of 
the animal, the gross and histological descriptions of the 
ulcerations and usually photo documentation of lesions.

An ulceration was defined as a breach of the epi-
dermis including the basal membrane [3]. Ulcerations 
included were due to an external force while case files 
concerning fistulation to the skin surface from underly-
ing lesions were not included. All ulcerations were origi-
nally reported to the police by veterinary enforcement 
officers, i.e. by The Veterinary Task Force for livestock 
inspection, at transit locations, or at meat inspection at 
slaughterhouses.

The gross and histological evaluations of the ulcera-
tions had been carried out by five experienced veteri-
nary pathologist (i.e. professors with more than 10 years 
of experience with diagnostic pathology). Age estima-
tions stated in the case files were made by the patholo-
gists basing their estimations on the presence and 
amount of granulation tissue. In a few cases, in which 
granulation tissue was not grossly visible, the histologi-
cal inflammatory reaction was used to state the age of 
the ulcerations. As reference to the estimation of age, 
studies of wound healing in pigs and humans were used 
[22–27]. Based on the gross (presence of granulation 
tissue) and histological descriptions, ulcerations were 
divided into four age intervals: (1) 0–3 days; (2) 4–7 days; 
(3) 8–28  days; and (4)  >28  days. If granulation tissue 

was absent the ulceration was estimated to be less than 
3  days old. In ulcerations with granulation tissue, the 
mean thickness was [mean ±  standard deviation (SD)]:
4–7 days = 0.5 ± 0.3 cm; 8–28 days = 1.5 ± 1.2 cm; >28
days =  2.7 ±  2.5  cm. In ulcerations in which granula-
tion tissue was not grossly visible, histology was applied 
to state the age of the ulceration. From these ulcerations 
new sections were cut and evaluated.

From the information given in the case files, the sex 
and age of the pigs were registered and pigs were grouped 
according to the anatomical localization of the ulcera-
tion: (1) shoulder, (2) umbilical outpouching (hernias, 
enterocystoma and preputial diverticula), (3) body (head, 
neck and back), (4) limb and (5) tail region. A pig with 
multiple ulcerations at different anatomical localizations 
was allocated to each of the specified anatomical locali-
zations. For each of the anatomical localizations, meas-
urements of the ulcerations were evaluated for normality 
and data were found to be nonparametric (SAS Institute 
9.4). A Wilcoxon Rank Sum Test was used to compare 
the medians of the five groups (SAS Institute 9.4), and a 
P value below 0.05 was interpreted as a significant differ-
ence between groups.

Results
The inclusion criteria were fulfilled for 209 case files 
(Fig.  1). Each case file included 1–10 pigs with an aver-
age (x̄) ± SD of 1.4 ± 1.2 pigs. Each pig had between 1
and 60 ulcerations (1.7 ± 3.7, x̄ ± SD) with a median of
1. In total, tissue from 283 pigs had been submitted in
which 459 ulcerations were described. In 40 of the 283 
pigs, the exact number of ulcerations was not stated. The 
pigs were registered as females (53 %), males (5 %) and of 
unknown sex (42 %). Approximately half of the pigs were 
sows (51.2 %), while 34.3, 6.7, 0.4 and 7.4 % were slaugh-
ter pigs (5–6  months), younger pigs (<5  months), adult 
boars and pigs of unknown age, respectively.

During 2000–2003, 13 cases were sent for forensic 
investigation (Fig.  1). In 2004, the number of case files 
peaked (35 case files) being more than 11 times higher 
than in 2003 (3 case files). After 2004, the number of 
case files declined, however, the number of pigs with 
ulcerations each year showed an almost constant level of 
23.5 ±  8.5 (x̄ ±  SD) pigs per year (Fig.  2). The propor-
tion (%) of pigs submitted in relation to the number of 
produced pigs in Denmark showed roughly the same 
tendency as seen in Fig. 3. The pattern of distribution of 
ulcerations in the five groups of anatomical localization is 
presented in Fig. 4. In total, 131 out of 283 (46.3 %) of the 
pigs submitted from 2000 to 2014 were sows with shoul-
der ulcerations. In slaughter pigs and younger pigs, some 
ulcerations were located on abdominal outpouchings. In 
total, 52 out of 283 (18.4 %) of all pigs had an ulcerated 
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outpouching in the abdominal region. Ulcerations on 
the body and limbs were present in pigs of all ages and 
were present in 49 out of 283 (17.3 %) and in 61 out of 
283 (21.5 %) of pigs, respectively. Ulcerations in the tail 
region were present in 23 out of 283 pigs (8.1  %). The 

total sum of the percentages exceeds 100 % as 22 pigs had 
ulcerations located at more than one location.  

In 90.8  % of the ulcerations (417 out of 459), meas-
urements of dimensions were registered. The median 
diameter of all ulcerations was 4 cm. The median, mini-
mum and maximum values for the diameter of ulcera-
tions in each of the anatomical localizations and totally 
are presented in Table  1. Differences in the diameter of 
the ulcerations were highly dependent on the anatomical 
localization (P < 0.0001).

The age had been determined for 65.4 % of the ulcer-
ations (300 out of 459). The ulcerations were evalu-
ated to be: (1) 0–3 days, n = 27; (2) 4–7 days, n = 3; (3)
8–28 days, n = 237; and (4) >28 days, n = 33.

New histological sections were cut in 29 out of 459 
(6.3  %) ulcerations because granulation tissue had not 
been observed at gross evaluation. In a single ulceration, 
inflammation or granulation tissue was absent at the his-
tological evaluation, and the age was stated as unknown. 
In another ulceration, in which the amount of granula-
tion tissue could not be determined no estimate of an age 
was given. Three ulcerations were characterized by the 
infiltration of neutrophils and stated to be at least 4 h old. 

Fig. 1 The annual number of forensic case files of skin ulcerations in 
pigs examined from 2000 to 2014

Fig. 2 The annual number of pigs with skin ulcerations examined 
from 2000 to 2014

Fig. 3 Proportion of pigs with skin ulcerations submitted for forensic 
examination in relation to the total number of pigs produced in 
Denmark annually from 2000 to 2014

Fig. 4 The annual number of pigs with skin ulcerations localized on 
the shoulder, umbilical outpouching, body, limbs or tail

Table 1 The diameter of  417 skin ulcerations in  forensic 
case files (2000–2014)

Anatomical 
localization

Number 
of ulcerations

Median 
diameter 
(cm)

Minimum 
diameter 
(cm)

Maximum 
diameter 
(cm)

Shoulder 159 5 1 11

Umbilical  
outpouching

56 5.8 0.7 21

Body 37 1 0.3 10

Limb 142 1.5 0.2 14

Tail 23 3 1 18

Total 417 4 0.2 21
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In nine ulcerations, both neutrophils and macrophages 
were present and the ulcerations were estimated to be 
between 6 and 24  h of age. In 15 ulcerations prolifera-
tion of fibroblasts was present and in some of the ulcera-
tions newly formed capillaries were also observed. These 
ulcerations were stated to be 2–3 days old (n = 11) and
between 16 and 32 h old (n = 4).

Discussion
Despite the number of case files per year had declined since 
2004, the number of pigs affected remained almost con-
stant during the last 10  years suggesting fewer but more 
serious offenders (Figs. 1, 2). Since 2003, shoulder ulcera-
tions have received increased attention as a reflection of 
the publication of several papers [1, 2, 4, 14] and state-
ments from the Danish Animal Welfare Council on the 
subject [17–19]. The development in the number of sows 
with shoulder ulcerations submitted for forensic investiga-
tion reflects the increased attention on the subject (Fig. 4). 
The first paper addressing the problem with shoulder 
ulcerations in sows was published in 2003 [14] and already 
the year after more than 25 cases were received for foren-
sic investigation (Fig.  4). It is also likely that the increase 
in pigs with ulcerations on umbilical outpouchings from 
2011 to 2014 is a consequence of two specific regulations 
on transportation of animals with ulcerations on umbili-
cal outpouchings enforced by the Danish Animal Welfare 
Council in 2008 and 2009 [11, 12]. In these regulations, it 
was deducted that pigs with umbilical outpouching with a 
diameter of more than 15 cm or with ulcerations were unfit 
for transportation. Before that time, statements on umbili-
cal outpouching were vaguer; i.e. animals were unfit for 
transportation if they were hampered by the outpouching.

The median diameter (4 cm) of all ulcerations exceeded 
the threshold of 3 cm set by the Danish Veterinary and Food 
Administration regarding ulcerations being too large to 
allow transportation of the animal. The median diameter of 
ulcerations on shoulders and umbilical outpouchings both 
exceeded 3 cm, while the median diameter of ulcerations on 
the tail, body and limbs did not exceed 3 cm (Table 1).

Estimating the age of ulcerations is central to a foren-
sic investigation, as this in a judicial setting will be used 
to interpret the degree of negligence or in apportioning 
blame. In the majority of ulcerations, the age was esti-
mated based on the presence of granulation tissue at 
gross examination. In order to document the level of vio-
lence of animal protection legislations, it is crucial that 
all cases are examined and filed in a well-documented 
professional manner. Therefore, in Denmark all requests 
for forensic examination of porcine ulcerations are taken 
care of at the University of Copenhagen. Moreover, the 
filing of cases is also highly important when sending out 
information material to pig producers, arrangement of 

courses and communicating with the authorities, e.g. the 
police and The Danish Welfare Council.

Conclusions
Since 2004, the number of cases per year has declined 
while the number of affected pigs has remained almost 
constant. The changes in anatomical localization of the 
ulcerations during 2000–2014 likely reflected specific 
national regulations.
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A space–time analysis of Mycoplasma bovis: 
bulk tank milk antibody screening results 
from all Danish dairy herds
Margarida Arede1* , Per Kantsø Nielsen1, Syed Sayeem Uddin Ahmed1, Tariq Halasa1, Liza Rosenbaum Nielsen2 
and Nils Toft1

Abstract 

Background: Mycoplasma bovis is an important pathogen causing severe disease outbreaks in cattle farms. Since 
2011, there has been an apparent increase in M. bovis outbreaks among Danish dairy cattle herds. The dairy cattle 
industry performed cross-sectional antibody screening for M. bovis on four occasions, using the indirect BIO K 302 M. 
bovis enzyme-linked immunosorbent assay (ELISA) (Bio-X, Belgium) in bulk tank milk from all dairy herds between 
June 2013 and July 2014. The objective of this study was to investigate the evolution of the spatial distribution of M. 
bovis in the Danish dairy herd population throughout the study period. Repeated bulk tank milk samples were used 
as a proxy for the herd-level diagnosis. Descriptive and spatial analyses were performed for the four screening rounds. 
Based on a previous diagnostic test evaluation study, the M. bovis status for each herd was determined as test-positive 
or test-negative using a cut-off of 50 optical density coefficient %. The spatial global clustering was evaluated through 
a modified K-function method, and local clusters were identified by scan statistics.

Results: The results showed that M. bovis test-positive herds had a dynamic pattern in space. The global clustering 
analysis showed that M. bovis test-positive herds were spatially correlated in rounds one, three and four. These find-
ings were supported to some extent by the local clustering analysis, which found significant high- and low-risk spatial 
clusters in rounds one and three in the north and south of the mainland.

Conclusion: The clusters with a high risk of observing test-positive herds did not remain between sampling rounds, 
indicating that M. bovis did not tend to persist upon emergence in dairy herds. In contrast, the clusters with a low risk 
of observing test-positive herds persisted in the same area throughout the study period.

Keywords: Space–time analysis, Mycoplasma bovis, Mastitis, Dairy cattle, Denmark

Background
Mycoplasma bovis causes several production diseases in 
cattle, such as mastitis and arthritis [1]. Mastitis caused 
by M. bovis has been of increasing concern for farm-
ers and veterinarians throughout the past decades, due 
to its negative impact on production and welfare. This 
pathogen is known to have an important economic 
impact due to the reduction in milk yield [2] and the 
increase in unplanned culling rates [2, 3]. Furthermore, 

the associated suffering and pain negatively affect animal 
welfare [4]. Its prevalence has been rising worldwide [5–
7], but whether this is the result of a faster spread of the 
pathogen or a greater awareness of the pathogenic poten-
tial of this microorganism is unknown [3].

The primary route of M. bovis transmission is thought 
to be udder-to-udder in the milking parlour, though the 
spread of the bacteria to calves via the milk from infected 
cows, as well as direct contact between animals of all ages 
are also important transmission routes [1, 2]. The pur-
chase of replacement heifers and cows (which are asymp-
tomatic carriers of this agent) might account for the 
introduction of the disease and the origin of outbreaks 
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[8]. Once the infection is established across different age 
groups in a herd, it can be difficult to eliminate [9]. Other 
factors counteracting the control and elimination of this 
disease from dairy herds [9] include: the lack of knowl-
edge about M. bovis virulence factors and its mechanisms 
of pathogenesis [1, 4]; both natural and acquired resist-
ance to most antibiotics in vivo [1, 10], and the absence of 
an effective vaccine.

The latest report on M. bovis herd-level prevalence in 
Danish dairy herds is out-dated [11]. Therefore, there is 
a current resurgence in research, due to reports of severe 
clinical outbreaks associated with this pathogen and the 
lack of current knowledge about the distribution of the 
infection in Danish cattle herds. Knowledge of possible 
space–time patterns of the disease at herd-level would be 
advantageous in the planning of a potential surveillance 
programme for M. bovis. This type of assessment has the 
potential to promote the establishment of control and 
prevention strategies by generating hypotheses of disease 
causation [12] and enables the planning of test-strategies, 
including choice of methods and testing frequencies.

Veterinary spatial and temporal epidemiology emerged 
in the late 1990s, after becoming very popular in the 
field of human disease epidemiology. The advances made 
within this area have facilitated the identification and 
adjustment for confounding factors and the development 
of new hypotheses regarding disease transmission by 
researchers and health officials [13]. To optimize spatial 
analysis, data should be analyzed using more than one 
technique [12]. This can be seen in many studies of dif-
ferent infectious diseases all over the world, for instance 
acute respiratory disease in cattle in Norway [14], Highly 
Pathogenic Avian Influenza (HPAI) in Bangladesh [15] 
and Salmonella Dublin in Denmark [16].

The objective of this study was to investigate the spa-
tio-temporal patterns of M. bovis based on four available 
bulk tank milk (BTM) antibody screenings from all dairy 
cattle herds in Denmark in 2013–2014.

Methods
Sample collection
The Danish dairy cattle industry performed four full 
dairy herd population cross-sectional screenings of anti-
bodies directed against M. bovis in BTM between 01 June 
2013 and 01 July 2014, in order to estimate the apparent 
prevalence of M. bovis infection. Milk truck drivers col-
lected the samples through the Danish milk quality con-
trol scheme, using standardized procedures. The farmers 
were not notified when the sampling would be per-
formed. All samples were tested using the indirect BIO K 
302 M. bovis ELISA test-kit (BIO-X Diagnostics, Jemelle, 
Belgium). Diagnostics were performed at the Eurofins 
Steins A/S Laboratory, Holstebro, Denmark. Based on a 

previous test-evaluation study, an optical density coeffi-
cient (ODC) ≥50 % was used to define test results from
each herd as test-positive [17]. At that cut-off, the BTM 
ELISA was estimated to have a sensitivity (Se) = 43.5 %
(95 % CI: 21.1–92.5 %) and specificity (Sp) = 99.6 % (95 %
CI: 98.8–100 %).

Some herds were tested more than once per round 
because they participated in parallel projects or 
requested their own samples. However, only the sample 
with the highest ELISA-value in each round was kept in 
the dataset, as this was thought to improve the Se of the 
analysis without excessively reducing the Sp. All herds 
located on the island of Bornholm were excluded from 
the dataset, since their limited number and remote geo-
graphical location could introduce bias to the analysis.

Cartesian coordinates (EUREF 89; UTM zone N32) for 
all dairy herds included in the current study were avail-
able for spatial analysis.

Spatial analysis
The spatial analysis of M. bovis test-positive herds in 
Denmark was accomplished in two steps: 1) the global 
spatial clustering was evaluated with the Monte Carlo 
simulation of the K-function [18]; 2) the local clustering 
was assessed using purely spatial scan statistics [19].

Global clustering
The K-function is a widely used method for evaluating 
global spatial clusters. The complete spatial randomness 
(CSR) defined by the absence of clustering is tested using 
a homogenous Poisson process for the null-hypothesis 
K-function. This assesses the global clustering of test-
positive herds relative to the test-negative herds through-
out the study region. The function does not identify the 
location of the clusters, instead it provides a summary of 
the spatial dependence between test-positive herds as a 
function of distance [20].

In order to overcome the assumptions connected 
with this technique and to adapt it to the present data, 
a Monte Carlo simulation of the K-function was applied 
[18]. The difference between the empirical K-function 
and the estimated null-hypothesis version of the K-func-
tion (the D-function), with 95 % confidence interval, was 
plotted against the distance between farms. This was 
done for each of the four sampling rounds.

Local spatial clusters
Local clusters were estimated with scan statistics [21] for 
each sampling round. This technique is characterized by 
a circular window, which is moved in space for each pos-
sible geographic location and size [19].

A Bernoulli model was applied in SatScan™ (version 
9.4.1, Martin Kulldorff and Information Management 
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Services Inc.; http://www.satscan.org/), where test-pos-
itive and test-negative herds were defined as previously 
described. The most likely clusters for higher or lower 
risk were identified by likelihood ratio testing, and their 
significance estimated through a Monte Carlo simulation 
consisting of 999 random replications of the dataset. A 
significance level of 5 % was used.

Results
Summary statistics
Of the total number of participating herds (3700), the 
majority were tested in all four rounds.

The overall decrease in the number of herds tested in 
each round throughout time reflects the demographic 
changes in the dairy herd population (Table 1).

The prevalence of test-positive herds ranged from 1.6 
to 5.2 % during the study period (Table 1).

During the first screening round, 186 herds were M. 
bovis test-positive. Of these, 179, 170 and 165 herds were 
also tested in rounds two, three and four, respectively, 
and only 18 (10 %), 28 (16 %) and 12 (7 %) retested posi-
tive for M. bovis.

The majority of the 55 test-positive herds (60 %) in the 
second round either tested negative or were not tested 
on the previous round. The third and fourth screening 
rounds showed a similar pattern, with 70 and 60 % of the 
test-positive herds for each round testing positive for the 
first time.

Global clustering
The results of the D-function analyses for each round of 
sampling are illustrated in Fig. 1. The results indicate sig-
nificant global clustering in the first and third sampling 
round, with the D-function rising above the 95 % simu-
lation envelope in the first round at approximately 1–90 
and 1–100  km in the third round. The analysis for the 
fourth round showed a decreased, yet significant global 
clustering with a modest rise in the D-function above the 

95 % simulation envelope at a distance of approximately 
40–60 km.

Local clustering
The purely spatial analysis performed with different spa-
tial windows of 50, 25 and 15 % of the population at risk 
showed consistency in size and location of the clusters. 
Results relating to the space scan-statistics for 15 % of the 
population at risk in each round are presented in Table 2. 
No significant low-risk or high-risk clusters were identi-
fied in rounds two or four. Figure  2 shows the location 
and size of the significant clusters in rounds one and 
three.

The significant clusters with a high risk of test-posi-
tive herds were located to the north of the mainland for 
round one and to the south of the mainland for round 
three. The low-risk analysis of M. bovis test-positive 
herds identified two clusters in round one and one clus-
ter in round three, all located in the southeast of Jutland, 
Funen and Zealand.

A density map of the average herd size of the sampled 
dairy herds during the study period was obtained using 
Quantum GIS.

Discussion
The objective of this study was to explore the spatial dis-
tribution of M. bovis antibody-positive dairy cattle herds 
in Denmark and to identify temporal patterns and/or 
spatial persistence of test-positivity between screening 
rounds. The global cluster analysis showed that M. bovis 
test-positive herds were spatially correlated in screening 
rounds one, three, and (to a certain extent) four. These 
findings were confirmed by the local clustering analysis 
for rounds one and three, which identified significant 
spatial clusters: some of which were spatial clusters of 
herds with a higher risk of being test-positive, whilst the 
remaining clusters were herds with a lower risk than the 
other herds included in the analysis. The results for the 

Table 1 Descriptive data and apparent prevalence for each sampling round

a Duration of the sample period
b Number of test-positive herds for M. bovis in each sampling round
c Total number of sampled herds for M. bovis in each sampling round
d Apparent prevalence of M. bovis in each sampling round
e Confidence interval for the apparent prevalence of M. bovis in each sampling round

Sampling round 1 2 3 4

Durationa 01 June–31 july 2013 01 August–31 december 2013 27 January–18 march 2014 11 June–01 july 2014

No of test-positiveb 186 55 107 55

No of herds sampledc 3578 3583 3446 3379

Apparent prevalenced (%) 5.2 1.5 3.1 1.6

(CI 95 %)e (4.5–5.9) (1.1–1.9) (2.5–3.7) (1.2–2.1)
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purely spatial analysis are reliable as they were shown to 
be consistent throughout the different spatial windows.

The local cluster analysis identified high-risk clusters 
of M. bovis test-positive herds to the north and south of 
the mainland, and low-risk clusters to the southeast of 
the mainland and islands, as well as central areas. Their 
locations might be partly explained by the different den-
sity of dairy cattle in these areas. The low-risk clusters 
were established in areas with a lower density of dairy 
cattle and the high-risk clusters were, to some extent, 
situated in areas where the density of dairy cattle was 
higher (Fig. 3). The higher animal turnover rate in larger 
herds (compared to smaller ones) is known to increase 
the risk of introducing an infected animal [6, 8]. This 
has been recognized both directly (by the positive asso-
ciation between presence of Mycoplasma sp. in BTM in 
larger herds [7, 22]) and indirectly (through the positive 

correlation between the weight of shipped milk per herd 
and the concentration of M. bovis in BTM [8]).

In rounds one and three, the low-risk clusters were 
located in approximately the same area, which implies 
the herds located in these regions had a lower risk of 
being infected by M. bovis. In contrast, the most sig-
nificant clusters for the high-risk analysis differed mark-
edly in location and size between screening rounds. The 
high-risk clusters were located to the north of the main-
land in the first round and to the south of the mainland 
in the third round, with approximately 200 km between 
the two regions. This suggests that the occurrence of dis-
ease changed considerably in space throughout the study 
period (Fig. 2).

The cluster identified in the north in the first round 
was not present in the subsequent rounds. This 
implies a decrease in infected herds at this location in 

Fig. 1 Global clustering per sampling round. Legend: estimated D-function (black line) with 95 % simulation envelope (red line) of Mycoplasma bovis 
test-positive herds for round 1 (a); round 2 (b); round 3 (c); and round 4 (d), in Denmark

86 Animal Health and Welfare: An Issue of Veterinary Clinics



WT
the months following the first round, assuming that 
a positive BTM ELISA test result indicates current 
or recent M. bovis infection. The cluster identified in 
round one contained 41 test-positive herds; of these, 
only eight herds (20  %) retested positive in the two 
following rounds, and only three herds (7  %) tested 
positive in the final round. With a similar pattern, 
the high-risk cluster identified in the third round had 
ten test-positive herds, of which only one herd (10 %) 

retested positive in the fourth round. In general, the 
test-positive herds in each round did not show a ten-
dency to remain positive in subsequent rounds. In fact, 
in each round, at least 60 % of the test-positive herds 
were new. This suggests that the duration of infection 
in dairy herds is relatively short, an interpretation sup-
ported by Bray et al. [23], who found that M. bovis bac-
teria could not be detected in a herd 1  month after a 
positive diagnosis.

Table 2 Statistically significant spatial clusters of  high- and  low-risk Mycoplasma bovis test-positive herds in  Denmark, 
by sampling round

Results relating to the space scan-statistics for 15 % of the population at risk in each round are presented
a Number of herds in each cluster
b Observed number of test-positive herds in each cluster
c Expected number of test-positive herds in each cluster
d Relative risk
e Likelihood ratio
f P value for the likelihood ratio test

Sampling round Populationa Radius (km) Ob (Ec) RRd LRe Pf

1 334 28.89 41 (17) 2.75 14.33 <0.010

400 87.05 4 (20) 0.17 11.44 0.035

356 85.93 3 (18) 0.15 11.13 0.047

3 43 8.73 10 (1) 8.15 12.81 0.011

380 67.36 0 (11) 0 12.72 0.011

Fig. 2 Map of significant local high-risk and low-risk clusters of Mycoplasma bovis infection in Denmark. Legend: location of the significant clusters 
with a high risk (red closed circle) and low risk (blue closed circle) of M. bovis test-positive herds in Denmark, by sampling round
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farmers and local veterinarians might also explain the 
results indicating the short duration of herd infection [3, 
7, 8]. According to these studies, measures such as cull-
ing infected cows with mastitis or reduced production, or 
isolating them on another farm with strict disease control 
procedures were very successful in limiting the spread 
of disease. Additionally, the self-limiting epidemiology 
of M. bovis could also be related to this cluster pattern. 
As Fox et al. [8] suggested, mastitis caused by M. bovis is 
associated with a brief period of high transmission that 
might be followed by a far lower transmission rate that 
is unable to maintain the presence of the pathogen in 
the mammary glands of a herd. It is possible that a small 
number of remaining infected animals excreting lower 
concentrations of bacteria (and hence producing lower 
levels of antibodies directed against M. bovis) might not 
be sufficient to elicit a response in the BTM ELISA above 
50 ODC % (Petersen M, Krogh K, Nielsen LR; unpub-
lished observations).

Taking into account what is known about M. bovis 
epidemiology, we can hypothesize how an animal may 
become infected with M. bovis in a herd turning test-pos-
itive between rounds. The infection could be introduced 

through a replacement heifer without quarantine or pre-
movement testing, by exposure to other animals with 
pneumonia and arthritis caused by M. bovis [1, 2], or 
through auto-infection by a haematogenous route from 
other body sites to the mammary gland [6]. As stated pre-
viously, after an udder infection is established, the spread 
within the herd can occur quite rapidly. This is due to the 
large amount of bacteria shed in the milk before the onset 
of clinical mastitis infecting several other cows through 
udder-to-udder transmission at the milking parlour by 
the milking machines, teat cups or milkers’ hands [6].

Regarding the test outcome, false positive results are 
possible though unlikely, since the Sp of the test at the 
applied cut-off is close to 100 % [99.6 (95 % CI: 98.8–100)] 
[17]. False positive tests caused by carry-over between 
farms during sampling are thought to be negligible since 
the standardized sampling procedures should minimize 
this. The low Se of the ELISA test, 43.5 % (95 % CI: 21.1–
92.5 %) at the applied cut-off, might have influenced the 
results and caused an underestimation of the infection. 
The analysis would probably have underestimated the 
size of the detected clusters and their significance, and/
or have caused the analysis to miss smaller clusters. This 
could have been caused by dilution factors, intermit-
tent shedding of M. bovis by chronically infected cows, 
or management practices such as withholding mastitic 
milk from the bulk tank [1, 4, 8, 22]. Furthermore, infec-
tion in young stock is not always detectable in the BTM 
(Petersen M, Krogh K, Nielsen LR; unpublished observa-
tions). It is, however, worth noting the large uncertainty 
of the Se estimate (95 % CI: 21.1–92.5 %), which is a con-
sequence of the very low herd-level prevalence.

Although it was not possible to uncover a clear spatial 
and temporal pattern of the M. bovis infection in Den-
mark, we believe this is unlikely to be due to the data 
quality. The spatial distribution of the data is accurately 
represented since information about herd locations is 
available with no spatial aggregation. Some studies have 
data aggregated at polygon level and defined by admin-
istrative boundaries, which can lower the variance [16] 
and influence a false distribution pattern due to the 
selected boundaries [24]. Whilst in other studies, data 
are extracted from passive disease surveillance plans 
and only have information about cases, we had access 
to diagnostic information from a study population that 
contained the entire target population. However, the data 
presented drawbacks in sampling with an irregular time-
frame and duration for each screening round.

Further investigation is required to study whether the 
M. bovis strains were the same between high–preva-
lence clusters in different rounds of sampling, as well 
as whether the pattern of animal movements between 
infected and uninfected herds or local short-distance 

Fig. 3 Density map of the average herd size of the dairy herds 
sampled during the study period. Legend: Location of the significant 
clusters with a high risk (red solid line) and low risk (black dashed line) 
of Mycoplasma bovis test-positive herds in Denmark
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spread (e.g., on pasture) can partially explain the exist-
ence of these clusters. It would also be of value to do the 
same analysis in the future, in order to assess whether the 
patterns throughout space and time would be similar to 
the ones reported by this study.

Conclusions
There was no evidence for any M. bovis hotspots in Den-
mark, since the high-risk clusters of M.bovis test-positive 
herds appeared to have a short time span. However, it was 
verified that the low-risk clusters remained in the same 
location throughout time, indicating that herds in these 
geographical areas were at a lower risk of being test-posi-
tive for M. bovis. Nevertheless, further studies are needed 
to confirm this, and to elucidate the possible reasons as 
well as the implications for planning future control efforts.
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Neurophysiological assessment of spinal cord 
injuries in dogs using somatosensory and 
motor evoked potentials
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Abstract 

Somatosensory evoked potentials (SSEPs) and motor evoked potentials (MEPs) are non-invasive neurophysiological 
tests that reflect the functional integrity of sensory and motor pathways. Despite their extensive use and description 
in human medicine, reports in veterinary medicine are scarce. SSEPs are obtained via peripheral stimulation of sensory 
or mixed nerves; stimulation induces spinal and cortical responses, which are recorded when sensory pathways 
integrity is preserved. MEPs can be obtained via transcranial electrical or magnetic stimulation; in this case, thoracic 
and pelvic limb muscle responses are captured if motor pathways are preserved. This review describes principles, 
methodology and clinical applicability of SSEPs and MEPs in companion animal medicine. Potential interferences of 
anesthesia with SSEP and MEP recording are also discussed.

Keywords: Neurophysiology, Transcranial electrical stimulation, SSEPs, MEPs

Background
Spinal cord injuries may lead to clinical signs ranging 
from localized pain to paresis or plegia, with or without 
preservation of conscious pain perception. Along with 
regenerative therapy, more attention should be given to 
diagnostic modalities and objective tools designed to 
monitor neural pathways as a predictor of outcome in 
veterinary medicine.

Neurophysiological studies involve a range of tests 
designed to record action potentials along sensory and 
motor pathways; such tests provide data on injury site 
and severity and help to assess the progression of spinal 
cord lesions (i.e., improvement or deterioration) [1, 2]. 
Some modalities can specifically evaluate the peripheral 
nervous system, as nerve conduction studies, others will 
also evaluate the central nervous system, as somatosen-
sory evoked potentials and motor evoked potentials, as 

described in this review. Intraoperative monitoring dur-
ing spinal surgery is also possible, with improved preven-
tion of iatrogenic injuries and more accurate prognosis 
[1, 3]. This review describes basic principles, methodol-
ogy and clinical applicability of evoked potential tests in 
small animals.

Search strategy
This overview was provided through searches of Pub-
med (http://www.ncbi.nlm.nih.gov/pubmed) and Google 
Scholar (https://scholar.google.com), using the terms 
“motor evoked potentials, somatosensory evoked poten-
tials, SSEPs and MEPs”. The titles and abstracts were eval-
uated and pertinent articles related to the current study 
were identified. Full-text manuscripts were then col-
lected and assessed in detail. Personal archives were used 
to illustrate SSEPs and MEPs recordings.

Review
Evoked potentials are neurophysiological tests designed 
to assess, among others, the functionality of neural 
pathways involved in spinal cord injuries. Somatosen-
sory evoked potentials (SSEPs) correspond to spinal and 
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cortical sensory responses recorded following electrical 
stimulation of a peripheral nerve, and reflect the func-
tionality of ascending sensory pathways. In contrast, 
motor evoked potentials (MEPs) correspond to periph-
eral muscular responses recorded following motor cortex 
stimulation and reflect the functionality of descending 
motor pathways [2, 4].

Neurophysiological techniques are extremely popu-
lar in human medicine and are particularly indicated for 
intraoperative monitoring during spinal surgery; how-
ever, reports on neurophysiological assessment of spinal 
cord injuries in veterinary medicine are scarce. Neuro-
physiological tests have been employed to record SSEPs 
[5, 6] and MEPs in healthy animals [7–10] and in cases 
of cervical spondylomyelopathy [11, 12], intervertebral 
disk disease [13], lumbosacral stenosis [14], hereditary 
diseases [15, 16] and traumatic injuries [17]. Their use in 
evaluation of responses to regenerative therapy [18] and 
in intraoperative monitoring during cervical spinal sur-
gery [19] has also been reported.

Somatosensory evoked potentials (SSEPs)
Principles
Somatosensory evoked potentials reflect the integrity of 
large-diameter sensory nerve fibers running through the 
dorsal funiculus. Potentials generated via stimulation of 
peripheral nerves are recorded at different levels of the 
nervous system, such as peripheral nerve, plexus, nerve 
roots, spinal cord segments and the sensory cortex. The 
tibial and median nerves are the nerves of choice for 
stimulation in pelvic and thoracic limbs respectively [2, 
5, 6]. Somatosensory evoked potentials correspond to the 
conscious proprioception pathway; therefore, SSEPs do 
not represent smaller diameter fibers conveying pain and 
temperature sensation and may be altered or absent even 
in individuals with nociception [2].

Methodology
Stainless steel electrode pairs (i.e., cathode and anode) 
inserted into the subcutaneous tissue over the distal end 
of the target nerve are used for stimulation. Proximal 
stimulation can recruit more fibers and then promote 
larger potentials, but can also cause more muscle reflex 
activity. Stimulation just above the carpus for the median 
nerve and just above the tarsus for the tibial nerve can 
stimulate enough number of fibers avoiding excessive 
muscle activity [2, 20]. The most negative electrode (cath-
ode) causes axon membrane depolarization, and should 
be placed 2 cm proximal to the anode, in order to avoid 
the anodal block of conduction [5, 6]. Surface electrodes 
are commonly used in humans; however, monopolar nee-
dle electrodes are recommended in dogs and cats due 

to greater skin thickness, larger amounts of subcutane-
ous fat and the presence of fur [2, 5]. Continuous stimuli 
applied to one limb at a time help to assess lesion later-
alization. Pulse duration of 0.1  ms is most widely used. 
Stimulus intensity is related to recruitment of nerve fib-
ers and the larger is the diameter of a fiber nerve, more 
easily it is stimulated. Moreover, with increasing stimulus 
intensity, more nerve fibers are recruited [20]. Therefore, 
pulse intensity (mA) is adjusted until a barely visible dis-
tal limb contraction is elicited indicating proper stimula-
tion of motor fibers in mixed nerves such as the tibial and 
median nerves, and this is subject to individual variation. 
Once a good motor twitch is obtained, increasing the 
stimulus intensity further does not increase SSEPs ampli-
tudes [20, 21].

Stimulus rates usually range from 2 to 5 Hz [4–6, 13], as 
amplitudes of scalp-recorded SSEPs can be modified by 
pulse rates above 2 Hz and spine recorded SSEPs by rates 
above 4 Hz [20]. Electrodes connected to the stimulator 
cause axons depolarization, with centrally (also periph-
erally) propagation, and SSEPs can be recorded from the 
spinal cord ascending tracts and finally in the scalp.

Filters are used to avoid activity not related to the gen-
erator under study that would interfere with the record-
ings. Commonly, a window from 10 to 4000 Hz in spine 
recorded SSEP and 10–3000  Hz for the scalp-recorded 
SSEP is used [5, 6, 17]. As signals under study are of very 
small magnitude, “Signal averaging” is applied to differ-
entiate signals of interest from other interferences. This 
signal is time-locked to the stimulus, while noise is a ran-
dom event. With averaging of repeated responses, noise 
is averaged out and the signal is averaged in [20].

As mentioned before, the sensory pathway may be fur-
ther subdivided and topographed using electrode pairs 
placed at different spinal segments [5, 14, 17]. For spinal 
cord SSEPs, the active recording electrodes are placed 
in the dorsal midline parallel to the edges of adjacent to 
spinous process, aiming the center of the interarcuate 
ligament. The reference electrode is positioned in the 
paraspinal muscles 1–3 cm lateral to the recording elec-
trode, at the same level. The active recording electrode 
can be advanced cranially to study different spinal cord 
segments, and also adjacent to a lesion, so that is pos-
sible to delimit the injury site. Ground electrode can be 
inserted subcutaneously preferably over a bone promi-
nence, as these are electrically inactive regions [5, 13, 14, 
17]. Along the spine, four contributions to SSEP record-
ing can be identified. They are the root component (at 
L7–S1 level), the cord dorsum potential (in the caudal 
lumbar area), the ascending evoked potential (at more 
rostral levels) and the medullary component (at the level 
of the cisterna magna) [5, 20].
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The root component is a potential that originates in 
the cauda equina nerve roots and can be detected on the 
three most caudal intervertebral spaces.

The cord dorsum potential is a triphasic potential that 
originates in the region of the spinal cord segments that 
receive input from sensory and mixed peripheral nerves. 
Therefore, it assess integrity of proximal sensory nerves, 
dorsal nerve roots, and spinal cord dorsal horn gray mat-
ter [22].

The ascending evoked potential is a compound action 
potential of small amplitude that can be difficult to detect 
in cranial thoracic and cervical areas due to the difficulty 
of inserting the electrodes properly. Finally, the medul-
lary component possibly originates in the cervical and 
medullary nuclei [20].

Another feature of spine-recorded SSEP is the evoked 
injury potential, which is the spinal evoked response 
obtained by volume recording after injury to the cord, 
and represent the action potentials ascending the cord 
tracts up to the site of injury but not passing it. It has also 
been used as an intraoperative localizing tool for acute 
spinal cord injury [20, 23].

For scalp recording, the active (also called record-
ing or different) electrode can be placed in the central 
zone, subcutaneously [5, 13, 17, 19]. Corkscrew (spiral) 
needle electrodes can be used for better adherence and 
minimization of external interferences [2, 5]. In the scalp, 
electrode position reflects the somatosensory area. A ref-
erence electrode placed centrally/frontally on the median 
plane and a ground electrode in the neck or on the fore-
limb position are also employed [2, 5].

Electrode pairs are connected to preamplifiers, then 
to specific channels in the equipment [4, 5]. Graphical 
representations of digitally recorded latency and ampli-
tude data are used to investigate conduction disturbances 
along the sensory spinal tract [2, 4, 5].

Recordings
Somatosensory evoked potential recordings are displayed 
on a computer screen; recordings and waves correspond-
ing to each limb are shown in different windows, which 
can be adjusted for improved visualization. Figure  1 
shows an example of SSEPs recorded from thoracic limb 
in a dog. Manually managed cursors are used to measure 
wave amplitude and latency [2, 4–6].

Clinical applicability
Somatosensory evoked potentials reflect sensory path-
way conductivity and integrity in areas that cannot be 
accessed using other electrodiagnostic tests and may 
therefore be used for investigation of central and periph-
eral neurological conditions [5]. The method is thought 

to be sensitive and specific for detection of peroperative 
complications, is user-friendly and can be combined with 
other neurophysiological diagnostic modalities [24, 25]. 
Thoracolumbar spinal cord injuries are expected to gen-
erate normal thoracic limb recordings and deteriorated 
pelvic limb recordings, with the magnitude of changes 
reflecting injury severity (i.e., the more severe the injury, 
the longer the latency and the lower the amplitude); alter-
natively, SSEPs may not be recorded [26]. In lateralized 
lesions such as lateral intervertebral disk extrusion, evi-
dence of lateralization should be apparent in recordings 
(Fig.  2). In human medicine, these modalities include 
monitoring many neurosurgical or orthopedic spine sur-
geries, such as embolization or tumor resections, aneu-
rysm repairs, peripheral nervous system surgeries, thus 
helping the safe surgical approach [2].

Observations
Somatosensory evoked potentials may be influenced by 
mechanical factors, ischemic conditions, systemic hypo-
tension, hypothermia, injectable anesthetics such as 
thiopental sodium, pentobarbital and ketamine hydro-
chloride, and volatile agents such as isoflurane, sevoflu-
rane and nitric oxide [2, 24]. Latency changes >10% and 
drops in amplitude of more 50% are alarming signs in 
intraoperative monitoring of human patients and should 
be reported to the surgeon in charge [27]. Somatosen-
sory evoked potentials reflect the functional integrity of 
the dorsal columns and therefore do not represent motor 
pathways, which may be individually compromised [2, 
24, 27].

Fig. 1 Somatosensory evoked potentials (SSEPs) recorded from scalp 
following median nerve stimulation in a dog. Latency (T1 = 13.08 ms; 
vertical bar) and peak-to-peak amplitude (A1–A2 = 8.54 µV; hori-
zontal bars) measurements are displayed. Gain = 2 µV/div; sweep 
speed = 5 ms/div
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Principles
Motor evoked potentials assess motor pathway integrity 
from the cerebral cortex to the muscles and can be gen-
erated via transcranial magnetic [8, 10–12] or electri-
cal stimulation [3, 7, 28]. While electrical stimulation is 
based on direct stimulation via subcutaneous electrodes 
inserted into the scalp, in transcranial magnetic stimula-
tion a coil is used to generate magnetic fields that are then 
converted into electric potentials. Both methods induce 
depolarization and trigger action potentials that propa-
gate along descending pathways related to the pyramidal 
and extrapyramidal systems; the first fibers descending 
from the cortex to the spinal cord form the corticospinal 
system [2, 10]. Extrapyramidal pathways correspond pri-
marily to the rubrospinal, reticulospinal, tectospinal and 
vestibulospinal tracts and are particularly relevant in dogs 
[29]. The need for anesthesia is a major downside of tran-
scranial electrical stimulation, as muscle contractions are 
painful, besides anticipated pain can occur [7].

In contrast, transcranial magnetic stimulation can be 
performed in sedated animals [8, 12] and does not require 
special preparation in humans [10]. However, electrical 
stimulation is less impacted by anesthetic drugs and is 
therefore the method of choice for intraoperative moni-
toring [2]. Also, motor responses induced via transcranial 
magnetic stimulation are easier to capture following vol-
untary movements of the target limb made upon request, 
which is not applicable to animal patients [2].

Methodology
For magnetic stimulation, a coil of wire generates the mag-
netic field, and it is positioned over the motor cortex, with 
the purpose to create a pulsed electric current [10]. For 
electric stimulation, cork screw electrodes provide better 
attachment to the scalp for proper transcranial stimula-
tion and should be inserted centrally and above the left 
and right hemispheres, then connected to the stimulator. 
Active electrodes connected to the anode are expected 
to elicit better responses on the contralateral side. Multi 
pulses of 0.05  ms duration, individually adjusted to 
supramaximal intensity and frequency of 250 Hz are used 
[2]. Potentials are captured via needle electrodes inserted 
into target muscles, particularly those caudal to the injury 
site, although cranially located muscles may be employed 
as sentinels. The extensor carpi radialis and cranial tibial 
muscles (thoracic and pelvic limbs respectively) are the 
muscles of choice for MEP capture in dogs [11, 12, 18].

Recordings
As with SSEPs, MEP wave latency and amplitude val-
ues are displayed and measured on a computer screen 
(Fig. 3); SSEPs and MEPs should not be recorded simulta-
neously due to potential stimulation artifact interferences 
[4].

Clinical applicability
Motor evoked potentials have similar clinical applica-
bility to SSEPs; however, motor pathways are reflected 

Fig. 2 Somatosensory evoked potentials (SSEPs) recorded from a dog presenting with thoracolumbar spinal injury. Tracings obtained following 
left (a) and right (b) median nerve and left (c) and right (d) tibial nerve stimulation. Lack of SSEP following right pelvic limb stimulation reflects a 
spinal lesion caudal to right-sided cervical enlargement. Latency (ms; vertical bar) and peak-to-peak amplitude (µV) measurements are displayed. 
Gain = 1 µV/div (a, b and c) or 2 µV/div (d); sweep speed = 5 ms/div (a, b) or 15 ms/div (c, d)
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instead, and therefore a different system with specific 
functions and anatomical location [2]. Normal thoracic 
limb MEPs with altered pelvic limb MEP latency and 
amplitude should be expected in thoracolumbar spinal 
injuries. As with SSEPs, recording abnormalities are con-
sistent with lesion severity [30, 31], (i.e., the more severe 
the injury, the grater the latency and the lower the ampli-
tude), although they do not seem to correlate with prog-
nosis for recovery. MEPs may not be recorded caudal to 
the injury site [32, 33] (Fig. 4).

Observations
Motor evoked potential changes occur more rapidly than 
SSEP changes under ischemic conditions; therefore this 
technique is more sensitive for detection of intraopera-
tive spinal injuries [4, 24, 32, 33].

Anesthesia in SSEP and MEP assessment
Chemical restriction is required for SSEP and MEP 
recording in veterinary medicine; however, common 
sedating and anesthetic agents may attenuate or even 
suppress motor and somatosensory responses. Hypnotic-
opioid combinations such as intravenous propofol and 
remifentanil are routinely used in human patients [25, 28, 
34] submitted to electrical stimulation. The hyperpolari-
zation (i.e., creation of a more negative resting potential 

in cell membranes) induced by volatile anesthetic agents 
such isoflurane decreases neuronal excitability and may 
prevent action potentials from reaching motor cortex 
and motor neuron depolarization thresholds [27, 34–36]. 
Several anesthetic protocols have been described in vet-
erinary medicine. The use of drugs such as xylazine and 
dexamedetomidine, midazolam, sufentanil [5, 12, 37–39], 
ketamine, methohexital and isoflurane [37, 40] has been 
reported; anesthetic induction and maintenance through 
constant rate infusion of propofol [15, 35] has also been 
proposed. While MEPs can be obtained via transcranial 
magnetic stimulation in sedated patients, strong contrac-
tion of masticatory muscles induced by electrical stimu-
lation dictates the need for general anesthesia and the 
use of protectors to prevent tongue laceration when this 
technique is employed. Body temperature oscillations 
may interfere with recordings; therefore, this parameter 
must be monitored [10, 19].

SSEPs and MEPs in veterinary medicine
Application of these diagnostic modalities in veterinary 
medicine is still limited, and two major limiting factors 
should be mentioned. First, different anesthetic protocols, 
mainly with substances that strongly suppress cortical 
activity, can definitely impair proper recordings. Second, 
mild clinical signs due to spinal cord injury can drasti-
cally influence, or even prevent recordings. More inves-
tigation and standardization should be determinant for 
better and more trustable results, and more information 
extracted from human medicine should be of great ben-
efit to application in animals. SSEPs and MEPs have been 
used alone or in combination to complement neurological 
examination, as well as for disease characterization and 
functional classification of spinal cord injuries [15–17, 
20, 26, 31, 37, 40–42]. Several aspects need to be further 
investigated and defined before results can be compared 
between studies. Electrode insertion sites, particularly of 
scalp electrodes used for SSEP capture or MEP induction 
via transcranial magnetic or electric stimulation, must 
be standardized. In dogs, extensive anatomical variabil-
ity in head shape (e.g., brachycephalic vs. dolichocephalic 

Fig. 3 Motor evoked potentials recorded from the extensor carpi 
radialis muscle following transcranial electrical stimulation in a dog. 
Latency (T1 = 16.77 ms; vertical bar) and peak-to-peak amplitude 
(A1–A2 = 1127.27 µV; horizontal bars) measurements are displayed. 
Gain = 200 µV/div; sweep speed = 15 ms/div

Fig. 4 Motor evoked potential recordings (MEPs) in a dog presenting with thoracolumbar spinal injury. Tracings obtained following left (a) and 
right (b) extensor carpi radialis and left (c) and right (d) cranial tibial muscle stimulation. MEP capture in a, b and c and absence in d is consistent 
with right-sided spinal lesion. Latency (ms; vertical bar) and peak-to-peak amplitude (µV) measurements are displayed. Gain = 100 µV/div (a, b) or 
15 µV/div (c, d); sweep speed = 15 ms/div
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breeds) is likely to interfere with correct location of stim-
ulation and signal capture sites. Latency and amplitude 
reference values are also open to question, given the wide 
variability even between individuals of the same breed [11, 
31]. A single study describes the use of SSEPs for intra-
operative monitoring of dogs with spinal cord dysfunc-
tion [19]. The value of evoked potentials possibly resides 
in the contribution of such tests to objective assessment 
of recovery or deterioration of neurological conditions 
via paired or serial comparisons of recordings obtained 
from the same animal. Also, intraoperative monitoring 
significantly increases procedure safety (i.e., prevention 
of iatrogenic lesions) and prognostication accuracy. Just 
as human patients, dogs and cats would certainly benefit 
from intraoperative neurophysiological monitoring dur-
ing spinal surgery [43, 44].

Conclusions
Somatosensory and motor evoked potentials reflect the 
functional integrity of ascending (sensory) and descend-
ing (motor) pathways and therefore have diagnostic and 
prognostic value. Somatosensory and motor evoked 
potentials constitute promising tools for assessment and 
follow up of neurological conditions and provide signifi-
cant contributions to intraoperative monitoring of spinal 
procedures.
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Detection and molecular characterization of 
porcine reproductive and respiratory syndrome 
virus in Lithuanian wild boar populations
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Abstract 

Background: Porcine reproductive and respiratory syndrome virus (PRRSV) is recognized worldwide as an important 
and economically devastating pathogen in pig production. Although PRRSV is widespread in domestic swine, there 
is a lack of information regarding PRRSV infection in European wild boars (Sus scrofa). Currently available information 
does not provide conclusive evidence that wild boars are a reservoir of PRRSV. Nevertheless, wild boars may be likely 
to become infected by domestic swine through occasional direct or indirect contact. Furthermore, wild boars can act 
as a reservoir for infectious diseases of domestic pigs. Therefore, the objectives of the present study were to determine 
the virus prevalence and further explore the epidemiology and diversity of PRRSV strains present in Lithuanian wild 
boars over a 5-year period. A total of 1597 tissue and serum samples from wild boars inhabiting 44 districts and ten 
counties in Lithuania were analysed using conventional nested reverse transcription polymerase chain reaction (RT-
PCR) and real-time Taqman RT-PCR for the detection of PRRSV-specific open reading frame (ORF) 1 and 6 sequences.

Results: PRRSV was highly prevalent in Lithuanian wild boar populations, with an average rate of 18.66 % using 
conventional RT-PCR and 19.54 % using real-time RT-PCR. PRRSV was detected in 36.71 and 41.77 % of 237 hunting 
grounds tested by conventional RT-nPCR and real-time RT-PCR, respectively. No statistically significant differences in 
PRRSV prevalence were observed by geographic area in the ten Lithuanian counties. Animals infected with PRRSV 
were identified in all age groups; however, significantly higher prevalence rates were identified in subadult and adult 
wild boars than in juveniles up to 12 months old. No positive results were obtained using conventional PCR with 
Type 2 specific primers. Phylogenetic analysis of the partial ORF5 region revealed that ten wild boars harboured virus 
sequences belonging to genetic subtypes 3 and 4 and may therefore pose a serious threat to Lithuanian pig farms in 
which only subtype two strains are circulating.

Conclusions: The results of virus prevalence and phylogenetic analyses strongly support the role of wild boars as a 
possible natural reservoir for PRRSV in Lithuania.
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Background
Porcine reproductive and respiratory syndrome virus 
(PRRSV) is globally regarded as an important and eco-
nomically devastating pathogen in pig production 
characterized by respiratory disease in piglets and repro-
ductive failure in sows. PRRSV, a member of the family 
Arteriviridae in the order Nidovirales, is a small, envel-
oped virus with a single-stranded positive-sense RNA 
genome approximately 15  kb in length that encodes at 
least nine open reading frames (ORF), including ORF1a, 
1b, 2a, 2b, and 3–7 [1, 2]. ORFs 2a, 2b, 3, 4, and 5 encode 
envelope glycoproteins, while ORFs 6 and 7 encode the 
matrix and nucleocapsid proteins, respectively. The larg-
est and most conserved genes are ORF1a and ORF1b, 
which encode the viral RNA polymerase. ORF5 encodes 
the major envelope protein and is often used for phylo-
genetic analysis and molecular characterization, mainly 
because of its high variability and large number of avail-
able sequences [3, 4]. A novel PRRSV ORF5a protein 
encoded in an ORF that overlaps the major envelope gly-
coprotein GP5 ORF has recently been identified [5], and 
a—two ribosomal frame-shifting has recently been iden-
tified for the expression of nonstructural proteins nsp2TF 
in the nsp2-coding region. The nsp2TF coding sequence 
is conserved in the PRRSV genome [6].

Based on genetic differences, PRRSV has been 
divided into two genotypes: Type 1, mainly comprising 
viruses from Europe, and Type 2, mainly comprising of 
viruses from North America and Asia. The two types 
are 55–70 % identical at the nucleotide level. These two 
PRRSV genotypes have emerged almost simultaneously 
on their respective continents since the late 1980s. Pub-
lications describing the ORF5 PRRSV sequences have 
shown that the genetic diversity of Type 1 is higher than 
that of Type 2 [7–9]. A unique cluster of Type 1 PRRSV 
was thought to be closely related to the common ances-
tors of the European and American strains was detected 
in Lithuania [10]. Investigations in ORF5 and ORF7 
regions of PRRSV conducted in Belarus and Russia 
have shown that nucleotide sequences in virus isolates 
from these countries also differ significantly from those 
in PRRSV strains circulating in Western Europe [8, 9]. 
Based on ORF5 and ORF7 sequences, Type 1 East Euro-
pean PRRSV strains were divided into four genetic sub-
types representing PRRSV strains prevalent in Belarus, 
Lithuania and Latvia [11].

Although PRRSV is widespread in domestic swine, 
there is a lack of information regarding PRRSV infec-
tion in European wild boars (Sus scrofa). The seropreva-
lence of antibodies against PRRSV in wild boars has been 
determined to range from 0.3 to 3.6  % in several coun-
tries [12–19]; however, in the Campania Region of Italy, 
a seroprevalence of 37.8 % was detected [17]. Many other 

studies have reported negative PRRSV seroprevalence 
results [20–24]. PRRSV has also been detected using 
reverse transcription polymerase chain reaction (RT-
PCR) methods in the lung tissue of wild boars in Italy 
[25], Germany [26] and Lithuania [27] as well as in the 
lung tissue of hybrid wild boars, known as “special wild 
pigs” in China [28].

Currently available information does not provide con-
clusive evidence that wild boars are a reservoir of PRRSV 
[26, 29]. Nevertheless, wild boars may be likely to become 
infected by domestic swine through occasional direct 
or indirect contact. Furthermore, wild boars have been 
found to act as a reservoir for other infectious diseases 
of domestic pigs, and interactions between wide and 
domestic pig populations can potentially result in trans-
mission of these diseases [13, 29]. In this case, PRRSV 
transmission would be favoured within dense wild boar 
populations, but the lack of infection in many wild boar 
populations in various European countries suggest that 
the initial transmission from domestic swine to wild boar 
does not occur or occurs very sporadically. Therefore, the 
objectives of the present study were to determine virus 
prevalence and further explore the epidemiology and 
diversity of PRRSV strains prevalent in Lithuanian wild 
boars over a 5-year period.

Methods
Wild boar samples
Samples were collected from wild boars (n  =  1597) 
hunted in forested areas (21,740  km2) of all 44 districts 
and 10 counties of Lithuania during the 2011–2015 hunt-
ing seasons. Wild boars were numbered and categorized 
according to age (teeth method) and weight into three 
age groups: juveniles (n = 335), subadults (n = 652) and 
adults (n = 610). Lung (n = 755), lymph node and tonsil 
(n = 264), spleen (n = 143), or serum (n = 435) samples 
were collected from hunted wild boars within 2–3 h after 
death from public or private hunting grounds (n = 237) 
and stored at −20 °C until analysis.

Pig samples
Lung samples from dead weaned pigs (n = 32) were col-
lected from PRRSV-positive farms (n =  5) located near 
the sites where wild boars were shot. RNA was obtained 
from PRRSV-positive samples, and ORF5 sequences 
were used for phylogenetic analysis. All lung samples 
were transported at 5 °C and then stored at −20 °C until 
analysis.

RNA isolation and cDNA synthesis
RNA was extracted from tissue samples using the 
GeneJET RNA purification kit (Thermo Fisher Scien-
tific, Waltham, USA). For each extraction, 30–50  mg 
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of tissue sample was ground thoroughly with a mor-
tar and pestle. Lysis buffer (300  µl) supplemented with 
β-mercaptoethanol was added. The remaining steps were 
performed following the manufacturer’s instructions. 
Extracted RNA was eluted in 100 µl nuclease-free water. 
Total RNA was extracted using the GeneJET Viral DNA 
and RNA Purification Kit (Thermo Fisher Scientific), 
designed for rapid and efficient purification of high qual-
ity viral nucleic acids from various human and animal 
liquid samples such as plasma, serum, whole blood. Wild 
boar serum (200 µl) was used for RNA extraction accord-
ing to manufacturer protocol. Extracted RNA samples 
were stored at −80 °C until further analysis.

Reverse transcription (RT) was performed on 
extracted RNA. Five microlitre RNA was mixed with 
1  µl Oligo(dT)18 primer (Thermo Fisher Scientific); 
6.5  µl DEPC-treated water; 4  µl 5× reaction buffer 
(Thermo Fisher Scientific); 0.5  µl (20  U) Thermo Scien-
tific RiboLock RNase Inhibitor; 2 µl dNTP Mix (10 mM 
each); and 1  µl (200  U) RevertAid reverse transcriptase 
(Thermo Fisher Scientific). A total volume of 20 µl reac-
tion mixture was incubated for 60 min at 42 °C, and the 
reaction was then terminated by heating at 70  °C for 
10 min. The obtained cDNA was then used for PCR and 
real-time PCR.

PCR and real‑time PCR
A 25  µl PCR mixture containing 5  µl cDNA; 1× Taq 
polymerase reaction buffer (Thermo Fisher Scientific); 
2.5  mM MgCl2; 0.2  mM dNTP Mix; 0.6  U Taq poly-
merase (Thermo Fisher Scientific); and 20 pmol of each 
primer was used for amplifying ORF1 258 bp sequences 
[26] (see Additional file 1). According to a previous study 
[26], conventional RT-PCR targeting ORF1 has been per-
formed to detect the Type 1 or Type 2 PRRSV in wild 
boar samples. PCR primers were designed based on ORF 
1b and found to be more conserved within and between 
the two PRRSV virus genotypes than those of other 
genes.

The nested PCR contained the same reagents as 
the first PCR except primers were used to amplify 
ORF1 186  bp sequences for Type 1 PRRSV and 108  bp 
sequences for Type 2 PRRSV strains [26] (see Additional 
file 1) and 2.5 µl of the PCR product was used as a tem-
plate for the nested PCR assay. The positive samples in 
the ORF1 RT-nPCR and ORF6 real-time RT-PCR were 
further analysed by amplifying the ORF5 sequences used 
for phylogenetic analysis of PRRSV. For the ORF5 region, 
amplification PCR and nested PCR in a final volume of 
25 µl were performed using 20 pmol of each primer spe-
cific for this region [10]. Details of primers used are dis-
played in Additional file 1. All reactions were performed 
in a Mastercycler personal thermocycler (Eppendorf, 

Hamburg, Germany). Thermal cycling consisted of initial 
denaturation at 95 °C for 3 min, 40 amplification cycles of 
95 °C for 30 s, annealing at 55 °C for 30 s and extension 
at 72 °C for 60 s followed by final extension at 72 °C for 
10  min. For ORF5 region amplification, thermal cycling 
was performed using 35 cycles of 94 °C for 60 s, 55 °C for 
60 s and 72  °C for 90 s with final extension at 72  °C for 
10 min. The nested PCR product was separated in 1.5 % 
agarose gel and visualized with UV light after ethidium 
bromide staining.

As an alternative to conventional RT-nPCR, real-time 
RT-PCR was performed using ORF6 region primers and 
a probe coding for the conserved structural membrane 
protein M [30]. The 25  µl real-time RT-PCR mixture 
consisted of 8.5  µl nuclease-free water; 12.5  µl TaqMan 
Universal Master Mix II with UNG (Applied Biosystems, 
Foster, USA); 1.0 µl each of the forward and reverse prim-
ers (20  µM), 1  µl probe (10  µM) (see Additional file  1); 
and 2.5  µl cDNA template. Real-time RT-PCR was per-
formed with StepOnePlus (Applied Biosystems) Thermal 
Cycler using the following program: UNG incubation at 
50 °C for 2 min; initial incubation at 95 °C for 10 min; and 
40 cycles of 95 °C for 15 s and 60 °C for 60 s.

Sequencing and phylogenetic analysis
Positive ORF5 nested PCR products were excised from 
the gels, purified using a GeneJET PCR Purification Kit 
(Thermo Fisher Scientific) and sequenced in both direc-
tions using the BigDye Terminator Cycle Sequencing 
Kit v3.1 (Applied Biosystems) and 3130× Genetic ana-
lyzer (Applied Biosystems). Sequences from both strands 
of the ORF5 PCR products were determined using the 
same primers used for nested PCR amplification. The 
sequences were submitted to Genbank under accession 
numbers KT828652-KT828665.

The obtained partial ORF5 sequences were compared 
with the reference set of sequences selected from Gen-
Bank to represent a full range of genetic diversity and 
geographic locations of Type 1 PRRSV. The sequences 
were aligned using the Clustal W software from MegA-
lign (Lasergene software package, DNASTAR Inc, Madi-
son, USA). Bootstrap values were calculated using CLC 
Gene Free Workbench software, with bootstrap values 
based on 100 analysis replicates (v4.0.01, CLC bio A/S, 
Aarhus, Denmark).

Statistical analysis
Descriptive statistics were calculated using Micro-
soft Excel 2007 and IBM SPSS Statistics (Version 21.0). 
Z-tests for proportions were used to estimate the appar-
ent prevalence confidence intervals (95  % CI), and 
χ2-tests for equality of two proportions were used to 
determine significant differences in prevalence between 
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sampling periods, age groups, and counties. The results 
were considered statistically significant if P values were 
<0.05.

Results
A total of 1597 samples (lung, lymph node, tonsil, spleen 
or serum samples) from wild boars inhabiting 44 dis-
tricts and 10 counties in Lithuania were analysed using 
conventional nested RT-PCR and real-time Taqman RT-
PCR for detection of PRRSV-specific ORF1 and ORF6 
sequences, respectively. PRRSV was detected in 18.66 % 
(298/1597) of wild boars tested using RT-nPCR and 
19.54 % (312/1597) of samples tested using real-time RT-
PCR (Table 1). Differences in PRRSV prevalence during 
the sampling period (2011–2015) were not significant 
(P > 0.05) irrespective of PCR method.

PRRSV Type 1-specific amplicons were detected with 
both RT-PCR methods in all 10 Lithuanian counties and 
36 of 44 districts (data not shown). PRRSV was detected 
in 87 (36.71 %; 95 % CI 30.57–42.85 %) and 99 (41.77 %; 
95 % CI 35.49–48.05) of the 237 hunting grounds tested 
by conventional RT-nPCR and real-time RT-PCR, 
respectively (Fig. 1). The highest PRRSV prevalence was 
detected in Telsiai County at 62.5  % (95  % CI 28.95–
96.05 %) by RT-nPCR and 75 % (95 % CI 44.99–105.01 %) 
by real-time RT-PCR. The differences between PRRSV 
prevalence by geographic area in all ten Lithuanian coun-
ties were also not significant (P  >  0.05) irrespective of 
PCR method.

The PRRSV prevalence for different age groups of wild 
boars is presented in Table  2. Animals infected with 
PRRSV were found in all age groups; however, the high-
est prevalence rates were found in adults and subadults 
(Table 2). Subadults and adults were twice as likely to be 
PCR positive than the juvenile boars (P < 0.05).

PRRSV Type 2 was not detected using conventional 
RT-nPCR with ORF1-specific primers in 1597 tested wild 
boars from 237 hunting grounds.

For genetic comparison of circulating PRRSV strains 
in Lithuanian wild boars, ten amplification products 
of partial ORF5 region were sequenced. All obtained 
sequences showed the highest similarity to PRRSV 
Type 1 sequences. Phylogenetic analysis of the par-
tial ORF5 region revealed that wild boar sequences 
belonged to genetic subtypes 3 and 4 (Fig. 2). The wild 
boar PRRSV sequences formed well-defined clusters 
within these subtypes and were aligned with PRRSV 
ORF5 published reference sequences from domes-
tic pigs in Belarus and Latvia. Interestingly, these 
subtypes have never been detected in domestic pigs 
in Lithuania. ORF5 sequences obtained from Lithu-
anian pig farms clustered in subtype 2 of the phyloge-
netic tree along with reference sequences previously 

obtained from Lithuanian, Belarus and Russian Fed-
eration pig farms.

Discussion
The study shows that PRRSV infections are prevalent in 
Lithuanian wild boar populations with an average detec-
tion rate of 18.66 % using conventional ORF1 RT-nPCR 
and 19.54  % tested using real-time RT-PCR. This pro-
portion appears to be quite higher than that indicated 
in a previous investigation, which found that PRRSV by 
RT-nPCR was detected in 15.9 % of wild boar samples in 
Germany [26]. Surveys of wild boars from eastern Slo-
vakia have revealed that PRRSV was present in 1.6 % of 
samples when tested by nested RT-PCR [31], and PRRSV 
Type 1 was accidentally identified in a road killed wild 
boar in Italy [25]. Contrary to our results, Kukushkin 
et al. [20] failed to detect PRRSV in tissue samples from 
wild boars in Russia using RT-PCR, while a study in 
Poland found that PRRSV infections were not prevalent 
in wild boars [32]. The sera and tissues from wild boars 
in south-central Spain were also found to be negative by 
conventional and real-time RT-PCR assays [18].

Throughout Lithuania, the prevalence of PRRSV infec-
tion was higher in wild boars from hunting grounds 
(36.71 and 41.77 % depending on PCR used) than in the 
general porcine population. The presence of PRRSV-
positive wild boars in all Lithuanian counties may be 
explained by the favourable conditions for wild boars that 
have developed throughout Lithuania. The population 
density of wild boars in Lithuanian forests has increased 
considerably from 1.84 wild boars per km2 in 2011 to 
2.66 wild boars per km2 in 2015 [33]. Furthermore, these 
findings could be explained by migration of wild boars 
from neighbouring countries and their ability to colonize 
new habitats through abundant supplementary feeding. 
Supplementary feeding of wild boars during winter has 
been practised in Lithuania for many years as a dissua-
sive measure aimed to reduce crop damage by wild boars 
or an attractive measure during hunting season. Sup-
plementary feeding brings animals closer together near 
feeding locations, leading to increased level of aggrega-
tion among and contact between wild boars. The results 
of our investigation revealed as unexpectedly high preva-
lence of PRRSV in wild boars; however, additional studies 
of wild boar populations in neighbouring Latvia, Belarus, 
and Kaliningrad Region of Russian Federation are neces-
sary to investigate this further.

The highest prevalence of infected wild boars (19.84 
to 22.24  %) was identified in the subadult and adult 
age groups, a finding that may be explained by an age-
dependent higher risk of virus exposure.

This study demonstrated that wild boars can harbour 
different genetic lineages of PRRSV strains than those 
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found in domestic pigs in Lithuania. This may pose a 
serious threat to the Lithuanian pig industry, where 
only subtype 2 strains are circulating. Contemporary 

investigations have found that subtype 3 strains identi-
fied in Belarus pig farms [8] may be highly virulent [34]. 
The most striking finding is detection of the subtype four 

Fig. 1 PRRSV prevalence distribution by hunting grounds in different Lithuanian counties. Bold letters indicate counties: ALY Alytus, MAR Marijam-
pole, VIL Vilnius, KAU Kaunas, TAU Taurage, KLA Kaipeda, TEL Telsiai, SIAU Siauliai, PAN Panevezys, UTE Utena. The numbers indicate tested hunting 
grounds in each county. Percentage in the second line indicates prevalence rate determined by nested and real-time RT-PCR

Table 2 Prevalence of PRRSV infection in wild boars detected by nested and real-time RT-PCR by age group

Age group Number of wild 
boars tested

RT‑nPCR Real‑time RT‑PCR

Number 
of positive wild 
boars

Percentage 
of positive wild 
boars

95 % confi‑
dence interval 
(%)

Number 
of positive wild 
boars

Percentage 
of positive wild 
boars

95 % confidence 
interval (%)

Juveniles (up to 
12 months)

335 38 11.34 7.94–14.74 39 11.64 8.21–15.07

Subadults (12-
24 months)

652 139 21.32 18.18–24.46 145 22.24 19.05–25.43

Adults (over 
24 months)

610 121 19.84 16.68–23.00 128 20.98 17.75–24.21

Total 1597 298 18.66 16.75–20.57 312 19.54 17.60–21.48
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Nucleotide Substitutions per 100 residues 

0

33.5

51015202530

DQ324678 Porcilis PRRS vac

M96262 Lelystad 1991 NL 

DQ384981HUN 03 2006

JN651738 BH95 DE 2006
DQ324668 Amervac PRRS vac

DQ324678 Pyrsvac-183 vac

DQ009634 CReSA SP

AY875855 2888 AUS

DQ324673 Che-46 PL 2005

DQ324680 Prz PL 2005

AY035935 L56 SP 1991

DQ355821IV3140 S.Korea 

AY035912 28639 DK 1998

AY743932 It 62 IT 2003

AY035932 2567 IT1996

AY739963 It 7 IT 2004

DQ324675 Dzi-62 PL 2005

WB 81 LT 2013

WB 93 LT 2014

WB 158 LT 2014

WB 160 LT2014

WB 26 LT 2011

DQ324686 Soz-6 BY 2004

EU071227 Soz(f2) BY 2006

EU071228 Soz(f3) BY 2006

JF802085 Lena  BY 2007

DQ324694Zad-1 BY 2004

DQ324676 Obu-1 BY 2004

DQ324669 Bel-42 BY 2004

WB138 LT 2014
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strain in wild boars. Previously, this subtype had only 
been identified in pigs in Belarus and Latvia [8, 11].

In the present study, PRRSV ORF5 partial sequences 
were obtained only after amplification of highly ORF5 
PCR-positive samples. Many ORF5 weak positive sam-
ples were not suitable for sequencing or resulted in 
sequences of poor quality. A possible explanation for this 
result might be a level of RNA copies in the samples that 
could only be detected by ORF1 RT-nPCR or by ORF6 
real-time RT-PCR. Moreover, Reiner et al. [26] failed to 
amplify ORF5 as well as ORF7 sequences from wild boars 
with three PCR-systems that were applied in routine 
diagnostics of domestic pig samples.

The presence of different PRRSV subtypes in wild 
boars and pigs suggests that PRRSV infection may be 
an endogenous infection of wild boars that can serve as 
a reservoir for infection of domestic pigs. Wild boars 
have been identified as reservoirs for other viruses, 
such as those causing classical swine fever and Aujesz-
ky’s disease [13]. Therefore, wild boars should be con-
sidered important source of viral infections in domestic 
pigs.

Detection of the highly diverse PRRSV subtypes 3 and 
4 in Lithuanian wild boars may also indicate the emer-
gence of PRRSV in domestic pigs. Shi et al. [4] suggested 
that ancestors of PRRSV subtype 3 may have been pre-
sent in Eastern Europe before the emergence of subtype 
1 PRRSV in Western European pig farms. By molecu-
lar clock analysis, the most recent common ancestor 
for PRRSV Types 1 and 2 existed at least 100 years ago 
[35]. Although it is possible that PRRSV diverged from 
other arteriviruses, the pre-emergence evolutionary his-
tory of this virus remains a mystery. If wild boars had a 
longer history of hosting PRRSV strains than domes-
tic pigs, greater viral diversity in wild boars would also 
be expected. PRRSV ORF5 partial sequences from wild 
boars obtained in this study exhibited levels of diversity 
similar to findings in domestic swine population in Lith-
uania, Latvia, Belarus and European and Asian regions of 
the Russian Federation [8–10] but different from subtype 
1 strains circulating in Central and Western Europe and 
worldwide. The exceptionally high diversity of PRRSV 
ORF5 in Eastern Europe indicates that this genotype 
was established there before establishment in Western 
Europe; a finding that favours the hypothesis that PRRSV 
Type 1 emerged in Eastern Europe [4, 6]. Phylogenetic 
analyses of ORF1 viral sequences from wild boars in 
Germany [26] presented two highly homologous groups 
clustered within the diversity of PRRSV Types 1 and 2; 
however, amplification of ORF5 or ORF7 sequences was 
not successful. ORF5 encodes the major envelope pro-
tein and is often used for phylogenetic analyses mainly 
because of its high variability; therefore, it has been 

proposed for subtype definition of PRRSV Type 1 strains 
[11].

Conclusions
Wild boars may act as a natural reservoir for PRRSV in 
Lithuania. PRRSV was highly prevalent in Lithuanian 
wild boar populations, with an average prevalence rate 
of 18.66 % using conventional RT-PCR and 19.54 % using 
real-time RT-PCR. PRRSV was detected in 36.71 and 
41.77  % of 237 hunting grounds tested by conventional 
RT-nPCR and real-time RT-PCR, respectively. Phyloge-
netic analysis of the partial ORF5 region revealed that 
10 wild boars harboured virus sequences belonging to 
genetic subtypes 3 and 4 and may therefore pose a seri-
ous threat to Lithuanian pig farms in which only subtype 
2 strains are circulating.
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Herding conditions related to infectious 
keratoconjunctivitis in semi-domesticated 
reindeer: a questionnaire-based survey 
among reindeer herders
Morten Tryland1*, Solveig Marie Stubsjøen2, Erik Ågren3, Bernt Johansen4 and Camilla Kielland5

Abstract 

Background: Infectious keratoconjunctivitis (IKC) in Eurasian semi-domesticated reindeer (Rangifer tarandus taran-
dus) is a multifactorial disease, associated to infectious agents such as Cervid herpesvirus 2 (CvHV2) and various 
species of bacteria, but environmental factors may also be necessary to initiate the disease. Little effort seems to have 
been invested in addressing the herder`s experience with this disease. An information letter with a link to an online 
questionnaire was sent to 410 herding community representatives in Norway and Sweden.

Results: Sixty-three herders responded, 76 % of these having reindeer in Norway and 24 % in Sweden. Thirty-three 
herders (55 %) responded that they had seen this disease during the preceding year (2010) and 23 (38 %) that they 
had seen it in previous years (2009 or earlier). The majority (67 %) claimed that only 1–5 animals in their herd were 
affected at one time, whereas three herders (7 %) responded that more than 30 animals had been affected. No envi-
ronmental factor could be singled out as significantly associated with the appearance of IKC, but when categorizing 
the number of contact herds for each herd (i.e. sharing pastures, corrals etc.), IKC was observed more often in herds 
with many (>25) contact herds. The questionnaire revealed that a veterinarian is not always available for reindeer 
herders, but also that a veterinarian seldom is contacted for this disease. None of the herders practiced isolation of a 
diseased animal from the rest of the herd when IKC was observed. Slaughter was the action most commonly initiated 
by the herders in response to IKC, whereas the veterinarian usually prescribed antibiotics, usually an ophthalmic oint-
ment, alone or combined with systemic treatment. The herders claimed that IKC and other diseases had less impor-
tance than predators concerning loss of animals.

Conclusions: IKC is to be considered a common disease, observed in 55 % of the herds (2010), typically affecting 1–5 
animals, although larger outbreaks (>30 animals) occur. The herders usually slaughtered affected animals rather than 
consulting a veterinarian for medical treatment.

Keywords: Eye disease, IKC, Keratoconjunctivitis, Ocular disease, Reindeer, Risk factors, Traditional knowledge, 
Questionnaire

Background
Infectious keratoconjunctivitis (IKC), known as infec-
tious bovine keratoconjunctivitis in cattle (IBK), is a con-
tagious eye disease and the most important eye disease in 

cattle worldwide [1]. The disease also occurs in other live-
stock [1, 2] and wildlife [3–5] and is generally regarded as 
a multifactorial disease. In cattle, the Gram negative bac-
terium Moraxella bovis is regarded as the main cause of 
the disease. Also, Moraxella bovoculi and a range of other 
bacteria, viruses, and environmental conditions seem to 
be involved [1, 6].
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IKC has been reported in Eurasian semi-domesti-
cated reindeer (Rangifer tarandus tarandus) in Nor-
way, Sweden, and Finland since the late 19th century 
[7]. Increased lacrimation and discoloration of the fur 
below the affected eye(s) is an early sign of IKC in rein-
deer. Although neither keratitis nor conjunctivitis may be 
prominent at this stage, reindeer owners, especially those 
who have experienced outbreaks in their herd, often 
notice these initial symptoms. Conjunctivitis and kerati-
tis is usually present, accompanied by corneal oedema, 
giving the eye a cloudy and bluish appearance. When the 
disease progresses, periorbital oedema becomes promi-
nent, often followed by corneal ulcers, panophthalmitis 
and loss of the lens and other structures of the eye, lead-
ing to permanent blindness (Fig. 1). Animals may recover 
spontaneously from the early stages of the disease [8], but 
sometimes, in severe outbreaks affecting many animals in 
a herd, IKC cause mortalities with severe losses for the 
herders [9, 10].

In reindeer, a variety of bacteria, such as Trueperella 
pyogenes, Staphylococcus spp., Escherichia coli, Morax-
ella ovis and others have been isolated from reindeer with 
IKC, although most of the studies have addressed agents 
present at late clinical stages of disease [9, 11–15]. In 
early stages of IKC, we identified the reindeer alphaher-
pesvirus (Cervid herpesvirus 2; CvHV2) as the primary 
cause of an outbreak in 2009 [10], a virus that is consid-
ered enzootic in herds of semi-domesticated reindeer in 
Fennoscandia (for a review, see [16]). Thus, other factors 
than the presence of infectious agents may be decisive of 
whether the disease occurs or not.

Reindeer herders live very close to nature and are there-
fore to a great degree exposed to the potential effects of 
climate change [17]. With the documented changes of the 
global climate [18], it is expected that temperature and 
precipitation will increase in the arctic and sub-arctic 
regions, including the reindeer herding regions of Fen-
noscandia. An increase in rain-on-snow and freeze–thaw 

Fig. 1 Clinical symptoms representing different stages of eye disease in reindeer, developing into infectious keratoconjunctivitis and a total 
destruction of the eye and permanent blindness (see text for further descriptions)
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events during winter, may make the winter pastures less 
available for reindeer, being covered under heavy, hard-
crusted snow or ice [17]. One way to mitigate challenging 
winter pasture conditions is to conduct supplementary 
feeding of the animals, either by bringing feed to the 
reindeer pastures, or by feeding the animals in corrals. 
Corralling and feeding animals will, however, expose the 
herd to stress which may affect their immunological com-
petence and contribute to the animals being more sus-
ceptible to infections. At the same time, the transmission 
of infectious agents between animals are facilitated due 
to increased animal-to-animal contact and shared feed 
and water [15, 19, 20]. Previous outbreaks of IKC, both 
in Sweden [9] and Norway [10, 15] have indeed occurred 
in corrals during supplementary feeding. Climate change 
and mitigation by increased feeding may thus contribute 
to increased prevalence of diseases, such as IKC.

The aim of this questionnaire survey was to gather tra-
ditional knowledge and experience from reindeer herders 
in Norway and Sweden regarding IKC in reindeer, and 
identify herding conditions and management factors that 
might be associated to IKC.

Methods
Subjects
Registered reindeer herders (n  =  410), were invited 
through their reindeer herding unit representatives (siida 
leaders; Norway, sameby chairperson; Sweden) to par-
ticipate in this study. The questionnaire was made avail-
able to the participants by sending a letter that provided 
information on the survey and a web address with access 
to the online questionnaire.

Questionnaire
A permission to conduct an anonymous questionnaire 
survey among Sami reindeer herders were obtained 
from Norwegian Social Science Data Services (NSD). 
The questionnaire was designed using the online pro-
gram Questback® and translated from Norwegian to 
Swedish and Sami (Northern Sami). Data from each of 
the responders were anonymously stored in a database 
on a web-server. After completing the survey, data were 
exported to Stata SE/111 for Windows (Stata Corp., Col-
lege Station, TX, USA) where primary processing of data 
and quality check was conducted.

Demographics and management
Demographic data collected from the reindeer own-
ers were gender, age and years of experience as a rein-
deer herder. Herd data consisted of country (Norway or 
Sweden), herding district, herd size and number of con-
tact herds, the latter defined as how many other herds 
the actual herd shared pastures, corrals, and transport 

vehicles with during the year. Herders were also asked 
about pasture conditions in 2010, which was the year 
before the survey was sent out, and to evaluate and grade 
the importance of weather conditions, such as precipi-
tation (summer and winter) and winter temperatures. 
In addition, methods and time used for translocation of 
animals between seasonal pastures and the use of sup-
plementary feeding were addressed. Additionally, own-
ers were asked about important causes of loss of animals, 
other diseases than IKC, prophylactic anti-parasitic treat-
ment, and their access to veterinary expertise.

Appearance and severity of IKC
Specific questions about IKC were related to when the 
disease normally appeared (season). Pictures of eye infec-
tions and IKC in reindeer were provided (Fig. 1), grossly 
representing four categories of severity; A: a stage which 
can represent a trauma or a condition developing into 
IKC, with increased lacrimation and discoloration of the 
cornea, B: corneal oedema, with severely discoloration 
(bluish/whitish) of the cornea, increased lacrimation, 
moderate periorbital oedema C: progressed periorbital 
oedema and shedding of pus, and D: inflammation with 
perforation and destruction of the eye resulting in per-
manent blindness. Herders were asked if they had seen 
similar conditions, which stage of the disease they had 
seen the most, how often, and their estimation of how 
many animals that were affected at a time. They were also 
asked about how the disease was managed, if a veterinar-
ian generally was available for the herding district, and 
the choice of treatment, initiated either by the herder or 
by the veterinarian.

Statistical analysis
Primary data analysis was undertaken using Questback®. 
For further statistical and graphical analysis, data were 
transferred to Stata SE/111 for Windows (Stata Corp.). 
Demographic data was tabulated and percentages calcu-
lated. Simple Chi square test was used to look for asso-
ciations between IKC and possible risk factors. In all 
analyses, statistical significance was considered with a P 
value <0.05.

Results
Demographic data of the questionnaire survey
From the 410 reindeer herders in Norway and Sweden 
that received the letter with the link to the question-
naire, 63 (16 %) responded (Table 1). The majority of the 
respondents (76  %) had reindeer in Norway, and only 
Norwegian herders informed about which reindeer-
herding district they represented (Fig.  2). Most of the 
respondents were male herders aged between 31 and 
50 years old, and 40 % of the respondents had a herd size 
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between 251 and 500 animals. Almost 30 % of the herds 
were in contact with more than 25 other herds during a 
year of herding (summer and winter pastures, shared 
corrals and transports etc.).

Appearance of IKC
Regarding the last time herders saw clinical symptoms 
resembling IKC (Fig. 1), 11 herders (18 %) answered that 
they had never observed this, 26 (43  %) answered that 
they had observed it during the previous year (2010) and 
23 (38 %) said they had seen it 2 years ago or in previous 
years (but not in 2010) (Table 2).

Most of the respondents that had seen IKC among 
their animals (49 %) claimed that September–November 
was the most common season of occurrence during the 

year, whereas 26 % answered June–August, 17 % Septem-
ber–February, and 9 % March–May.

When IKC was observed in the herd, 31 herders (67 %) 
answered that typically 1–5 animals were affected, 7 
(15 %) answered that 6–10 animals were usually affected, 
whereas 8 (17 %) had experienced that IKC could affect 
more than 10 animals in their herd. Only three herders 
reported that more than 30 animals had been affected by 
IKC at one time (Table 2). There was no significant asso-
ciation between the occurrence of IKC in a herd and the 
number of contact herds. However, when categorizing 
the number of contact herds into four groups, a visual 
trend appeared, since among the herds with >25 contact 
herds, 35  % reported that they had seen IKC, whereas 
only 10 % report that they had not seen IKC (Fig. 3).

Based on the responding herder`s experience from 
2010, the severity of the IKC disease symptoms was cat-
egorized as mild, with 17 % as A and 45 % as B (Fig. 1). 
Only three had seen the category C, and none of the 
herders had seen category D, except for three herders 
that reported to have seen all categories. IKC in reindeer 
was mainly detected when animals were gathered, cor-
ralled and handled for identification, slaughter or other 
purposes (89 %).

Most of the reindeer herders responding to the sur-
vey (n = 35, 58 %) said they had access to a veterinarian,
whereas 19 (31 %) said that they had access to a veteri-
narian some times, and 6 (10  %) claimed that they had 
no access to a veterinarian in their region. When animals 
were observed with IKC in a herd, a majority of the herd-
ers (56  %) chose slaughter instead of medical treatment 
(Table  3). The most common treatment against IKC 
in reindeer initiated by a veterinarian (according to the 
herders) was the use of ophthalmic ointment containing 
antibiotics (41 %). Other types of treatment are listed in 
Table 4.

Environmental conditions and pasture
Of all the respondents, 55 % answered that weather and 
climatic conditions had a crucial impact on herding on 
a daily basis, whereas 42 % answered that weather and 
climate conditions sometimes were of importance. Only 
3  % answered that such conditions were not impor-
tant for their herding. The amount of precipitation as 
rain was regarded as important, both in the summer 
(37  %) and in winter (40  %). Regarding temperature 
fluctuations, 42 % of the respondents thought that large 
changes of temperature during winter have an impact 
on their herd, whereas wind, coldness, heat and dry 
periods were regarded as less important. A vast major-
ity of the respondents characterized their summer and 
winter pastures as good or very good, for the year of 
2010 (Fig. 4).

Table 1 General demographic data of  the questionnaire 
survey among  Norwegian and  Swedish reindeer herd-
ers regarding  the disease infectious keratoconjunctivitis 
in reindeer

a  Since decimals are omitted, the sum (percentage) is not always 100 for each 
question

Parameter Category Number Percentagea

Country (herders/animals) Norway 48 76

Sweden 15 24

Gender Male 52 78

Female 8 22

Age (years) <30 4 6

31–40 19 31

41–50 19 31

51–60 13 21

>60 7 11

Experience as reindeer herder 
(years)

<10 9 15

10–20 10 16

21–30 16 26

31–40 15 24

>40 12 19

Herd size (approximate number  
of animals)

1–250 9 15

251–500 23 38

501–750 15 25

751–1000 2 3

1001–1250 6 10

1251–1500 2 3

>1500 4 7

Number of contact herds (shared 
pastures, corrals, transport etc.)

0 2 3

1–5 14 23

6–10 10 16

11–15 8 13

16–20 7 11

21–25 3 5

>25 18 29
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Herding and feeding
Most owners (23 %) used 1–2 weeks to translocate their 
animals from summer to winter pasture, whereas 19  % 
said that they used 1–5 h, and 12 % that they used more 
than 6  weeks. Most animals were herded by motorized 
vehicles, such as quad bikes in the summer (51  %) and 
snowmobiles in the winter (88 %), but 25 % of the herd-
ers said they also herded their animals on foot. On winter 
pasture, 21  % fed their animals regularly, whereas 64  % 
fed them only occasionally. The most prevalent feeds 
used were dry hay (32 %) and pellets (28 %), usually pel-
leted feed produced for reindeer. Combinations of differ-
ent feeds were also used during the winter, with pellets 
and lichens being the most frequent (27 %).

Predators
Of all the respondents, 49 (82  %) regarded predators as 
the most important factor related to loss of animals, with 
wolverine (Gulo gulo; 32  %) and lynx (Lynx lynx; 25  %) 
being the two most important species, followed by eagle 
(species not specified but assumed to be Golden eagle, 
Aquila chrysaetos; 20  %) and brown bear (Ursus arctos; 
16.6  %), as well as red fox (Vulpes vulpes), wolf (Canis 
lupus) and dog (Canis familiaris) (each of them 2.4 %).

Other diseases than IKC
When asked about the occurrence of diseases in general, 
17 % of the respondents answered that they considered 
infestation of the reindeer warble fly larvae (Hypoderma 

Fig. 2 Map of Northern Norway, indicating the reindeer herding districts represented by reindeer herders responding to which district they repre-
sented (n = 37; no such information were given by the Swedish herders). Grey = 1 herder, black = 2 herders
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tarandi) and reindeer throat bot fly larvae (Cephenemyia 
trompe) as the most common diseases. Sixty percent of 
the owners conducted annual anti-parasitic treatment, 
whereas 19 % did not give any parasitic treatment. The 
treatment was usually done in September–Novem-
ber, and most animals in the herd were treated (both 
sexes, all ages). Lameness and other problems with the 
legs is given as the second most important cause of dis-
ease (8  %), whereas other diseases mentioned specifi-
cally in the questionnaire, such as abortion, emaciation, 
other parasite infestations or trauma, were not, from 
the herders point of view, regarded as common disease 
conditions.

Among the herders that had no or only restricted 
access to a veterinarian, 31 % responded that the parasite 
burden represented the most frequent disease condition, 
whereas those who had access to veterinary services did 
not to the same extent experience the parasite burden as 
important (P = 0.003).

Discussion
This survey aimed at gathering traditional knowledge 
and experience from reindeer herders regarding IKC in 
reindeer, to identify herding conditions and management 

Table 2 Answers about the appearance of infectious kera-
toconjunctivitis in  reindeer based on  63 reindeer herder 
respondents, 48 in Norway and 14 in Sweden

a  Since decimals are omitted, the sum (percentage) is not always 100 for each 
question
b  Refers to illustrations given in (Fig. 1a–d)

Question Category Number Percentagea

When did you observe 
eye disease as 
illustrated?b

Never observed 11 18

Last year 26 43

2 years ago 8 13

3 years ago 5 8

4 years ago or more 10 17

If this eye disease was 
observed last year 
(2010), how many  
animals were affected?

1–5 31 67

6–10 7 15

11–15 1 2

16–20 3 7

21–30 1 2

>30 3 7

How does the disease 
normally look like in 
your herd?

A 23 47

B 22 45

C 1 2

D 0 0

All types occur 3 6

Fig. 3 The association between the occurrence of infectious keratoconjunctivitis among reindeer in a herd and the number of contact herds for 
that particular herd, i.e. sharing pastures, corrals, transport vehicles etc. during the year
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factors that might be associated to IKC. Due to a rela-
tively low response rate, the results are presented pre-
dominantly in a descriptive way.

IKC in reindeer was mainly detected when animals 
were gathered and handled (89 %), and the main seasonal 
appearance of the disease was September to November. 
This information may be biased, since observation of dis-
ease in animals that most of the year are free-ranging in 
remote mountain pastures, is difficult, unless they are 
gathered and can be checked at close distance, and the 
most common season for this is during fall. Also, through 
herding, gathering, transport and handling, animals are 
exposed to stress, which may affect the immune response 
negatively and make them more susceptible to infections 
and disease [21]. This is relevant, since it has been dem-
onstrated that experimentally immune-compromised 
reindeer have reactivated latent herpesvirus (CvHV2) 
infections [22], which has been identified as the cause of 
an IKC outbreak [10]. Thus, the fact that most IKC cases 

are reported to appear in September to November may 
reflect that this is when most of the animals are inspected 
at close range. However, it may also be a result of the dis-
ease being initiated during this period, due to the han-
dling and the stress they experience, or a combination of 
the two.

Another interesting finding was that some herders 
claimed they had no access to a veterinarian, and that 
only four of 57 respondents (7 %) were considering con-
sulting a veterinarian should disease symptoms of IKC 
occur. This may reflect scarce availability of a veterinarian 
in that area. It may also indicate a restricted willingness 
to spend resources on disease treatment or limited trust 
in the probability that veterinary advice and treatment 
will change the course and outcome of the disease, since 
most of the herders responded to IKC by slaughtering 
the animal. Since IKC is a transmissible disease, some-
times affecting tens or hundreds of animals, it was some-
what surprising that none of the respondents mentioned 
separation of the diseased animals from the healthy as a 
measure to restrict disease spreading.

The treatment of IKC in a reindeer herd will depend on 
a range of factors, such as the severity of the disease, the 
number of affected individuals and the herder´s ability 
and willingness to invest time and money on treatment 
and care. For some animals, displaying severe and late 
stage symptoms of IKC (Fig.  1d), euthanasia for animal 
welfare reasons may be the best solution, which 12 % of 
the respondents (herders) answered. Since eye ointment 
with antibiotics was reported as the most common treat-
ment by the consulted veterinarian, it is of major con-
cern that the most common and most available antibiotic 
drugs for eye infections in Norway are not licensed for 
use in production animals, including reindeer, due to lack 
of data on maximum residue limits (MRL). It is, however, 
possible to use off-label drugs to some extent, but with an 
extended withdrawal period.

The fact that most herders that had no or only 
restricted access to veterinary services also experienced 
the parasite burden as more significant, may indicate that 
they did not treat their animals against parasite infec-
tions. This may also suggest that they lack knowledge 
or do not receive advice on the right drugs, dose and/or 
timing, to optimize the effect. However, it is challenging 
to evaluate this, since parasites such as the warble fly lar-
vae and the throat bot larvae, which have a negative effect 
on health and welfare of reindeer [23], are very common 
and easily recorded by the herders, whereas other health 
challenges or diseases may be much more difficult to 
identify.

Almost all the respondents in both Norway and Swe-
den claimed that their summer and winter pastures dur-
ing 2010, the year before the survey, were of good or very 

Table 3 Management actions taken by  the herder 
when the disease infectious keratoconjunctivitis occurred 
in  semi-domesticated reindeer (Rangifer t. tarandus). 
Question what do you do when  this disease occurs in  a 
single/a few animals in the herd?

Management action taken by the herder Percentage of responders 
(n = 57)

No measures taken 23

Separate the affected animal from the herd 0

Initiate a treatment (by the owner) 12

Slaughter/euthanize the animal 56

Consult a veterinarian 7

Other action (not specified) 2

Table 4 Management (by the veterinarian, according 
to  the herder) of  infectious keratoconjunctivitis in  semi-
domesticated reindeer (Rangifer t. tarandus). Question if a 
veterinarian is initiating measures—what measures are 
most common?

a  Multiple answers were given by some responders

Measures by the veterinarian Percentage 
of responders 
(n = 34)a

Ophthalmic ointment containing antibiotics 41

Systemic treatment with antibiotics 3

Both systemic and local (ointment) antibiotic 
treatment

6

Slaughter the animal (consumption) 56

Euthanasia 12

Other action (not specified) 38
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conducted, this indicates that among these herders, of 
whom 43  % observed IKC in 2010, starvation and poor 
pasture quality did not stand out as the main character-
istic determinant for this disease. It is also important to 
note that herd size alone was not significantly associated 
to the occurrence of IKC. Most herders regarded pre-
cipitation as rain as having a negative impact on reindeer 
herding, during both summer and winter. This is rel-
evant, since the effects of climatic changes in arctic and 
sub-arctic regions is predicted to consist of increased 
precipitation in the form of rain, especially associated 
to an increased frequency of freeze–thaw cycles during 
winter [18], which may hinder the animals to find their 
necessary food resources.

The questionnaire revealed that 21 % of the herders fed 
their animals regularly during the winter, whereas 64  % 
fed them only occasionally. Supplementary feeding has 
been described by herders as an emergency solution only, 
which may be necessary during the winter due to chal-
lenging winter pasture conditions [24]. Supplementary 
feeding of reindeer is costly and results in a heavier work-
load with more herd supervision and feed management, 
compared to free grazing. It may also induce a different 
fat composition in the meat and a taste different from 
the characteristic flavours of reindeer meat [24]. Further, 

corralling and supplementary feeding may facilitate the 
transmission of infectious agents among the animals 
[20] and also lead to feeding related disorders like diar-
rhoea and ruminal acidosis [25]. However, Josefsen and 
colleagues have found, by conducting routine reindeer 
necropsies over a period of time (1998–2011) in Nor-
way, that lack of feed, hunger and emaciation was a more 
common cause of mortality compared to feeding related 
disorders [26]. Supplementary feeding may also affect the 
behaviour of the animals and their use of pasture, making 
the reindeer more dependent on human care [27]. How-
ever, it has been shown that supplementary feeding gen-
erally increases body weight and reproduction success of 
the females and contributes to a decrease in calf mortal-
ity [28, 29].

Somewhat surprisingly, almost 30 % of the herds rep-
resented in the survey were in contact with as many as 
25 other herds or more during a year of herding (sum-
mer and winter pastures). This contact also includes 
exposure to circulating and enzootic infectious agents of 
other herds. This is in line with serological studies cover-
ing many different herding districts and regions, showing 
that the prevalence of some virus infections, such as pes-
tivirus and alphaherpesvirus, has been quite stable over 
time [16, 30, 31]. It also suggests that managing infectious 
diseases should be considered a communal responsibility 

Fig. 4 Most of the reindeer herders (percentages given) responding to the survey characterized their summer and winter pastures as good or very 
good in 2010, whereas 8 and 23 % of the herders evaluated their pastures as poor or limited during summer and winter, respectively
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among herders within a district. Even if no significant 
association was found between the occurrence of IKC 
and the number of contact herds for each particular herd, 
the herds where IKC was reported did have a larger num-
ber of contact herds (>25). This is in line with the fact 
that IKC is infectious and spreads between animals and 
herds, although it also might reflect that the chance of 
having an animal with IKC probably increases with the 
number of animals.

In our data, we found no association between the 
appearance of IKC and the different methods of herd-
ing and translocation of animals between pastures, such 
as walking with the animals, the use of motorized vehi-
cles on the ground, transporting them by trucks, or use 
of helicopter in the field, although these methods may 
represent different stress exposure to the animals. Also 
predators represent stress for free ranging animals, but in 
our data we did not find an association between appear-
ance of IKC and the presence and types of predators of 
importance. This may reflect that there are no such asso-
ciations, or that our study, due to the restricted number 
of respondents, lacked the power to reveal them.

Conclusions
From this survey, it can be concluded that IKC is to be 
considered a common disease in reindeer (55  % of the 
herds in 2010), typically affecting 1–5 animals at a time, 
and appearing most often during September to Novem-
ber. The chance of having registered the disease in a 
herd was higher for herds having  >25 contact herds. In 
spite of the contagious nature of IKC, none of the herd-
ers responded that they isolated affected animals from 
healthy, and the majority of the herders usually slaugh-
tered affected animals rather than consulting a veteri-
narian for medical treatment. The herder´s experience, 
that precipitation as rain had a negative impact on rein-
deer herding, is of relevance when investigating pos-
sible effects of climatic changes in arctic and sub-arctic 
regions. We recommend herders to be aware of this dis-
ease, recognize the initial symptoms, isolate affected ani-
mals from healthy, and to make use of local veterinary 
expertise in order to safeguard animal welfare and limit 
the spread and economical loss due to having a disease 
outbreak in the herd.
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Diagnostic accuracy of blood sucrose as a 
screening test for equine gastric ulcer syndrome 
(EGUS) in adult horses
Michael Hewetson1,4*, Ben William Sykes2, Gayle Davina Hallowell3 and Riitta‑Mari Tulamo1

Abstract 

Background: Equine gastric ulcer syndrome (EGUS) is common in adult horses, particularly those involved in perfor‑
mance disciplines. Currently, detection of EGUS by gastroscopy is the only reliable ante mortem method for definitive 
diagnosis; however it is unsuitable as a screening test because it is expensive, time consuming, and is not readily avail‑
able to most veterinarians. Sucrose permeability testing represents a simple, economical alternative to gastroscopy 
for screening purposes, and the feasibility of this approach in the horse has been previously reported. The aim of this 
study was to determine the diagnostic accuracy of blood sucrose as a screening test for EGUS in a large group of adult 
horses with and without naturally occurring gastric disease.

Results: One hundred and one adult horses with or without naturally occurring gastric ulceration were studied. The 
diagnostic accuracy of blood sucrose for diagnosis of gastric lesions (GL), glandular lesions (GDL), squamous lesions 
(SQL), and clinically significant lesions (CSL) at 45 and 90 min after administration of 1 g/kg of sucrose via nasogastric 
intubation was assessed using receiver operator characteristics (ROC) curves and calculating the area under the curve 
(AUC). For each lesion type, sucrose concentration in blood was compared to gastroscopy, as the gold standard, and 
sensitivities (Se) and specificities (Sp) were calculated across a range of sucrose concentrations. Ulcer grading was 
performed blindly by one observer; and the results were validated by comparing them with that of two other observ‑
ers, and calculating the level of agreement. Cut‑off values were selected manually to optimize Se. The prevalence of 
GL, GDL, SQL, and CSL was 83, 70, 53 and 58% respectively. At the selected cut‑offs, Se ranged from 51 to 79% and Sp 
ranged from 43 to 72%, depending upon the lesion type and time of sampling.

Conclusions: Blood sucrose is neither a sensitive or specific test for detecting EGUS in this population of adult horses 
with naturally occurring gastric ulceration. Further studies aimed at evaluating the performance characteristics of the 
test in different study populations are warranted. Given the limitations of endoscopy, due consideration should also 
be given to alternative methods for comparison of blood sucrose with a gold standard.

Keywords: Sucrose, Equine, Ulcer, Glandular, Squamous, EGUS, EGGD, ESGD, Permeability, Sensitivity, Specificity

Background
Equine gastric ulcer syndrome (EGUS) is a term used 
to describe erosive and ulcerative diseases of the equine 
stomach; and can be further classified into equine squa-
mous gastric disease (ESGD) and equine glandular gas-
tric disease (EGGD) based on the anatomical region 

affected [1]. EGUS is common in horses and although the 
clinical ramifications of this disease have as yet, not been 
completely elucidated, it remains an important disease 
in the equine industry. Performance horses are particu-
larly susceptible, with 47–100% of Thoroughbred race-
horses [2–5], 44–87% of Standardbred racehorses [6–8], 
33–93% of endurance horses [9, 10] and 58–64% of show 
and sport horses [11, 12] found to have gastric lesions on 
gastroscopy. Non-performance horses are also suscepti-
ble to EGUS, with ulcers found in the gastric mucosa of 
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11–67% of sedentary horses and horses that partake in 
less strenuous activities [13–15].

Currently, detection of EGUS by gastroscopy is the only 
reliable ante mortem method for definitive diagnosis in 
horses [16] and is considered the gold standard against 
which all other diagnostic tests are compared [1]. Disad-
vantages of gastroscopy are that it’s not readily available 
to most veterinarians, it is an inefficient expenditure of 
time, and it requires a minimum level of expertise to per-
form and interpret. Furthermore, gastroscopy is costly 
to the client and with an increase in public awareness of 
EGUS and its popularity as a ‘catch-all’ diagnosis for poor 
performance in sport horses, many owners are electing to 
treat their horses on an empirical basis without the ben-
efit of a definite diagnosis. Given the current economic 
climate and the rising costs of omeprazole, it is easy then 
to imagine that owners and veterinarians would be inter-
ested in using an economical screening test to rule out 
gastric ulcers. Such a screening test should ideally have 
a high sensitivity as it will correctly identify most horses 
with gastric ulcers, remembering that many horses with 
EGUS will not demonstrate clinical signs, and are consid-
ered to have ‘silent’ or non-clinical gastric ulceration [14, 
17–20].

Sucrose permeability testing represents a simple, eco-
nomical alternative to gastroscopy for screening pur-
poses, and the feasibility of this approach in the horse 
has been previously reported [21–23]. Because of its 
large molecular size (342 Da), sucrose is not able to per-
meate across healthy gastrointestinal mucosa, but it has 
been reported to cross the mucosa in the presence of 
gastrointestinal disease, presumably due to an changes in 
intestinal tight junction permeability or directly through 
gaps in the epithelium caused by erosion or ulceration 
[24–26]. The efficiency of the mucosal disaccharidases 
and the monosaccharide transport systems in the equine 
small intestine has been established by a series of oral 
disaccharide and monosaccharide tolerance tests, and it 
has been demonstrated that adult horses are fully capa-
ble of rapidly hydrolyzing sucrose [27, 28]. Furthermore, 
sucrase has the highest activity in the duodenum of the 
horse, with concentrations similar to those reported in 
the intestine of other non-ruminant species [29]. If pre-
sent in blood, sucrose is cleared via the urine; it is not 
metabolized and the body does not produce it [30, 31]. 
Therefore, increased amounts of sucrose in blood after 
an oral dose is site specific for increased gastric perme-
ability, and can be used to predict the presence of gastric 
disease [32–38].

The objective of this study was to determine the diag-
nostic accuracy of blood sucrose as a potential screening 
test for EGUS in adult horses by comparing it to gastros-
copy as the gold standard.

Methods
Study design
The study was conducted as a blind comparison to a gold 
standard.

Study population
One hundred and one adult horses were eligible for inclu-
sion in the study and were recruited from horses that had 
been referred to the University of Helsinki Equine Teach-
ing Hospital, Finland for gastroscopy and from a local 
riding center. The horses were used for a wide range of 
equestrian activities, ranging from dressage to racing, 
and were recruited on the assumption that up to 53% of 
them would be affected by naturally occurring gastric 
ulceration of EGUS severity score  ≥2 [14, 16]. Horses 
were excluded from the study if they had received non-
steroidal anti-inflammatory drugs or omeprazole within 
7 days prior to testing. This was done to avoid confound-
ing changes in gastric permeability secondary to admin-
istration of these drugs [23, 39, 40].

Gastroscopy
Owners were asked to withhold food from their horses for 
16 h and water for 6 h prior to sucrose testing. Following 
completion of fasting, blood samples (10  ml) were col-
lected in vacuumed clot tubes from the jugular vein; horses 
were sedated with a combination of intravenous detomi-
dine hydrochloride (10  µg/kg body weight (BW)1 and 
butorphanol (0.025 mg/kg BW)2; and gastroscopy was per-
formed using a previously described technique [21].

All endoscopic examinations were recorded and 
archived. For each horse, video recordings and still-frame 
images were taken of the stomach from the right side of 
the stomach along the margo plicatus, the dorsal part of 
the fundus, the greater curvature along the margo pli-
catus, the lesser curvature along the margo plicatus, the 
glandular mucosa in the region of the pylorus and the 
proximal duodenum [41].

Administration of sucrose and collection of samples
Immediately following gastroscopy, 1  g/kg BW of 
sucrose3 was administered as a 10% solution via nasogas-
tric tube to each horse. Blood samples (10 ml) were then 
collected in vacuumed clot tubes from the jugular vein at 
45 and 90 min after administration of sucrose. These time 
points were chosen based upon data from a previous 
study which indicated that peak sucrose concentrations 
occur approximately between 45 and 90 min after sucrose 

1 Domosedan, Elanco Animal Health, UK.
2 Butador, Chanelle Vet animal health, UK.
3 Kidesokeri 530, Sucros Oy, Finland.
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administration [21]. Horses were not given access to food 
until the final blood sample had been collected to prevent 
ingestion of sucrose that may have been present in the 
food. Following blood collection, the serum was sepa-
rated by centrifugation (10  min at 2000×g) and then 
stored in a freezer at −80 °C until analysis.

Lesion assessment
Following completion of data collection, video recordings 
and still-frame images from each horse were reviewed 
independently by a board-certified internist (BS) who 
was blinded to the results of the sucrose assay. For each 
set of videos/images, the observer was asked to answer 
a set of dichotomous (yes or no) questions: does the 
horse have (1) gastric lesions? (2) glandular lesions? (3) 
squamous lesions? and (4) are the gastric lesions clini-
cally significant? The term “gastric lesion” was used to 
describe lesions throughout the gastric mucosa and is 
synonymous with the term EGUS. In contrast, the terms 
“glandular lesion” and “squamous lesion” were used to 
differentiate the two different anatomical regions of 
the equine stomach and are synonymous with the term 
EGGD and ESGD respectively [1]. Clinically significant 
gastric lesions were used as a proxy indicator of ulcer 
severity and were defined as lesions that the observer 
would consider severe enough to warrant treatment. The 
term ‘lesion’ rather than ‘ulceration’ was used to enable 
the observer to report on the presence of other types of 
lesions (e.g. erosions) in addition to ulceration, as any 
damage to the mucosa of the stomach has the theoretical 
potential to increase permeability to sucrose [24–26].

Inter‑observer agreement
In order to assess the validity of the gastroscopy assess-
ment, the observations for each horse were compared with 
observations made by two other board certified internists 
on the same set of video recordings and still-frame images 
(GH, MH), and the level of agreement was calculated.

Sample processing and analyses
Serum was analyzed for sucrose using a previously vali-
dated gas chromatography-flame ionization detection 
(GC-FID) assay for quantifying sucrose in equine serum 
[42].

Statistical analysis
The overall diagnostic accuracy of blood sucrose for 
diagnosis of GL, GDL, SQL and CSL was assessed using 
receiver operator characteristics (ROC) curves and cal-
culating the area under the curve (AUC). For each diag-
nostic criterion, sucrose concentration in blood at 45 
and 90 min was compared with gastroscopy as the gold 
standard; and sensitivities (Se), specificities (Sp), positive 

predictive values (PPV) and negative predictive values 
(NPV) were calculated across a range of sucrose con-
centrations. Optimal cut-off values were then selected 
manually to optimize sensitivity and provide a practical 
threshold for practitioners in the field when screening 
horses for EGUS. Confidence intervals were set at 95% 
(95% CI).

Inter-observer agreement was summarized as the per-
centage of perfect (100%) agreements between observers 
for each diagnostic criterion, and a kappa coefficient (K) 
was calculated.

Statistical analyses were performed with R for Win-
dows® version 3.0.24.

Results
Horses
One hundred and one adult horses were accepted into 
the study; 59 mares, 4 stallions, and 38 geldings. Horses 
ranged from two to 22  years of age (median, 9.9  years). 
Body weight ranged from 400 to 683 kg (median, 518 kg). 
Breeds included 37/101 Warmbloods, 25/101 Finnhorses, 
34/101 Standardbreds, 3/101 Welsh Ponies, 1/101 Tra-
khener, and 1/101 Arab. Horses were used for a variety 
of purposes, including eventing, show jumping, dressage, 
trotting and general riding purposes. Fifty-three horses 
were demonstrating clinical signs suggestive of EGUS at 
the time of gastroscopy.

Gastroscopy
The overall prevalence of gastric lesions (ulcers or ero-
sions) was 83%. Lesions were most common in the glan-
dular mucosae (70%), followed by the squamous mucosae 
(53%). Fifty eight percent of the horses had gastric lesions 
that were severe enough to be considered clinically sig-
nificant i.e. requiring treatment. Squamous lesions were 
most frequently observed in the region of the cardia and 
along the lesser curvature of the stomach adjacent to the 
margo plicatus; and consisted primarily of small single 
ulcers characteristic of EGUS severity score ≤2. Glandu-
lar lesions were exclusively observed around the pylorus 
and consisted primarily of focal raised hemorrhagic or 
fibrinous lesions.

Sucrose permeability
All horses tolerated sucrose permeability testing and no 
adverse effects were noted following administration of 
the sucrose solution. On analysis of the serum samples, 
all horses demonstrated an increase in serum sucrose 
concentration over time, with peak serum sucrose con-
centrations occurring 90 min after administration of the 
sucrose solution.

4 R Foundation for Statistical Computing, Vienna, Austria.
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The mean  ±  SD serum sucrose concentration at 
45  min was 6.85  ±  4.90  µmol/l for normal horses 
(n = 17); 9.66 ± 9.16 µmol/l for horses with GL (n = 84); 
9.44  ±  9.27  µmol/l for horses with GDL (n  =  71); 
10.56 ±  8.66  µmol/l for horses with SQL (n =  54); and 
10.43 ±  9.22  µmol/l for horses with CSL (n =  59). The 
mean  ±  SD serum sucrose concentration at 90  min 
was 7.22  ±  4.65  µmol/l for normal horses (n  =  17); 
10.29  ±  8.12  µmol/l for horses with GL (n  =  84); 
9.86  ±  7.54  µmol/l for horses with GDL (n  =  71); 
11.53 ±  8.17  µmol/l for horses with SQL (n =  54); and 
11.24 ± 8.55 µmol/l for horses with CSL (n = 59).

Diagnostic accuracy of blood sucrose for diagnosis of EGUS
ROC curves for each diagnostic criterion at 45 and 
90  min after sucrose administration are illustrated in 
Figs. 1 and 2.

Gastric lesions
The AUC  ±  95% CI for blood sucrose concentration 
when used to distinguish between normal horses and 
horses with GL at 45 and 90  min was 0.59 (0.44–0.74) 
and 0.62 (0.47–0.76) respectively. Sucrose concentra-
tions of 4.61 µmol/l at 45 min and 4.57 µmol/l at 90 min 
were selected as the optimal cut-offs for discriminating 
between normal horses and horses with GL. The Se, Sp, 
PPV and NPV of blood sucrose at 45 and 90 min for diag-
nosis of GL using the selected cut-off values are depicted 
in Table 1.

Glandular lesions
The AUC  ±  95% CI for blood sucrose concentration 
when used to distinguish between normal horses and 
horses with GDL at 45 and 90 min was 0.51 (0.39–0.64) 
and 0.53 (0.40–0.66) respectively. Sucrose concentra-
tions of 5.80 µmol/l at 45 min and 6.05 µmol/l at 90 min 
were selected as the optimal cut-offs for discriminating 
between normal horses and horses with GDL. The Se, 
Sp, PPV and NPV of blood sucrose at 45 and 90 min for 
diagnosis of GDL using the selected cut-off values are 
depicted in Table 2.

Squamous lesions
The AUC for blood sucrose concentration when used 
to distinguish between normal horses and horses with 
SQL at 45 and 90  min was 0.65 (0.55–0.76) and 0.68 
(0.58–0.79) respectively. Sucrose concentrations of 
7.86  µmol/l at 45  min and 8.24  µmol/l at 90  min were 
selected as the optimal cut-offs for discriminating 
between normal horses and horses with SQL. The Se, 
Sp, PPV and NPV of blood sucrose at 45 and 90 min for 
diagnosis of SQL using the selected cut-off values are 
depicted in Table 3.

Clinically significant gastric lesions
The AUC for blood sucrose concentration when used to 
distinguish between normal horses and horses with CSL 

Fig. 1 ROC curves for blood sucrose concentration when used to 
distinguish between normal horses and horses with GL, GDL, SQL and 
CSL at 45 min after administration of 1 g/kg of sucrose via nasogastric 
intubation. AUC area under the curve

Fig. 2 ROC curves for blood sucrose concentration when used to 
distinguish between normal horses and horses with GL, GDL, SQL and 
CSL at 90 min after administration of 1 g/kg of sucrose via nasogastric 
intubation. AUC area under the curve
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at 45 and 90  min was 0.63 (0.52–0.74) and 0.66 (0.55–
0.77) respectively. Sucrose concentrations of 4.61 µmol/l 
at 45  min and 5.87  µmol/l at 90  min were selected as 
the optimal cut-offs for discriminating between normal 
horses and horses with clinically significant lesions. The 
Se, Sp, PPV and NPV of blood sucrose at 45 and 90 min 

for diagnosis of CSL using the selected cut-off values are 
depicted in Table 4.

Inter‑observer agreement
When asked to answer if each horse has (1) gastric 
lesions; (2) glandular lesions; (3) squamous lesions; and 

Table 1 Sensitivity, specificity, positive and  negative predictive values of  blood sucrose for  diagnosis of  GL in  horses 
after administration of 1 g/kg of sucrose via nasogastric intubation

GL gastric lesions, Se sensitivity, Sp specificity, NPV negative predictive value, PPV positive predictive value, 95% CI 95% confidence intervals

Time of sampling (min) Cut‑off (µmol/l) Disease present Disease absent Sp (%) Se (%) NPV (%) PPV (%)
95% CI 95% CI 95% CI 95% CI

45 4.61 84 17 52.9 67.9 25.0 87.7

28–77 57–78 12–42 77–95

90 4.57 84 17 47.1 78.6 30.8 88.0

23–72 68–87 14–52 78–94

Table 2 Sensitivity, specificity, positive and  negative predictive values of  blood sucrose for  diagnosis of  GDL in  horses 
after administration of 1 g/kg of sucrose via nasogastric intubation

GL gastric lesions, Se sensitivity, Sp specificity, NPV negative predictive value, PPV positive predictive value, 95% CI 95% confidence intervals

Time of sampling (min) Cut‑off (µmol/l) Disease present Disease absent Sp (%) Se (%) NPV (%) PPV (%)
95% CI 95% CI 95% CI 95% CI

45 5.80 71 31 48.1 50.7 30.0 69.2

30–67 39–63 18–45 55–81

90 6.05 71 31 43.3 66.2 35.1 73.4

26–63 54–77 20–53 61–84

Table 3 Sensitivity, specificity, positive and  negative predictive values of  blood sucrose for  diagnosis of  SQL in  horses 
after administration of 1 g/kg of sucrose via nasogastric intubation

SQL squamous lesions, Se sensitivity, Sp specificity, NPV negative predictive value, PPV positive predictive value, 95% CI 95% confidence intervals

Time of sampling (min) Cut‑off (µmol/l) Disease present Disease absent Sp (%) Se (%) NPV (%) PPV (%)
95% CI 95% CI 95% CI 95% CI

45 7.86 54 47 68.1 50.0 54.2 64.3

53–81 36–64 41–67 48–79

90 8.24 54 47 72.3 57.4 59.7 70.5

57–84 43–71 46–72 55–83

Table 4 Sensitivity, specificity, positive and  negative predictive values of  blood sucrose for  diagnosis of  CSL in  horses 
after administration of 1 g/kg of sucrose via nasogastric intubation

CSL clinically significant lesions, Se sensitivity, Sp specificity, NPV negative predictive value, PPV positive predictive value, 95% CI 95% confidence intervals

Time of sampling (min) Cut‑off (µmol/l) Disease present Disease absent Sp (%) Se (%) NPV (%) PPV (%)
95% CI 95% CI 95% CI 95% CI

45 4.61 59 42 50.0 74.6 58.3 67.7

34–66 62–85 41–75 55–79

90 5.87 59 42 52.4 76.3 61.1 69.2

36–68 63–86 44–77 57–80
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(4) clinically significant gastric lesions, perfect agreement 
between-observers within the 101 sets of observations 
was achieved on average, in 83% (K =  0.50; P < 0.0001; 
95% CI 0.24–0.76); 78% (K =  0.57; P  <  0.0001; 95% CI 
0.39–0.75); 74% (K = 0.65; P < 0.0001; 95% CI 0.53–0.77); 
and 75% (K = 0.62; P < 0.0001; 95% CI 0.48–0.75) of the 
cases respectively.

Discussion
The objective of this study was to validate the sucrose 
blood test as a screening test for EGUS in adult horses 
by determining its performance characteristics in a large 
group of horses with and without naturally occurring 
gastric disease. ROC curve analysis was used to visually 
demonstrate the cut-off dependency of the test across a 
range of sucrose concentrations and to provide an esti-
mate of the overall diagnostic accuracy of the test that 
is independent of specific cut-off values or prevalence 
of gastric lesions in the study population. For this study, 
ROC curves of true positive rates (Se) against false posi-
tive rates (1-Sp) were plotted using blood sucrose con-
centrations from normal horses, and horses with GL, 
GDL, SQL and CSL at 45 and 90  min after administra-
tion of sucrose (Figs. 1, 2). The AUC’s in each plot rep-
resents a summary of the overall diagnostic accuracy of 
the test by combining accuracy over a range of cut-offs, 
with a value approaching 1.0 indicating perfect dis-
crimination and 0.5 representing zero discrimination. 
Using an arbitrary guideline, the AUC can be used to 
distinguish between a non-informative (AUC  =  0.5); 
less accurate (0.5  <  AUC  ≤  0.7); moderately accurate 
(0.7 < AUC ≤ 0.9); highly accurate (0.9 < AUC < 1); and 
perfect test (AUC = 1) [43]. Depending upon the lesion 
type and time of sampling, the AUC for the blood sucrose 
test ranged from 0.51 to 0.68, indicating that blood 
sucrose concentration is poor at discriminating between 
normal horses and horses with EGUS and is therefore not 
considered to be a very accurate test.

Because the AUC summarizes the ROC curve as a 
whole, and therefore attributes the same weighting to 
both relevant and irrelevant parts of the curve [44], cut-
off values were inserted on the continuous scale of test 
results that allowed calculation of Se and Sp for horses 
with GL, GDL, SQL and CSL at each time point. Using 
the selected cut-offs, the Se and Sp of the blood sucrose 
test for detecting the presence or absence of EGUS was 
low (Tables  1, 2, 3, 4), confirming the poor diagnostic 
accuracy of the test in this study population.

It is not immediately evident why the sucrose blood test 
has a poor diagnostic accuracy in adult horses despite 
previous literature to suggest otherwise [21–23]. In this 
study, there was a predominance of glandular lesions 
(70%) whereas in previous studies, sucrose permeability 

was assessed primarily on horses with squamous lesions; 
and it may be that there are fundamental differences in 
the permeability of the sucrose molecule between the 
glandular and squamous epithelium. It has been found 
that gap junctional intercellular communication (GJIC) 
plays an important role in the gastric mucosal defense 
system, and loss of GJIC is associated with ulcer forma-
tion. A recent study demonstrated the presence of spe-
cific gap junctions in the glandular mucosa of the equine 
stomach, however these gap junctions were absent in the 
squamous mucosa of the stomach [45]. This suggests that 
there are significant differences in the permeation path-
way of the glandular vs. the squamous epithelium which 
may explain (in part) why in this study population, with a 
predominace of glandular ulcers, the sucrose blood test 
had a poorer diagnostic accuracy than expected. Fur-
thermore, glandular lesions are often smaller in cross-
sectional area and are usually not ulcerative per se, but 
rather erosive or may even consist of intact mucosa with 
hyperemia [1]. In such cases, it is possible that sucrose 
is less likely to permeate in quantities large enough to 
appreciate differences between affected and unaffected 
horses, although this has yet to be substantiated.

The authors do recognize however, that the sensitivity 
and specificity for squamous lesions was also poor, albeit 
less so than for glandular ulcers. Another factor to con-
sider therefore, is the fact that in this particular study, 
very few of the squamous lesions were extensive or dem-
onstrated areas of apparent deep ulceration characteristic 
of EGUS severity score ≥3 [1]. It is therefore possible that 
in such cases, the total surface area for sucrose permea-
tion was too small to differentiate between affected and 
unaffected horses. Based on this premise, re-analysis of 
the data using a scoring system that takes into account 
not only the severity of the lesion, but also the number of 
lesions should be considered [46].

Alternatively, the validity of the gold standard itself 
can be questioned. It may be that the sucrose test is too 
sensitive and may detect slight and clinically insignifi-
cant mucosal damage that cannot be seen on endos-
copy, thus limiting its use in clinical decision-making 
regarding gastric ulceration [33]. We postulate that 
sucrose permeability is in fact an accurate represen-
tation of the true mucosal integrity of the stomach 
based on a number of previous publications document-
ing its effectiveness in both humans and other species 
[35, 36, 38, 47]; and that assessment via endoscopy is 
under- or overestimating the severity or depth of gas-
tric lesions. This is based on the fact that assessment 
of lesion severity (and even the presence or absence of 
lesions) using gastroscopy is subjective, and agreement 
between observers for endoscopic diagnosis is notori-
ously poor, particularly if they are inexperienced [48, 
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49]. Furthermore, it has been demonstrated that there 
is a poor correlation between endoscopic assessment 
of gastric ulcers ante mortem and histological appear-
ance at necropsy [46, 50]. Because of these limitations, 
an attempt was made in this study to determine if the 
gold standard was reproducible between-observers. All 
assessments made by the observer were compared with 
assessments made by two other board certified intern-
ists that have experience with gastroscopy, and the level 
of agreement for each outcome was determined. Agree-
ment was moderate [51], but still unacceptably low, and 
it is possible that in the hands of different observers, 
the diagnostic accuracy of the test will vary. Consider-
ing these limitations, it is the authors’ opinion that his-
topathology rather than endoscopy should be utilized 
as a gold standard for comparison in future gastric 
permeability studies. Alternatively, Bayesian statistical 
approaches that are used for evaluation of diagnostic 
tests in the absence of a gold standard test should be 
considered [52].

The choice to include the severity of gastric ulceration 
in the study was based on the premise that the sucrose 
blood test would be able to differentiate between severe 
and less severe lesions, enabling practitioners to select 
cases for treatment based upon the outcome of the test. 
Unfortunately there are no grading systems that can be 
used interchangeably for horses with both ESGD and 
EGGD [53], and so the authors elected to use the concept 
of a ‘clinically significant gastric lesion’ as a proxy indi-
cator of ulcer severity, where clinically significant lesions 
were defined as lesions that the observer would consider 
severe enough to warrant treatment if seen in a clinical 
case. While the authors recognize that this is not a per-
fect solution, as clinicians will usually use both gastro-
scopic appearance of lesions in combination with the 
clinical history to determine clinically significance, the 
authors believe that this proxy is the best possible com-
promise. While a scoring system (e.g. EGUS 0-4) would 
have been more objective, the fact that it cannot be used 
for EGGD makes it impossible to be used in this study. In 
future, assessment of both clinical and endoscopic out-
comes when determining the diagnostic accuracy of the 
sucrose test is recommended.

When conducting a validation study to determine 
the diagnostic accuracy of a test, it is essential that the 
study include an appropriate spectrum of subjects which 
is representative of the population for which the test is 
intended. We aimed to determine the diagnostic accu-
racy of the sucrose blood test as a screening test for 
EGUS in adult horses and therefore we selected horses 
used for a wide spectrum of activities, ranging from dres-
sage to racing. Eighty four percent of the horses in the 

study population had gastric lesions, which is similar to 
previously reported prevalence data for this geographical 
region [14]. Unfortunately, there was a limited spectrum 
of disease in the study population, with a predomi-
nance of small single lesions and a noticeable absence of 
extensive lesions with areas of apparent deep ulceration. 
As discussed earlier, this has the potential to skew the 
results by virtue of the fact that permeability of sucrose is 
directly proportional to the surface area of the damaged 
gastric mucosa available for permeation. An additional 
limitation of the study was the fact that that a proportion 
of the horses in this study (58/101) showed no clinical 
signs of gastric ulceration at the time of sucrose test-
ing. There is currently little evidence to suggest a direct 
cause-and-effect relationship between clinical signs of 
EGUS and the presence, severity or location of gastric 
ulcers in adult horses [1] and, therefore, it is possible 
that the diagnostic accuracy of the sucrose test would be 
improved when testing a population of horses that were 
all demonstrating clinical signs at the time of gastroscopy.

Conclusions
Blood sucrose was neither a sensitive nor specific test for 
detecting EGUS in this population of adult horses with 
naturally occurring disease. This study included both 
horses with and without clinical signs of gastric ulcera-
tion. Further studies aimed at evaluating the perfor-
mance characteristics of the test in a selected population 
of horses demonstrating clinical signs consistent with 
EGUS may be warranted. Given the limitations of endos-
copy, due consideration should also be given to alterna-
tive methods for comparison of blood sucrose with a gold 
standard (Additional file 1).
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Exceptional longevity and potential determinants 
of successful ageing in a cohort of 39 Labrador 
retrievers
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and David Mark Morgan6

Abstract 

Background: The aim of this study was to describe the longevity and causes of mortality in 39 (12 males, 27 females) 
pedigree adult neutered Labrador retrievers with a median age of 6.5 years at the start of the study and kept under 
similar housing and management conditions. Body condition score was maintained between two and four on a 
5-point scale by varying food allowances quarterly. The impact of change in body weight (BW) and body composition 
on longevity was analysed using linear mixed models with random slopes and intercepts.

Results: On 31 July 2014, 10 years after study start, dogs were classified into three lifespan groups: 13 (33 %) 
Expected (≥9 to ≤12.9 years), 15 (39 %) Long (≥13 to ≤15.5 years) and 11 (28 %) Exceptional (≥15.6 years) with
five still alive. Gender and age at neutering were not associated with longevity (P ≥ 0.06). BW increased similarly for
all lifespan groups up to age 9, thereafter, from 9 to 13 years, Exceptional dogs gained and Long-lifespan dogs lost 
weight (P = 0.007). Dual-energy x-ray absorptiometer scans revealed that absolute fat mass increase was slower to
age 13 for Long compared with Expected lifespan dogs (P = 0.003) whilst all groups lost a similar amount of absolute
lean mass (P > 0.05). Percent fat increase and percent lean loss were slower, whilst the change in fat:lean was smaller, 
in both the Exceptional and Long lifespan compared with Expected dogs to age 13 (P ≤ 0.02). Total bone mineral
density was significantly lower for Expected compared to Exceptional and Long lifespan dogs (P < 0.04).

Conclusions: This study shows that life-long maintenance of lean body mass and attenuated accumulation of body 
fat were key factors in achieving a longer lifespan. The results suggest that a combination of a high quality plane of 
nutrition with appropriate husbandry and healthcare are important in obtaining a greater than expected proportion 
of Labrador retrievers living well beyond that of the expected breed lifespan: 89.7 % (95 % CI 74.8–96.7 %) dogs were 
alive at 12 years of age and 28.2 % (95 % CI 15.6–45.1 %) reaching an exceptional lifespan of ≥15.6 years.

Keywords: Ageing, Exceptional longevity, Healthspan, Body weight, Sarcopenia, Lean body mass, Body fat mass, 
Nutrition, Husbandry, Healthcare

Background
For the domesticated dog (Canis lupus familiaris), 
changes observed through ageing can be seen as good 
(e.g. improved obedience), bad (e.g. dental disease) or 

inconsequential (e.g. greying of the muzzle) with respect 
to their viability and survival. Physiological changes that 
may be important biomarkers of ageing in dogs include 
increasing body fat, reducing lean body mass (of which 
lean muscle mass is an important component), peri-
odontal disease, osteoarthritis, reduced renal or cardiac 
function, changes to the endocrine system (including *Correspondence:  vjadams12@gmail.com 
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insulin and glycaemic control), cognitive and behavioural 
changes and the development of neoplastic disease [1–4].

The goal for today’s biogerontologists is to extend 
human healthspan, defined as the years in which an 
individual is generally healthy and free from serious dis-
ease, alongside increasing longevity; this goal can also be 
applied to our companion animals [5]. In the domestic 
dog, reported average longevity estimates for all breeds 
combined have varied between 10.0 and 12.0  years, 
depending on the population studied [6–8]. As part of the 
current project, an external panel of veterinary and aca-
demic experts was convened to independently and objec-
tively define an average lifespan for Labrador retrievers 
based on median/mean age at death reported in published 
research and from a proprietary service dog database as 
well as their professional knowledge and/or personal 
experience. Upon review of the body of evidence avail-
able from 1999 to 2013, a consensus was reached that the 
typical lifespan of Labrador retrievers was 12 years of age 
(Table 1). The domesticated dog represents an exceptional 
range of phenotypic morphology with breeds varying in 
weight by two-orders of magnitude [9]. Canine life expec-
tancy and body mass are inversely correlated with size 
explaining 40–44 % of the variance in age at death [8, 9]; 
small breeds typically live much longer than large breeds 
[8, 10–12]. It is not clear what effect neutering has on 
longevity as one study reported that neutering was asso-
ciated with increased longevity for females but not males 
in the UK [6], whilst neutered males outlived entire males 
among US military dogs [13]. Another study has shown 
that neutering was strongly associated with an increase 
in lifespan as well as a decreased risk of death from some 
causes, such as infectious disease, but an increased risk of 
death from others, such as cancer [14]. The discrepancies 

might be related to the age of neutering, however, there is 
a lack of information on this.

With the large disparity in longevity of individual 
dog breeds, the challenge is to understand the biologi-
cal mechanisms that underlie these apparent differ-
ences [15]. The term ‘exceptional longevity’ has be used 
to describe both groups of, and individual, dogs that live 
30 % longer than is expected for their breed’s typical or 
average lifespan [16]. Dogs that live for a longer period 
than their anticipated lifespan appear to demonstrate an 
ability to delay the onset of life-threatening diseases [16–
18]. A previous study of 24 pairs of Labrador retriever 
littermates from 7 litters showed that lifetime calorie 
restriction resulted in a 1.8  year longer median lifespan 
in the ‘Restricted’ group fed 25 % less than the ‘Control’ 
group (P = 0.004) [19].

The longitudinal study reported here is a continua-
tion of efforts to understand the biology of ageing and 
its valuable application to companion dogs. The aim of 
this study was to describe the longevity and causes of 
mortality in a cohort of purebred Labrador retrievers 
kept under similar housing and management conditions. 
Additionally, we wished to evaluate the impact of gender, 
age at neutering, and changes in body weight and body 
composition on longevity.

Methods
Background and animal selection
The original study was designed as a clinical trial to test a 
novel energy restriction mimetic in the form of the die-
tary supplement mannoheptulose (MH). MH is a seven-
carbon sugar derived from avocado that acts to reduce 
glycolysis via hexokinase inhibition and has been pro-
posed as a calorie restriction mimetic that delivers anti-
ageing and health promoting benefits of calorie 
restriction without reducing food intake [20, 21]. Initially, 
three groups of dogs were formed from a cohort of 59 
Labrador retrievers after a 15-month acclimatisation 
period from May 2003 to 15 July 2004 (Fig. 1). During the 
acclimatisation period, fasting blood glucose and insulin 
were measured and the dogs were allocated to treatment 
groups using stratified randomisation based on these lev-
els. The study design was approved by the Institutional 
Animal Care and Use Committee (IACUC) of Procter 
and Gamble (P&G) Pet Care (Mason, OH, USA).1 The 
accommodation facility where the dogs were housed, the 
P&G Pet Care Pet Health and Nutrition Center in Lewis-
burg, OH, USA, was accredited by the Association for 
Assessment and Accreditation of Laboratory Animal 

1 The IACUC board had both internal and external board members. The 
external members were represented by a local High School teacher, and a 
local veterinarian from Dayton (OH, USA) with research experience but 
with no affiliation with any type of research institute.

Table 1 Evidence used in  consensus for  ‘Typical’ Labra-
dor retriever lifespan based on  reported ages at  death 
with reference numbers in square brackets

a Canine companions for independence (Santa Rosa, CA, USA)
b Consensus age provided by Jan Bellows, DVM, DAVDC, DABVP, FAVD; Carmen 
M. H. Colitz, DVM, Ph.D., DACVO, Donald Ingram, Ph.D.; Stanley L. Marks, BVSc, 
Ph.D., DACVIM, DACVN; Sherry L. Sanderson, DVM, Ph.D., DACVIM, DACVN; Julia 
Tomlinson, BVSc, Ph.D., DACVS, CCRP, CVSM

Reference material Country #Dogs Median lifespan, years

Assistance dog databasea US 498 12.0

Lawler et al. [2] US 48 ‘Restricted’ group: 13.0

Kealy et al. [19] ‘Control’ group: 11.2

Adams et al. [8] UK 574 12.25

O’ Neill et al. [12] UK 418 12.5

Michell [6] UK 328 12.6

Proschowsky et al. [7] Denmark 199 10.5

Typical lifespan of Labrador retrieversb 12.0
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Care. After the initiation of the clinical trial an independ-
ent International Animal Welfare Advisory Board also 
had input and recommendations principally on the dogs’ 
behaviour and enrichment interventions. This board 
made unannounced visits to the centre and their reports 
were made publically available.2

At the start of the original clinical trial (16 July 2004) 
one group was fed a control diet (n =  20, Table 2), one 
group was fed a study diet matrix (n = 20, Table 2) and 
the third group was fed the same study diet matrix with 
the inclusion of avocado juice extract with a concentra-
tion of <0.10 % as a source of biologically available man-
noheptulose (MH) (n = 19) [22]. As a result of an internal 
business decision, the group of dogs that had been fed 
the control diet were released from the clinical trial and 
entered other feeding programmes in September 2008. 
The feeding of the two other groups continued as before 
with the same allocated study diet with or without MH 

2 International Animal Welfare Advisory Board annual report 2013 is avail-
able at https://www.iams.com/iams-truth/international-advisory-board-
activities.

(Fig. 1). Statistical analysis in June 2013 showed no signif-
icant effect of the diet on longevity detected between the 
19 dogs that received the study diet and MH and the 20 
dogs that were just fed the study diet; therefore, the data 
for these dogs were combined for the longevity analysis 
in this study (Fig. 1). For the remainder of this paper we 
report only on these 39 dogs.

A total of 39 adult, neutered Labrador retrievers con-
sisting of 12 males and 27 females recruited in early to 
mid-adulthood, between the ages of 5.3 and 8.5  years 
(mean age 6.7  years, median 6.5), were included in the 
current longitudinal study. All dogs were acquired from 
private breeders or United States Department of Agricul-
ture-inspected provider. One breeder provided 33 (85 %) 
Labrador retrievers from breeding a total of 12 sires and 
19 dams. For these 33 dogs, the husbandry (feeding and 
kennelling) and medical care (worming and vaccina-
tions) was kept consistent for all the dogs from birth and 
through early adulthood prior to them being recruited 
for the study. Furthermore, these dogs were housed in 
groups of three (one male and two female) in large open 
paddocks that were 15 metres wide by 45 m long covered 

Fig. 1 Flowchart of dogs recruited to the study and included in the analysis. MH mannoheptulose
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WTwith gravel on a concrete base. Covered shelter was avail-
able (the internal housing used straw bedding) from the 
heat/cold and the dogs were all exposed to the same 
natural day/night light cycles. Each dog could hear and 
see their neighbours in the other paddocks. The breeder 
would rotate the males and females according to the 
breeding programme. After recruitment, 38 entire dogs 
were surgically neutered by the supervising veterinar-
ian in 2003 prior to the start of the study period in July 
2004 with only one dog, a male, that had been neutered 
at 4.4  years of age just prior to being recruited into the 
study in 2003. The mean and median age at neutering 
was 5.5 years (range 4.3–7.5 years).

Animal husbandry and veterinary care
Dogs were housed in a kennel system that include indoor 
kennels and outdoor runs. Both the indoor kennels and 
outdoor runs were cleaned and disinfected on a regu-
lar basis, and all had size-appropriate dog toys that were 
cleaned and interchanged regularly to provide environ-
mental enrichment. The temperature of the indoor ken-
nel was kept at approximately 22  °C (range  18–25  °C) 
with a relative humidity of 50  % (range 40–70  %). Air 
flow through the kenneling facility was maintained with 
approximately 15 fresh air changes per hour (range 
10–30). Natural light was provided by large rectangular 
windows that were positioned above each of the individ-
ual indoor kennels and ran on both sides of an open cor-
ridor and for the entire length of the facility. The indoor 

kenneling area also had an automated lighting system that 
controlled the light/dark cycle with 12 h on from approxi-
mately 06.00–18.00 and 12 h off (Invensys system, Inven-
sys Operations Management Company, Plano, TX, USA).

Each dog was groomed every 2  weeks (brushing, nail 
trimming, examination for parasites and skin lesions) and 
bathing was done quarterly. Daily socialisation of all dogs 
took place (20 min) with a qualified animal welfare spe-
cialist and additionally social groups of three to six dogs 
were exercised outdoors daily (30  min minimum) in a 
large gravel lined or grass exercise area. Furthermore, 
compatible groups of dogs had 24-h access to each other 
through their partially covered run that interconnected 
neighbouring kennels.3 Equipment designed to provide 
environmental enrichment (e.g. agility course apparatus, 
wading pools, a variety of dog toys and shaded areas) was 
provided in the large areas.

The preventative healthcare plan for each dog included 
faecal examinations annually for endoparasites alongside 
blood testing for heartworm. Heartworm prevention was 
given monthly (Interceptor®, Novartis Animal Health, 

3 Dogs were housed in indoor kennels either on their own or in pairs. The 
kennels were 122 × 122 cm (single) or 244 × 244 cm (double) and arranged 
either side of an open corridor allowing dogs to see and hear other dogs in 
the group. Suitable bedding (Kuranda Dog Beds, Glen Burnie, Maryland, 
USA) was provided for each dog. The kennels were made from welded 
stainless steel mesh and polycarbonate panels. The floors were epoxy and 
were heated. A two-way door led from each kennel to a partially covered 
outdoor run (365 ×  243  cm) which provided additional access to natural 
light. All runs had concrete flooring and dogs had free access to their run 
throughout the day and night.

Table 2 General ingredient and nutrient composition of the control and study diets

a The control diet was nutritionally complete and balanced and formulated to be representative of a mid-tier adult dog food product
b Study diet was formulated to contain the same nutritional technologies found in the Eukanuba nutritional matrix for senior dogs (Eukanuba® Senior Maintenance 
Dog Food. For the study period reported this product was owned and manufactured by Procter & Gamble, Cincinnati, Ohio, USA)
c Fructo-oligosaccharide
d Sodium hexametaphosphate
e Avocado juice concentrate (<0.10 %) was included in the diet matrix for 19 dogs
f Nutrient composition is actual laboratory analytical results expressed on as-fed basis
g Gross energy
h Ratio of dietary omega-6 fatty acids and omega-3 fatty acids

Ingredient composition Analysis %

Control dieta Study dietb Nutrientf Control Study

Maize Chicken meal Egg product Protein (%) 25.1 24.7

Chicken by-product meal Chicken by-product meal Brewer’s yeast Fat (%) 13.8 15.0

Maize gluten meal Maize FOSc Fibre (%) 2.1 2.1

Soybean meal Sorghum sHMPd Ash (%) 5.3 7.0

Animal fat Barley Linseed Moisture (%) 7.8 7.5

Palatant Chicken fat l-carnitine Vitamin E (IU/kg) 163 328

Minerals Fishmeal Minerals β-carotene (ppm) 2.9 39

Vitamins Palatant Vitamins GEg (kcal/kg) 4716 4695

Beet pulp Othere 6:3 fatty acidsh 19:1 9:1
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US) and flea and tick treatment was given when required 
(Frontline Plus®, Merial) [23]. The vaccination routine 
consisted of adenovirus type 2, distemper, parvovirus, 
parainfluenza, (±  leptospira given according to a health 
risk assessment) and an intranasal vaccine for Bordetella 
administered annually according to manufacturer’s rec-
ommendations (Fort Dodge Duramune Max 5/4L®; Sher-
ing-Plough Intra-Trac II ®Bordetella Vaccine). 
Vaccination against Rabies was given every three years 
(Fort Dodge RabVac® 3TF). Oral health was evaluated 
with dental examinations performed every 6  months; 
standard dental prophylaxis/treatment (e.g. extractions, 
descaling and polishing under anaesthesia) was per-
formed for each dog when necessary as recommended by 
the attending veterinarian. Standard physical examina-
tions were undertaken annually and blood samples col-
lected every 6  months for routine clinical assessment. 
Clinical parameters measured included complete blood 
cell counts, serum biochemistry and thyroid function. 
Aside from the regular veterinary examinations, each dog 
was monitored daily by their animal welfare specialist 
and the animal husbandry staff, and any health related 
concerns (e.g. medical, orthopaedic, oncologic) were 
brought to the attention of the attending healthcare staff. 
At this point the healthcare staff would initiate a regular 
quality of life assessment to monitor the dog’s health and 
to assess if it remained stable or declined.4 The case was 
then discussed by a group that was blinded to the identity 
of the dog. Decisions about medications and end-of-life 
issues were made by the group based on whether the 
quality of life was declining and the dog’s overall well-
being was compromised (see footnote 4). The group con-
sisted of the study director, several veterinarians within 
other business units of the company as well as other vet-
erinarians from the pet care unit. The on-site attending 
veterinarian also was authorised to make an end-of-life 
decision if there was a rapid deterioration in any dog’s 
health.

Diet and feeding
From May 2003 until the start of the study on 16 July 
2004 all dogs spent 1 year on a nutritionally complete and 
balanced control diet which was formulated to be 

4 Assessments were conducted by animal welfare specialists, animal hus-
bandry staff and healthcare staff (attending veterinarian, veterinary nurses) 
to assess quality of life using a 10-point Likert scale ratings to assess food/
water intake (hunger/thirst), pain/discomfort, mobility, hygiene, happiness 
and number of “good days”. When the dog was having more “bad days” than 
“good days” then the attending veterinarian convened a panel to discuss an 
end-of-life decision; original concept, Oncology Outlook, by Dr. Alice Vil-
lalobos, Quality of Life Scale Helps Make Final Call, VPN, 09/2004; scale 
format created for author’s book, Canine and Feline Geriatric Oncology: 
Honouring the Human-Animal Bond, Blackwell Publishing, 2007. Revised 
for the International Veterinary Association of Pain Management (IVAPM) 
2011 Palliative Care and Hospice Guidelines.

representative of a mid-tier adult dog food (Control diet, 
Table  2). This was to help acclimatise the dogs to their 
environment and to help adjust their body weight and 
body condition score so that they entered the study in 
2004 with a body condition score (BCS) between two and 
four, based on a 5-point BCS [24]. This adaptation period 
also helped establish the individual food allowance 
required to maintain body weight with a BCS between 
two and four. Following this year of acclimation, the 39 
dogs were transitioned onto a study diet formulated with 
the same nutritional technologies shown to help support 
the health and well-being of both adult and senior dogs 
(Study diet, Table 2). This dietary matrix was created to 
comprise the same nutritional components found in 
Eukanuba® Senior Maintenance5 for large breed dogs but 
with a slightly lower protein (24.7 % ‘as fed’) and slightly 
higher fat (15 % ‘as fed’) level.

BCS was assessed by trained staff on a quarterly basis 
both during the adaptation year and during the study 
using a five-point scale. A score of 3 was considered ideal. 
A dog’s daily food allowance was changed if the quarterly 
BCS was not between the 2–4 range to avoid the extremes 
of thinness (BCS =  1) or obesity (BCS =  5) conditions. 
The maximum allowable change to an individual dog’s 
daily food allowance was ±50 g and this food amount was 
maintained until the next quarterly BCS assessment. The 
daily food allowance could also be changed by the super-
vising veterinarian for medical purposes.

The daily ration of food was weighed for each dog, 
divided into two equal portions, and offered in stainless 
steel food bowls inserted into rings located at the front of 
each indoor pen at 07:30 and 14:30 each day. Dogs were 
separated for feeding. Each dog was allowed 30  min to 
consume their food and food intake was recorded daily. 
Fresh water was constantly available using automatic 
adjustable water bowls mounted on the side of each 
housing unit.

Body weight and composition
Body weight was measured every 2 weeks, BCS was evalu-
ated quarterly and whole-body composition measures were 
obtained prior to the start of the study and then annually 
using a Dual-Energy X-ray Absorptiometer (DEXA scan) 
(Model Delphi-A, Serial No. 70852; Bedford, MA). For 
the DEXA scan, dogs were fasted for a minimum of 12  h 
prior to being sedated using a pre-anaesthetic combina-
tion of Acepromazine (PromAce® Injectable, Fort Dodge, 
Fort Dodge, Iowa; 0.55 mg/kg intramuscular injection) and 
Atropine Sulfate (Med-Pharmex, Pomona, CA; 0.04  mg/
kg subcutaneous injection). Dogs were then anaesthetised 

5 Eukanuba® Senior Maintenance Dog Food. For the study period reported 
this product was owned and manufactured by Procter & Gamble, Cincin-
nati, Ohio, USA.
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with Propofol administered via a secured intravenous cath-
eter (Propoflo®, Abbot Labs, Chicago, IL; 7  mg/kg), intu-
bated with an endotracheal tube and delivered 100 % oxygen. 
Routine anaesthetic monitoring was performed. Dogs were 
positioned in sternal recumbency with hind limbs extended 
caudally. A calibration was completed prior to each DEXA 
scan and measurements were taken using the whole body 
scanner (single-beam mode). After the scans, anaesthesia 
was discontinued and oxygen was continued for several min-
utes. Dogs were moved to a recovery cage and the endotra-
cheal tube was removed once the swallowing reflex was 
regained. Whole-body measures obtained from the DEXA 
scans included total bone mineral density (BMD in grams), 
total bone mineral content (BMC in grams), total body mass 
(g), total fat mass (g), total lean mass (g), % body fat, % body 
lean and fat to lean ratio (determined as total fat mass/total 
lean mass).

Statistical analysis
Dogs were classified into three groups derived from ter-
tiles of lifespan data as of 31 March 2014: Expected’ 
when they experienced a lifespan of ≥9 to ≤12.9 years, 
‘Long’ when they experienced a lifespan between  ≥13 
and  ≤15.5  years and ‘Exceptional’ when they 
achieved ≥15.6 years and beyond. The value of 15.6 for 
the Exceptional lifespan group is 30  % longer than the 
12-year typical lifespan of the breed determined by the 
consensus group (Table  1) [16]. Average body weights 
and ages among the three longevity groups at the start of 
the longitudinal study were compared using analysis of 
variance with post hoc pairwise comparisons. Cross-
tabulations and Chi square or Fishers Exact tests were 
used to compare proportions of dogs within various 
groups. Survival analysis, using Kaplan–Meier (KM) and 
Cox proportional hazards regression (Cox) models, was 
performed to examine the effect of potential predictors 
on time to death. Monthly body weights up to December 
2013 and annual body composition data up to 13 years 
of age were analysed using linear mixed models with 
random effects for slopes and intercepts and a fixed 
effect for the lifespan grouping variable. The models 
allowed an intercept and slope to be estimated for each 
dog with the assumption that each endpoint response 
for a dog had a linear trajectory across age. Body weight 
against age presented by longevity category in a polyno-
mial smooth plot did not show a linear trend but a curve 
that follows an inverted U shape (Fig.  2); therefore, a 
random coefficient model was used to compare the 
slopes as a measure of body weight change (kg/dog/year) 
for three groups: up to 9 years, 9–13 years and >13 years 
of age. An age cut-off point of 13 years was chosen for 
statistical analysis because all three lifespan groups were 
fully represented up to age 13. Statistical analysis was 

performed using commercial software.6 The level of sig-
nificance for all statistical tests was set at P < 0.05.

Results
Longevity and cause of death
As of July 2004, the dogs that were subsequently classi-
fied as experiencing an Exceptional lifespan were sig-
nificantly older than the other dogs (P = 0.01) and there 
were no significant differences in body weight (P = 0.36, 
Table 3). The median time spent in this longitudinal study 
(from 16 July 2004 to death or the censor date for lon-
gevity estimation) by the 39 dogs was 7.43 years and this 
ranged from 2.54 to 10.04 years. As of the censor date of 
31st of July 2014, the distribution of dogs based on lifes-
pan groups was: Expected lifespan (n =  13), Long lifes-
pan (n = 15) and Exceptional lifespan (n = 11 including 5 
dogs that remained alive with a median age of 17.1 years, 
Table 4; Fig. 3). A total of 35 dogs (89.7, 95 % CI 75–97 %) 
were alive at 12 years of age and 11 dogs (28.2, 95 % CI 
15.6–45.1 %) attained exceptional longevity, reaching or 

6 Statistical software: SAS version 9.3 (SAS Institute, 2011, Cary, NC, USA), 
Statistix version 10 (Analytical Software, 2013, Tallahassee, FL), SPSS ver-
sion 22 (IBM SPSS, 2013, Chicago, IL, USA) and Stata version 13.1 (Stata-
Corp, 2014, College Station, TX, USA).
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Fig. 2 Polynomial smooth plots of average body weight (lines) with 
95% confidence intervals (CI, gray shaded areas) by age for each lon-
gevity group of dogs. The starting point for each line is the average 
body weight for those dogs which were in the acclimatisation period 
at that age on 01 July 2004 just before the study started. The end 
point for each line is the average body weight for those dogs which 
died or were censored (N = 5 in the Exceptional group) at that age at 
the censor date of 31 July 2014. These plots show that the Expected 
dogs (blue line) started at a low weight, then put on about 1 kg/year 
until reaching a peak at 11 years of age and this was followed by a 
decline of ~1.7 kg in 2 years. The Long-lived dogs (green line) started 
at a higher weight, then stayed at a rather stable weight before show-
ing an increased weight over to reach a peak at 10 years of age and 
then the weight declined at ~1 kg/year. The Exceptionally long-lived 
dogs (gray) started at the lowest weight (but at an older age) and 
they put on weight gradually to reach a peak at 12 years of age, then 
slowly declined to reach a low point at 16 years before putting on 
some weight again
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exceeding 15.6 years of age. The five exceptionally long-
lived dogs that remained alive at the censor date were 
considered to be 3–4  years younger than their chrono-
logical age, based on overall condition, activity level 
and interactive behaviour as observed by several inde-
pendent veterinarians and Labrador retriever enthu-
siasts who interacted with these dogs in June 2014. For 
the 34 dogs that passed away during the study the age at 
death ranged from 9.7 to 16.9 years with a median age of 
death of 13.6 years. Each of the lifespan groups had sig-
nificantly different median survival time (MST) based on 
KM survival analysis (Table 4; Fig. 3). A larger proportion 
of female dogs reached an Exceptional age (female:male 
ratio = 10:1) compared with the Expected (7:6) and Long 
(10:5) lifespan groups although this was not a statisti-
cally significant difference (P = 0.1). Gender was not sig-
nificantly associated with survival time (KM P = 0.06) or 
risk of death (Cox P =  0.07) and there was no effect of 
the age of neutering on the risk of death for females (Cox 
P = 0.2) or males (Cox P = 0.7).

Cancer was the reason for euthanasia for 13 dogs 
(38  %) with 20 dogs (59  %) undergoing euthanasia for 
other reasons and one dog died overnight (enteritis, 
colitis and protein-losing enteropathy were found on 
post-mortem examination) (Table 5). Of the 13 dogs that 
underwent euthanasia as a result of cancer: 54 % of these 
dogs lived to an Expected age, 31  % were in the Long 
group and 15 % in the Exceptional group although these 
proportions were not significantly different (P  =  0.3, 
Table 5).

Body weight and composition changes
From the start of the study to age 9, body weight increased 
for all three lifespan groups (Fig. 2) but the changes over 
this period were not significantly different (Table  6). In 
contrast, there was a significant change in body weight 
(kg/dog/year) during the span of 9–13  years as Excep-
tional dogs increased body weight while the Long lifespan 
dogs lost weight (+0.53 vs. −0.91  kg/dog/year respec-
tively, P  =  0.007). The Expected lifespan dogs also lost 
weight during this period (−0.15) but the loss was not sig-
nificantly different from the Exceptional or Long lifespan 
groups. After age 13, dogs in the Exceptional and Long 

groups both lost a comparable amount of body weight. 
The polynomial plot in Fig. 2 reveals that the dogs in the 
Exceptional group had a lower peak in body weight and 
this peak occurred at a later age compared to the dogs in 
the Expected and Long lived groups.

The 39 dogs underwent between 3 and 10 DEXA scans 
during the study period with a median of seven scans 
per dog. Total fat mass (g/dog/year) increased in all lifes-
pan groups to age 13 but the increase was significantly 
slower only for the Long lifespan dogs when compared 
with Expected dogs which accumulated fat at 3.1 times 
the rate over this time period (slopes of +320 vs. +1000, 
P = 0.003 Table 7). In contrast, all groups lost a similar 
amount of total lean mass (g/dog/year) through age 13 
ranging from −593 (Expected), −461 (Long) to −269 
(Exceptional) (P > 0.05). Percent body fat increased sig-
nificantly more slowly to age 13 in both the Exceptional 
and Long-lived dogs compared with Expected dogs (1.55 
and 1.25 vs. 2.69, respectively, P = 0.02 and P = 0.002). 
Congruently, the percentage loss of lean mass through 
age 13 was significantly slower for dogs of Exceptional 
and Long lifespans when compared with those having an 
Expected lifespan (−1.58 and −1.31 vs. −2.69, respec-
tively, P = 0.02 and P = 0.002). Similarly, the change in 
the fat to lean ratio to age 13 was significantly greater in 
the Expected dogs versus both the Exceptional and Long 
lived dogs (P = 0.02 and P = 0.002). Total bone mineral 
density (BMD) was significantly lower for Expected com-
pared to Exceptional and Long (P < 0.04). There were no 
statistically significant differences among the lifespan 
groups for changes in total bone mineral content (BMC) 
(P  =  0.2). There were no statistically significant differ-
ences in BCS slopes over time among the three lifespan 
groups (data not shown).

Discussion
The results of this longitudinal study show that a greater 
than expected proportion of Labrador retrievers lived 
well beyond that of the expected breed lifespan as nearly 
90 % (n = 35) of the dogs met or surpassed the consen-
sus average life expectancy for the breed of 12 years and 
28 % (n = 11) went on to achieve Exceptional longevity 
(≥15.6  years). In spite of being 16 and 17  years of age, 

Table 3 Mean ages and body weights for the three longevity groups of dogs in July 2004

Means among longevity groups were compared using analysis of variance with post hoc pairwise comparisons; mean body weights were not significantly different 
(P = 0.36) whilst means within the age column that share an asterisk (*) or a hash (#) were significantly different (P = 0.01)

N number of dogs, SD standard deviation, Min–max range from minimum to maximum values

Longevity category N Mean body weight 
(kg)

SD Min–max Mean age (years) SD Min–max

Expected (≥9 to ≤12.9 years) 13 29.4 4.6 20.2–37.40 6.5* 0.6 5.3–7.6

Long (≥13 to ≤15.5 years) 15 29.4 4.3 21.1–41.4 6.4# 0.9 5.4–7.9

Exceptional (≥15.6 years) 11 26.8 3.7 19.2–33.1 7.4*# 0.8 6.0–8.5

131Exceptional longevity and potential determinants of successful ageing in a cohort of 39 Labrador...



WT
the five dogs remaining alive at the end of the study con-
tinued to be full of life, active, social and highly engaged 
with their animal welfare specialists and social groups 
according to the independent veterinarians and Labra-
dor retriever enthusiasts who interacted with these dogs 
in June 2014. This supports our findings that an increase 
in healthspan was present in this study population. 
These findings are similar to those reported in an earlier 
longitudinal study of the effect of calorie restriction in 
Labrador retrievers where the ‘Restricted’ group experi-
enced a median lifespan of 13.0 years with a maximum 
lifespan of 14.5  years compared to 11.2 and 13.2  years, 
respectively, for the ‘Control’ group [2, 19, 25, 26]. It may 
therefore be suggested that identifying the appropriate 
calorie balance (i.e. calorie intake that matches calorie 
expenditure) in order to reach and maintain an ideal 
BCS throughout the lifespan of Labrador retrievers and 

adhering to this feeding level may be essential in achiev-
ing a long, healthy life.

There was a slower loss of total and significantly 
slower loss of percentage lean body mass in the Excep-
tional group versus the Expected group together with a 
slower increase in total body fat and a significantly slower 
increase in percentage body fat and a significantly lower 
change in fat to lean ratio. This is similar to the findings 
of another study in which body composition was meas-
ured from 6 years of age where the mean total lean mass 
was significantly greater in the ‘Control’ group compared 
to the ‘Restricted’ group; additionally, there was a pro-
gressive decline in total lean mass after 9 years of age in 
the ‘Control’ group but not in the ‘Restricted’ group until 
after 11 years of age [2, 19]. Furthermore, although mean 
percentage lean mass decreased significantly in both 
groups from 6 to 12  years of age it was always signifi-
cantly higher among the ‘Restricted’ dogs than the ‘Con-
trol’ dogs [19]. Mean total and percentage body fat mass 
increased significantly in both groups from 6 to 12 years 
of age and was always significantly higher in the ‘Control’ 
group. There was no correlation between total lean and 
fat mass in the ‘Restricted’ group and this may suggest 
underlying processes that drive the beneficial longev-
ity response in these dogs may be multiple and driven 
independently [2]. Somewhat paradoxically, the dogs in 
the Long lifespan group of the current study lost weight 
between the ages of 9 and 13 years whilst the Exceptional 
lifespan dogs maintained or slightly gained weight dur-
ing this time period. Body mass and body composition 
are related to an individual dog’s size and they may also 
independently influence the rate of ageing and longevity. 
The risks of an increase in the incidence and severity of 
chronic disease associated with high body fat has been 
reported in other studies [27–29]. In adult nonhuman 
primates, lower morbidity rates also have been reported 
in studies comparing calorie-restriction versus ad lib 

Table 4 Number of Labrador retrievers, age at death/censor date and median survival time with 95 % CIs

Within each column (mean, median, MST), values which share an asterisk (*) are each significantly different from one another (P < 0.0001) by parametric and non-
parametric analysis of variance for age at death/censor date and by Kaplan–Meier survival analysis; values within a column with no asterisk were not compared

CI confidence interval, NE not estimated using Statistix commercial software
a July 31, 2014

Longevity category Descriptive statistics for age in years at death/censor datea MST (95 % CI) in years 
from Kaplan–Meier analysis

N (%) Mean (SD) Median (min–max)

Expected ≥9 to ≤12.9 Deceased 13 (33 %) 12.08* (1.04) 12.58* (9.68–12.95) 12.44* (11.70–12.80)

Long ≥13 to ≤15.5 Deceased 15 (39 %) 14.21* (0.58) 14.15* (13.18–15.19) 14.08* (13.63–14.72)

Exceptional ≥15.6 Deceased 6 15.98 (0.49) 15.80 (15.68–16.96)

Alivea 5 16.82 (0.65) 17.13 (16.04–17.50)

Sub-total 11 (28 %) 16.36* (0.69) 16.04* (15.68–17.50) 16.47* (15.76–NE)

Overall Overall 39 (100 %) 14.11 (1.86) 14.01 (9.68–17.50) 14.01 (13.18–14.77)
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Fig. 3 Kaplan–Meier survival plot for 39 Labrador retrievers in three 
lifespan groups. Expected (blue): 13 dogs; Long (green): 15 dogs; and 
Exceptional (gray): six deceased and five dogs remaining alive as of 
the July 31, 2014 censor date
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feeding. In the calorie-restriction primates (fed 30–40 % 
less calories than their ad lib pair mate) the body fat con-
tent was within the normal range of 10–22 % [30]. Typi-
cally, the body fat in ad lib fed primates can range from 
17–44  % [31]. This calorie-restriction induced preven-
tion of morbidity does not therefore require excessive 
leanness.

A comparison between the dogs in the current study 
and those from the calorie restricted study [2, 19, 25] 
shows that energy intake per unit of body weight kcal/

kg/day for the ‘Restricted’ group (≈46.5) was very close 
to the 46.2–48  kcal/kg/day of dogs in the current study 
(Table  8). Therefore, on an energy intake basis, we 
can consider these groups of dogs to be similar. This is 
reflected by the ‘Restricted’ group having a BCS in the 
ideal range of 4–6 on a 9-point scale from 6 to 12 years 
of age. However, the oldest dog in the ‘Restricted’ group 
died at 14.5  years of age whilst a female in the current 
study was still alive on July 31, 2014 at 17.5 years of age. 
We can only speculate why we had dogs showing much 

Table 5 Cause of death for 34 dogs by gender and lifespan category as of 31 July 2014

33 dogs underwent euthanasia due to deteriorating quality of life and one dog found dead in the morningb 
a Histopathology revealed inflammatory process in kidney indicating chronic infection (asymptomatic)
b Post-mortem examination revealed enteritis and colitis with evidence of protein-losing enteropathy and mild multifocal glomerulosclerosis
c Histopathology revealed inflammatory changes in gastro-intestinal tract

Cancer Expected: ≥9 to ≤12.9 years Long: ≥13 to ≤15.5 years Exceptional: ≥15.6 years Total

 Female 3 = Haemangiosarcoma
 unspecified type/location
Haemangiosarcoma
 splenic with metastasis
Lymphosarcoma

3 = Plasma cell tumour
Haemangiosarcoma
Osteosarcoma

2 = Haemangiosarcoma
 splenic
Adenocarcinoma
 pulmonary

8

 Male 4 = Haemangiosarcoma
 prostate/bladder
Prostatic cancer
Mast cell tumour metastasis
Urinary tract cancer—TCC

1 = Urinary tract cancer
 bladder

0 5

Sub-total 7 (54 %) 4 (27 %) 2 (33 %) 13 (38 %)

Other

 Female 4 = Intervertebral disc disease
Mega-oesophagus
 causing chronic vomiting
Seizures—unresponsive to medi-

cation
Osteoarthritis (CHD)

7 = Gastric dilatation volvulus
Chronic kidney disease 

(asymptomatic)a

Progressive seizures
Septicaemia
Osteoarthritis (2)
Quality of life

4 = Osteoarthritis (2)
Quality of life (2)

15

 Male 2 = Osteoarthritis 4 = Found deceased in kennel (enteri-
tis, colitis and PLE)b

Gastro-intestinal inflammationc

Chronic kidney disease (end stage)
Myocardial fibrosis

0 6

Sub-total 6 (46 %) 11 (73 %) 4 (67 %) 21 (62 %)

Total 13 (100 %) 15 (100 %) 6 (100 %) 34 (100 %)

Table 6 Body weight change (slope) for three age categories of Labrador retrievers up to death/censor date 31 July 2014

Means within the 9–13 years column which share an asterisk (*) are significantly different (P = 0.007); none of the means within the other two columns (up to 9 years, 
after 13 years) show any significant differences among them (P > 0.05)

N number of dogs, SEM standard error of the mean

Longevity category Up to 9 years 9–13 years After 13 years

N Mean (in kg/dog/year) SEM N Mean (in kg/dog/year) SEM N Mean (in kg/dog/year) SEM

Expected (≥9 to ≤12.9 years) 13 0.59 0.3 13 −0.15 0.31 N/A

Long (≥13 to ≤15.5 years) 15 0.52 0.28 15 −0.91* 0.28 15 −1.41 0.68

Exceptional (>15.6 years) 11 0.4 0.36 11 0.53* 0.32 11 −1.31 0.74
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longer lifespan than the dogs in the other study despite 
being on the same calorie intake and BCS level. The 
detailed data on body composition is providing a poten-
tial in investigating reasons related to increased health-
span beyond the BCS and calorie intake. As well, the 
overall median lifespan was 13.0  years for the 48 dogs 
in the calorie restricted study whilst the median age (at 
death and for those still alive) was 14.01 years for the 39 
dogs reported here. One important difference between 
the Labradors reported in this study and those in the 
calorie restricted study is that all the dogs in the present 
study were kept at a BCS between two and four through-
out the study. The classic calorie restriction model used 
to examine the effects of feeding on the ageing process is 
often described as one of undernutrition without malnu-
trition. This usually involves control animals that are fed 
ad libitum (free choice with no or little restriction) as in 
the studies by Kealy, Lawler et al. [2, 19, 25, 26] and com-
paring these to animals fed a set restricted number of cal-
ories (i.e. not free choice). However, the energy intake of 
such ‘control fed’ animals often significantly exceeds the 

amount expended, resulting in a substantial gain in body 
weight, or positive energy balance, which is often associ-
ated with the early onset of disease [19, 32–34]. As the 
majority of dogs were recruited from the same breeder, 
the variation in environmental exposures among these 
dogs is reduced even if those dogs did not share the exact 
same habitat (for example due to temporal differences 
among litters). With regards to the genetic background, 
the dogs in this study were not as closely related as the 
dogs in the restricted feeding study. We recognise that 
the longevity effect seen in this study could be partly or 
wholly explained by the relatedness/line breeding of the 
dogs. However, dogs from the one breeder were found 
in all three longevity categories so although there might 
be a genetic predisposition for longevity, not all dogs 
expressed this characteristic.

As the mean body weights for the three longevity 
groups at the start of the study were not significantly 
different, we suggest that body weight alone, and par-
ticularly during middle age (5–8 years) is not predictive 
of longevity. The association over time between changes 

Table 7 Results of  linear mixed regression for  average changes in  body composition determined by  DEXA scans per-
formed annually up to 13 years of age

Means within a row that share an asterisk (*) or a hash (#) are significantly different (P < 0.05); means within a row with no asterisk or hash are not significantly different 
(P > 0.05)

DEXA Dual-energy x-ray absorptiometer scans obtained using DXA Model Delphi-A, Serial No. 70852; Bedford, MA, USA

N number
a  Means and standard errors of the mean (SEM) for changes in body composition (slope) as g/dog/year or %/dog/year up to 13 years
b  The fat to lean ratio was determined as total fat mass (g)/total lean mass (g)

DEXA variable Longevity category

Expected (≥9 to ≤12.9 years) Long (≥13 to ≤15.5 years) Exceptional (≥15.6 years)

N Meana SEMb N Meana SEMb N Meana SEMb

Total fat mass (g) 13 1000* 165 15 320* 152 11 625 170

Total lean mass (g) 13 −593 127 15 −461 80 11 −269 165

Body fat (%) 13 2.69*# 0.35 15 1.25* 0.31 11 1.55# 0.36

Body lean (%) 13 −2.69*# 0.33 15 −1.31* 0.29 11 −1.58# 0.34

Fat:Leanb 13 0.06*# 0.01 15 0.03* 0.01 11 0.04# 0.01

Total BMC (g) 13 10 3.2 15 18 3.1 11 16.6 3.2

Total BMD (g) 13 0.0061*# 0.0022 15 0.0123* 0.0019 11 0.0131# 0.0024

Table 8 Energy intake of Labrador retrievers in the current study and a previous calorie restricted study

a Group of Labrador retrievers fed 25 % less than their ‘Control’ fed pair; Kealy et al. [19, 25] and Lawler et al. [2]
b Metabolic energy of the test diet fed was 3669 kcal/kg based on a Modified Atwater calculation

Average daily intake of energyb Current study Calorie ‘restricted’ groupa

Expected Long Exceptional

MJ/day 5.88 5.84 5.56 5.15

kcal/day 1405 1397 1329 1230

Energy intake kcal/kg/day 46.2 46.2 48 ≈46.5

134 Animal Health and Welfare: An Issue of Veterinary Clinics



WT

in different body mass components and health may pro-
vide key insights into future recommendations on how 
to manage our ageing dogs more successfully to achieve 
an improved healthspan. One key body mass compo-
nent is skeletal muscle. A number of age-related changes 
may contribute to the gradual age-related loss of skeletal 
muscle which is reported in humans and dogs [35]. This 
loss of lean body mass in the absence of disease is termed 
‘sarcopenia’ and it is important to differentiate this from 
‘cachexia’ which is the loss of lean body mass with disease 
[36]. Sarcopenia is defined in humans as “a syndrome 
characterised by progressive and generalised loss of skel-
etal muscle mass and strength with a risk of adverse out-
comes such as physical disability, poor quality of life and 
death” [37]. Sarcopenia in humans usually begins early in 
life and between the ages of 20 and 60 years there is on 
average a loss of 40 % of lean muscle mass [38]. In sarco-
penia, the loss of lean body mass often is accompanied 
by an increase in fat mass so the total weight may not 
change (or may even increase), thus masking the sarcope-
nia [36]. Previous studies in dogs have shown that a high 
percentage of lean mass was associated with a protective 
effect from death whilst declining grams of lean body 
mass as well as a high percentage and absolute (grams) 
of fat mass predicted death [26]. The present study is 
the first published study to show an association between 
a slower rate of loss of lean body mass and exceptional 
longevity in dogs. The polynomial smooth plot (Fig.  2) 
revealed that the oldest dogs in the Exceptional group 
had an initial peak in body weight at 12 years of age and 
then re-gained weight after 16  years of age following a 
period of weight loss. This weight re-gain could represent 
a longevity advantage for these ‘oldest of the old’ dogs, 
however due to the small number of dogs included in 
this category, results need to be interpreted with caution. 
Further evaluation of what contributes to this late weight 
gain (e.g. slower loss of lean body mass combined with 
an increase in fat mass) could provide information on 
preferable body composition changes that would confer a 
longevity advantage to dogs.

Among human centenarians, women outlive men by 
four to one and, like women, female Rottweilers were 
more likely to achieve exceptional longevity (age at 
death ≥13 years) than males of this breed in a large retro-
spective study that examined the effect of ovary exposure 
up to 8  years of age [16]. However, this survival advan-
tage was lost if the dogs underwent ovariectomy dur-
ing the first 4 years of life. In females that retained their 
ovaries for more than 4 years, the likelihood of reaching 
exceptional longevity increased to more than three times 
that of males. Additional data from female Rottweiler 
dogs revealed that the number of years of ovary exposure 
was associated with exceptional longevity [39]. Females 

with the longest ovary exposure (6.1–8.0 years) were 3.2 
times more likely to reach exceptional longevity than 
females spayed during the first 2 years of life (P = 0.002). 
Furthermore, there was no evidence of a female’s physi-
ological investment in offspring (number of litters, total 
number of pups, age at first reproduction, mean inter-
birth interval, age at last reproduction) being associated 
with a reduced longevity [18]. These findings suggest 
that the ovaries participate in functions beyond repro-
duction which may include a role in the orchestration of 
exceptional longevity. Contrastingly, there was no effect 
of gender or the age at neutering on the risk of death for 
the dogs in the present study. The discrepancies between 
the Rottweiler study and our study may be related to 
the small sample producing a low statistical power as 
supported by the finding that whilst female Labrador 
retrievers tended to live longer than males, there was no 
statistically significant effect of gender on risk of death 
and age at death.

Whilst these dogs were not housed in a natural pet 
environment (such as in a household with human ‘com-
panions’), they were housed in compatible social groups 
and also had regular daily interaction with people much 
as a household pet might. Although there may be large 
differences between the structured management of the 
study dogs and typical household/family dogs, the benefit 
of keeping the study dogs under very similar conditions 
throughout the study removes the effect of many poten-
tial confounding variables that could change over time in 
a household environment. A study of family-owned dogs 
would require a much larger sample size when investi-
gating associations between risk factors and outcomes. 
Such a large sample would not only be very expensive 
but is likely to suffer from participants leaving the study 
due to the long time commitment. The decision not to 
treat any cancer diagnosis with chemotherapy or radio-
therapy, and to manage the dog through palliative care 
with other medications, was due to an ethical position 
by the company as well as representing a choice that dog 
owners might make if their own pet was diagnosed with 
cancer, particularly at an older age. All dogs with cancer 
and other chronic medical conditions had quality of life 
assessments initiated at the time of diagnosis to ensure 
that their health and well-being was managed ethically 
and appropriately (see footnote 4). Other medical issues 
such as ear and skin conditions were managed by the 
healthcare staff under veterinary supervision. The radia-
tion risk associated with the annual general anaesthetic 
for the DEXA scans was assumed to be negligible based 
on published information about DEXA scans in people 
[40].

Conducting breed-specific longevity studies is both 
a strength and a limitation; initially, it may seem to 
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potentially limit the understanding of healthy ageing. 
For instance, it has been shown that the median lifespan 
of crossbreds is greater than purebred dogs [12, 41] and 
that even within a set weight range of breeds there can 
be differences in the median age of death [8, 12]. How-
ever, by evaluating a single breed, rather than multiple 
breeds, then the influence on longevity by factors such 
as obesity and ovary exposure, as well as the age at onset 
of specific age-related disease might become clearer [42] 
as variation on other factors is reduced. When multiple 
breeds are evaluated together, such associations may 
be disguised or distorted. A limitation of this study is 
the absence of a control group fed a different diet as a 
result of a business decision in 2008 to discontinue the 
third study group. However, the strength of the cohort 
approach taken in this longitudinal study is that it allows 
further work using survival analysis to examine the 
effects of the time-varying measurements on longevity 
and development of disease. Whilst this was not a birth 
cohort and the results may be confounded by early life 
experiences, previous work has shown that deaths in Lab-
rador retrievers less than 6 years of age were mostly due 
to trauma [43] and in the aforementioned calorie restric-
tion study only two dogs from the original 48 died before 
6 years of age [26]. There are many factors that may have 
contributed to the ability of these dogs to exceed a typical 
lifespan and reach exceptional longevity. These include 
genetics, husbandry, preventative healthcare, socialisa-
tion, housing and environmental enrichment. Longevity 
is generally accepted as having a heritability of approxi-
mately 25–30 %, with the effect of the environment hav-
ing a much larger influence [44]. Nutrition is part of this 
environmental influence and therefore has a potentially 
significant role to play in longevity. Many of the probable 
environmental influences that could impact successful 
ageing and longevity were maintained as constant as pos-
sible for all the dogs in the current study. The nutritional 
matrix fed to all dogs incorporated key nutritional com-
ponents that have been shown to benefit canine health 
and well-being based on results of short-term research 
studies. This longitudinal study is the first to incorporate 
all of these nutritional components into the same dietary 
matrix consistently fed over an extended period of time. 
As dogs pass through the ageing process their nutritional 
requirements change reflecting a normal response to age-
related metabolic and physiologic responses. The dietary 
matrix fed was designed to address recognised changes 
that take place as dogs pass from adulthood into their 
senior years. The test diet (Table  2) was a matrix based 
on animal protein ingredients, balanced omega-6/3 
fatty acids with a blend of low glycaemic index carbohy-
drates alongside L-carnitine. Antioxidants vitamin E and 

beta-carotene, the moderately fermentable beet pulp 
and the prebiotic fructooligosaccharide were also incor-
porated. Finally, the outside of the dry food was coated 
with sodium hexametaphosphate to help with reduction 
of tartar build-up. It is likely that there are many dietary 
factors including total energy intake relative to energy 
needs, specific nutrients and other non-nutrient bioac-
tive substances that, individually or collectively, influ-
ence the ageing process.

Highly successful ageing can be considered as being 
robust in an age-specific way and which translates into 
being resilient to disease, including cancer. For humans 
it has been hypothesised that centenarians either mark-
edly delay or escape age-associated morbidity such as 
heart disease, stroke, diabetes, cancer, and Alzheimer’s 
disease [45]. Consistent with this idea is the proposition 
from James Fries, known as the compression of morbid-
ity hypothesis which states that individuals who reach the 
limits of human lifespan compress the onset and duration 
of illnesses toward the end of life [46, 47]. This hypoth-
esis predicts that, in order to achieve their extreme old 
age, centenarians markedly delay or even escape dis-
eases that would otherwise be lethal at younger ages. A 
retrospective cohort study of 424 human centenarians 
examining the ages of onset for 10 age-associated dis-
eases and excluding cognitive impairment, found that 
the centenarians fitted into three morbidity profiles; 
Survivors, Delayers, and Escapers [48]. Survivors (38  % 
of study population) had a diagnosis of an age-associ-
ated illness prior to the age of 80, Delayers (43 %) were 
individuals who delayed the onset of age-associated ill-
ness until at least the age of 80 and Escapers (19 %) were 
individuals who attained their 100th year of life without 
the diagnosis of common age-associated illnesses. Cen-
tenarians have, therefore, shown successful ageing and 
have in some way developed an age-related robustness 
and resilience to disease. This resilience includes cancer, 
where proportional mortality rates increase with age dur-
ing most of adulthood but decline in advanced age from 
nearly 40 % of all deaths between the ages of 50 and 69 to 
only 4 % of all deaths in patients older than age 100 years 
[49]. These data suggest that the oldest-old humans have 
a cancer-resistant phenotype compared to the general 
population. In the current study, cancer was the cause of 
euthanasia in 54 % of the dogs that lived to an Expected 
age, 27 % in the Long group and 33 % in the Exceptional 
group, suggesting that the longer-living dogs may have 
been less likely to experience cancer although this was 
not statistically significant. We were not able to show 
any association of cause of death with lifespan group or 
gender although this is likely due to the small numbers of 
dogs in each group.

136 Animal Health and Welfare: An Issue of Veterinary Clinics



WT

Conclusions
The findings of this study indicate that the life-long main-
tenance of lean body mass and an attenuated accumulation 
of body fat are key factors influencing successful ageing 
as reflected by longer healthspan. In the current study, 
the combination of a high quality plane of nutrition with 
appropriate husbandry and veterinary care resulted in 28 % 
of the dogs reaching an Exceptional lifespan of ≥15.6 years 
and almost 90 % of the dogs exceeded the typical lifespan of 
12 years. Future work includes further analysis of the data 
from this 10+ year study using survival analysis and other 
techniques to look at how variables change over time. The 
long-term objective is to provide clear and practical recom-
mendations for both dog owners and veterinarians so that 
all dogs can live to their full genetic potential.
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Excretory/secretory products of anisakid 
nematodes: biological and pathological roles
Foojan Mehrdana*  and Kurt Buchmann

Abstract 

Parasites from the family Anisakidae are widely distributed in marine fish populations worldwide and mainly nema-
todes of the three genera Anisakis, Pseudoterranova and Contracaecum have attracted attention due to their patho-
genicity in humans. Their life cycles include invertebrates and fish as intermediate or transport hosts and mammals or 
birds as final hosts. Human consumption of raw or underprocessed seafood containing third stage larvae of anisakid 
parasites may elicit a gastrointestinal disease (anisakidosis) and allergic responses. Excretory and secretory (ES) com-
pounds produced by the parasites are assumed to be key players in clinical manifestation of the disease in humans, 
but the molecules are likely to play a general biological role in invertebrates and lower vertebrates as well. ES prod-
ucts have several functions during infection, e.g. penetration of host tissues and evasion of host immune responses, 
but are at the same time known to elicit immune responses (including antibody production) both in fish and mam-
mals. ES proteins from anisakid nematodes, in particular Anisakis simplex, are currently applied for diagnostic purposes 
but recent evidence suggests that they also may have a therapeutic potential in immune-related diseases.

Keywords: Allergy, Anisakidosis, Anisakids, Excretory/secretory products

Background
Anisakid nematode larvae of the genera Anisakis, Pseudo-
terranova, and Contracaecum (family: Anisakidae; super-
family: Ascaridoidea; order: Ascaridida) are common 
parasites in a variety of marine fish species worldwide 
(Table 1). Different species of these parasites have been rec-
ognized, while some of them include sibling species within 
a particular morphospecies, e.g. Contracaecum osculatum 
complex [A, B, C, D, and E] [1], Anisakis simplex s.l. [A. 
simplex sensu stricto (s.s.), A. berlandi (formerly termed A. 
simplex sp. C) and A. pegreffii] [2, 3], and Pseudoterranova 
decipiens complex [P. decipiens (sensu stricto), P. krabbei, P. 
bulbosa (previously termed P. decipiens C) and P. azarasi 
(formerly termed P. decipiens D)] [4, 5]. Infection with these 
parasites is considered a threat to public health due to their 
zoonotic potential, and the presence of larvae in fish prod-
ucts reduces their commercial value. Free or encapsulated 
larvae are present within the body cavity, in the visceral 
organs or in the musculature of the fish host [6] whereby 

larvae may accidentally be ingested by consumers. The 
term anisakidosis refers to the disease in humans caused 
by any member of the family Anisakidae, whereas anisakia-
sis (or anisakiosis) is specifically caused by members of the 
genus Anisakis, pseudoterranoviasis (or pseudoterranovo-
sis) by the genus Pseudoterranova [7, 8] and contracaeciasis 
(or contracaecosis) is caused by members of the genus Con-
tracaecum [9]. Recent studies have revealed that a series of 
allergens in Anisakis play a major role in the progression 
and clinical picture of the disease. These allergens are a part 
of a rich series of excretory and secretory (ES) worm prod-
ucts, which may play profound biological roles in the life 
cycle of these helminths. Research on anisakid ES products 
has so far mainly focused on Anisakis spp., in particular A. 
simplex, owing to its frequent occurrence and cause of ani-
sakiasis. In the present work, we review the biological and 
pathological role of anisakid ES products with a main focus 
on the compounds released from the genus Anisakis.

Search strategy
A literature search was conducted in PubMed (http://
www.ncbi.nlm.nih.gov/pubmed) and ScienceDirect (http://
www.sciencedirect.com) using the terms “excretory and 
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secretory products” AND “allergy” OR “anisakidosis” com-
bined with anisakid parasites names “Anisakis” OR “Pseu-
doterranova” OR “Contracaecum”. The title and abstract of 
resulted hits were evaluated and the most relevant articles 
were assessed in detail. Our own archives were also used as 
an additional source of information. The papers included in 
this systematic review have been published between 1960 
and 2016.

General biology of anisakids
The life cycles of anisakid nematodes comprise adult 
worms in marine mammals, e.g. seals, sea lions, dol-
phins, whales [7, 10, 11] and/or piscivorous birds [12–14]  
and hatched larvae which are free-living until they are 
ingested by an invertebrate host (e.g. a crustacean) 
whereafter they are transferred to a teleost transport host 
by predation. Humans act only as accidental hosts for 
anisakids. They obtain infection through consumption 
of raw or underprocessed seafood, but the nematodes 
do not reach the adult stage in humans whereby human 
hosts cannot transmit the infection further by releasing 
parasite eggs with feces. In contrast, marine mammalian 
hosts (pinnipeds and cetaceans) allow maturation of the 
anisakid worms in their gastrointestinal tract. Following 
copulation between adult male and female worms, para-
site eggs are released by the adult female worm and leave 
the host with faeces to the marine environment where 
they develop and subsequently hatch [15]. The released 
free third stage larvae (L3) become ingested by the first 
invertebrate hosts (including crustaceans, cephalopods 
and polychaetes) in which they reach extra-intestinal 
sites such as the hemocoel, a process which must involve 
enzymatic activity. Following ingestion by the fish, the 
worm larvae penetrate the fish gut and reach internal 
organs such as body cavity, viscera or musculature. The 
fish host range depends to some extent on the anisakid 
species [2, 13, 16] but their geographical distribution is 
also limited by the availability of the intermediate and 
final hosts [17]. Therefore, the presence of the parasite 
in a host implies the co-presence of all the required host 
species for completing the parasitic life cycle at the same 
time in the same area and indicates that ES genes encod-
ing products needed for all steps in the life cycle are pre-
sent in that particular strain of the parasite [18].

Human infections
Humans are accidental hosts of anisakid parasites, and 
acquire L3 through consumption of raw or inadequately 
processed seafood. Ingestion may cause anisakidosis, 
which is manifested by distinct gastrointestinal symp-
toms, e.g. vomiting, diarrhoea, and epigastric pain [19, 
20]. Anisakis simplex s.s. (Rudolphi, 1809) is the most 
frequently reported causative agent for anisakiasis [8] but 

recently Anisakis pegreffii was reported to cause anisakia-
sis in the Republic of Korea [21], Croatia [22], and Italy 
[23, 24]. Infections caused by P. decipiens (Krabbe, 1878) 
[25, 26] and C. osculatum (Rudolphi, 1802) [27–29] have 
been reported at a lower frequency (Table 1). Infections 
with Pseudoterranova may in certain cases cause asymp-
tomatic infections and come to medical attention only 
when worms are recovered following vomiting, cough-
ing or defecating [30, 31]. The few cases of contracaecia-
sis reported severe abdominal pain associated with the 
infection [27, 28].

Production of ES compounds
During all stages of the life cycle, nematodes produce 
and release a series of excretory and secretory molecules 
(ES compounds) which may be key players in parasite-
host interactions including host-specificity. However, 
this does not necessarily mean that the composition of 
compounds or the individual molecules are identical at 
all stages [32]. It may be suggested that production of ES 
compounds in the third stage larvae varies (quantitatively 
and qualitatively) depending on the type of host (crus-
taceans, fish and mammals) due to the different struc-
tural and physiological conditions in these host groups. 
The habitat of poikilothermic organisms, such as crus-
taceans and fish, may reach near zero degree in certain 
marine areas whereas marine mammals are homoiother-
mic animals with body temperatures near 40  °C, which 
challenges the temperature optima of enzymatic systems 
differently. Thus, the temperature-dependent produc-
tion of ES compounds in Anisakis was shown by Bahlool 
et al. [33]. In addition, the chemical interactions (such as 
receptor-ligand binding) between host and parasite must 
differ due to conformational changes of proteins at dif-
ferent temperatures. A number of genes encoding central 
immune factors have been partly conserved throughout 
evolution from invertebrates via fish to mammals, but 
the variation is high [34, 35] and thereby it should be 
expected that host evasion mechanisms in different ani-
mal groups differ. It has also been suggested that differ-
ences among life cycles of different parasite species and 
even sibling species [11, 36] may be attributed to the rela-
tive abundance and function of these bioactive molecules 
influencing host specificity [37].

Biochemical composition of ES products
The ES molecules can be released from parasite organs 
including glands, oesophagus, ventricle, intestine and 
outer surfaces. In the final host, adult male and female 
worms mate and it is believed that during this phase 
chemical communication occurs between sexes which 
may add sex pheromones to the list of possible ES prod-
ucts. At all stages various enzyme activities have been 
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associated with the released materials. Enzymes serving 
a basic metabolic role in the parasite, acid and alkaline 
phosphatases are found [33] and together with enzymes 
connected to infectivity, immune evasion and patho-
genicity (proteases, nucleotidases, esterases, glycases, 
dismutases) they may serve roles at all life cycle stages. 
However, no studies have as yet been presented show-
ing the action of ES products in invertebrate hosts and it 
cannot be excluded that different isotypes are expressed 
to different degrees in intermediate and final hosts. It 
is known that hydrolytic enzymes enable the worm to 
penetrate and migrate in fish tissues [33] and several 
other functions have also been suggested for secreted 
proteins from nematodes. For example, some antico-
agulant activities are recorded from larval A. simplex ES 
products causing prolongation of partial thromboplastin 
time (PTT) which may have a key role in human anisa-
kiasis regarding larval penetration into the gastrointesti-
nal mucosa [38]. Moreover, a number of ES compounds 
from A. simplex larvae ranging from 66 to 95 kDa may 
have a cytostatic inhibitory effect on lymphocyte blas-
togenesis [39]. Acetylcholinesterase (AChE) released by 
some gastrointestinal nematodes may play an impor-
tant role in altering permeability of host intestinal cells 
to secure parasite feeding and therefore survival. This 
enzyme may also adversely affect coagulation and glyco-
genesis in the host [40]. Podolska and Nadolna [41] spec-
ulated that increased secretion of AChE from A. simplex 
larvae in herring should be considered an adaptive 
response to neurotoxic compounds released by the host. 
In general, nematode secretions have immunomodula-
tory effects interfering with host immune responses. 
AChE, glutathione-S-transferase (GST), and superoxide 
dismutase (SOD) secreted by the hookworm Necator 
americanus are known to suppress host inflammatory 
responses [42]. This is in line with secreted AChE from 
the filarial nematode Wuchereria bancrofti where the 
suppressive effect is due to degradation of acetylcholine, 
a neurotransmitter, which is responsible for releasing 
lysosomal enzymes and phagocytosis in the host [43]. 
AChE produced by the ruminant nematodes Osterta-
gia and Haemonchus has been assumed to affect host 
responses by controlling gastric acid secretion [40]. GST 
has been identified in secretions from the swimblad-
der nematode Anguillicoloides crassus in European eels 
and its function was suggested to quench reactive oxy-
gen radicals released as part of the host innate responses 
toward the infection [44]. Proteolytic enzymes produced 
by A. simplex larvae are likely to target central proteins 
in the teleost immune system, e.g. antibodies and com-
plement factors, and thereby enhance the parasite sur-
vival in the fish [33].

Future proteomic studies are likely to extend the list 
of annotated molecules in the ES molecule mixture of 
anisakids but it may be worthwhile to search molecules 
already described from a range of parasites (see the 
review [37]). Thus, apart from a range of enzymes and 
antioxidants, functional effector molecules including 
protease inhibitors, lectins, heat shock proteins, mucins 
and cytokine regulators may be detected.

Immunogenicity of ES products
Many of the A. simplex ES molecules are highly immuno-
genic and can provoke antibody production both in fish 
and mammals. Serum obtained from infected saithe (Pol-
lachius virens) were found to react with larval A. simplex 
molecules in an enzyme linked immunosorbent assay 
(ELISA) [45], and specific antibodies from European eel 
(Anguilla anguilla) reacting against GST in ES isolated 
from A. crassus were detected by western blotting [44]. 
ES molecules in other anisakid larvae have not been stud-
ied to the same extent, but several proteins from Contra-
caecum species have been isolated and shown to elicit a 
humoral response in Antarctic teleosts [46]. Seals also 
produce antibodies with affinity to anisakid antigens. In 
a study focusing on seal serum antibody reactivity against 
the adult lungworm Otostrongylus circumlitus, it was 
found that the sera also reacted with whole body extract 
of other nematodes including Pseudoterranova sp. and 
Anisakis sp. [47]. This corresponds to the well-studied 
antibody production in mammals against nematode 
antigens, which even has been found associated with 
protective immunity [48, 49]. The humoral immune reac-
tions against ES products from A. simplex in accidentally 
infected humans have been intensely investigated. Sev-
eral immunoglobulin classes may be involved, but worm 
specific IgE has attracted considerable interest because 
it is associated with disease progression and allergic 
responses to the parasite.

Allergenicity of ES products
Symptoms associated with anisakid nematode larvae 
present in human tissues may—at least in some cases—
be due to allergic responses. Allergens in A. simplex 
comprise both somatic antigens (SA) and ES molecules 
and several have been shown to be resistant to various 
freeze-, heat- and digestive processes. It is believed, based 
on empirical data, that allergy towards A. simplex must 
be induced by an active infection by a live worm but then 
subsequent exposure to allergens including ES products 
is sufficient to elicit an allergic response [50]. However, 
ingestion of larvae is not the only possibility to acquire 
anisakid-related disease. Occupational exposure to the 
parasitized fish containing anisakid allergens can elicit 
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allergic reactions, e.g. bronchial hyperreactivity and der-
matitis [51–53].

Anisakis allergens
Anisakis simplex has so far been described as the only 
anisakid parasite responsible for allergic reactions in 
humans. Different groups of allergenic molecules have 
been isolated from L3 larvae; (1) ES proteins secreted by 
the parasite, (2) SA of the larval organs, and (3) cuticu-
lar proteins [8]. Allergenic proteins (Ani s1 to Ani s12, 
Ani s 13, Ani s 14, Ani s 24  kDa, Ani s CCOS3, Ani s 
cytochrome B, Ani s FBPP, Ani s NADHDS4L, Ani s 
NARaS, Ani s PEPB, and Ani s troponin) have been 
described in A. simplex, of which Ani s 1, Ani s 2, Ani s 7, 
Ani s 12, Ani s 13, Ani s 14, and an Ani S 11-like protein 
(Ani s 11.0201) are identified as major allergens [54–60]. 
Allergens Ani s 7 and Ani s 10–12 are still uncharacter-
ized with unknown functions [54]. A number of puta-
tive novel allergens (cyclophilin and two proteins with 
unknown function) have recently been characterized for 
the first time from A. simplex transcriptomes by compar-
ing predicted amino acid sequences with homologous 
known allergenic proteins [61]. In general, A. simplex ES 
allergens are known to be more potent which could be a 
result of their higher affinity to specific IgE compared to 
the somatic antigens [62].

Allergen persistence
Despite the fact that anisakid larvae lose their infectiv-
ity by adequate food preparation, it should be noted that 
parasite allergens (SA or ES products) may be resistant to 
heat, freezing, and pepsin (Ani s 1, Ani s 4, Ani s 5, Ani 
s 8, Ani s 9, Ani s 10, Ani s 11.0201) as they preserve the 
antigenicity and may trigger allergic responses in sensi-
tized persons following consumption of well-cooked or 
canned fish [60, 63–70].

Allergen cross‑reactivity
IgE raised in patients against SA and ES antigens of A. 
simplex may cross-react with homologous antigens of 
other ascarid nematodes (e.g. Ascaris suum, Ascaris lum-
bricoides, Toxocara canis, Hysterothylacium aduncum), 
or arthropods (German cockroach, chironomids) [71–
73]. However, somatic proteins are more likely to cross-
react, while ES antigens are more specific. For example, 
Ani s 2 (paramyosin, a somatic antigen) has been shown 
to have high similarity and, therefore, high degree of 
cross-reactivity with some dust mites, e.g. Acarus siro 
and Tyrophagus putrescentiae. Ani s 3 (tropomyosin), 
another somatic allergen, is also suggested to have the 
potential to cross-react with molecules from crusta-
ceans, e.g. Homarus americanus (American lobster), and 
Metapenaeus ensis (greasyback shrimp), molluscs, e.g. 

Perna viridis (green mussel), and Crassostrea gigas (giant 
Pacific oyster), and also with the insect American cock-
roach (Periplaneta americana) [74]. The allergen Ani s 1, 
an ES protein, is generally considered to have no cross-
reaction with other allergens, which make it a suitable 
candidate for diagnosis of hypersensitivity and intestinal 
anisakiasis [75, 76]. Using this allergen along with Ani s 4 
has been shown to achieve a diagnostic sensitivity of 95% 
by IgE immunoblotting [77]. Further precision of diagno-
sis may be achieved if combined with detection of Ani s 
5, another ES antigen, which also has demonstrated its 
utility for serodiagnosis of the Anisakis larvae sensitiza-
tion [68].

Allergens in other anisakids
The allergenic potential of other anisakids, e.g. P. decipi-
ens, molecules has not been studied to the same extent as 
A. simplex. A number of somatic antigens in C. oscula-
tum larvae have been isolated with the molecular weight 
of 47, 63, and mainly 91 kDa [46], but a recent study using 
experimental infection of mice with live Contracaecum 
sp. larvae did not show IgG or IgE antibody responses 
specific to SA or ES antigens [78]. However, the Contra-
caecum body structure and migratory strategy in the fish 
host are partly similar to those of Anisakis larvae [79] 
suggesting that further genomic and proteomic analysis 
of SA and ES molecules of Contracaecum L3 should be 
conducted.

Pathology and ES products
Pathological changes associated with anisakidosis may 
result from the direct tissue invasion by the larva into 
the gastric or intestinal mucosa, but immunological 
reactions (cellular and humoral) towards worm con-
stituents are likely to play a major role. It has been 
suggested that the parasite pathogenicity may vary 
among closely related species and geographic strains 
[80–82] which may at least partly explain differential 
occurrence of disease. In addition, the infection dos-
age may be expected to influence the host reaction. In 
many cases of anisakidosis a single larva is responsible 
for infection. However, a total of 56 A. simplex larvae 
were recovered in a patient in Japan [83], and another 
human case in Spain was diagnosed infected with more 
than 200 A. simplex larvae accumulated in the gastric 
mucosa [84].

Clinical symptoms are partly connected to allergic 
reactions involving IgE-mediated hypersensitivity with 
resulting acute urticaria, angioedema, and anaphylaxis 
occasionally accompanied by gastroallergic anisakido-
sis [8, 85–89]. However, specific anti-Anisakis IgE is still 
detectable in patients over the years after the allergic epi-
sodes with a declining trend [90].
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Cellular reactions with partial remodeling of tissues 
involving infiltration with macrophages, eosinophils, 
mast cells, neutrophils and lymphocytes at the penetra-
tion site are known to occur both in fish and pigs [33, 
91]. Furthermore, in a recent in vitro study exposure of 
human fibroblast cell line HS-68 to A. pegreffii ES com-
pounds led to elevation in reactive oxygen species (ROS) 
levels causing oxidative stress and also activation of 
kinases and subsequent inflammation, cell proliferation, 
inhibition of apoptosis and DNA damage [92].

In the case of invasive anisakidosis, ulcerations and 
hemorrhages are found in the intestinal or stomach wall. 
Even if worm larvae die in the human host, it should be 
noted that antigens released from the remains of the 
worm may induce inflammatory responses eliciting 
symptoms which cannot be differentiated from other dis-
orders, e.g. cholecystitis, neoplasia, gastritis, peritonitis 
[93], appendicitis [94], eosinophilic gastroenteritis, and 
Crohn’s disease [95].

Diagnosis and ES products
Diagnosis of anisakidosis initially relies on a detailed 
history of recent seafood consumption and may be con-
firmed by direct visualization and examination of the 
larvae. Removal of the worm by endoscopy/colonos-
copy [96] or surgery [97] allows concurrent diagnosis 
and treatment of gastric/intestinal form of the disease, 
but non-invasive methods such as sonography and X-ray 
have also been proven as valuable diagnostic tools [98–
100]. Haematological evaluations may show leukocy-
tosis, e.g. mild to moderate eosinophilia, and mast-cell 
degranulation [93, 101, 102]. Diagnosis of anisakiasis can 
be conducted with serologic tests which are partly based 
on reactions towards ES products of the worm. ELISA, 
IgE immunoblotting and ImmunoCAP can detect Anisa-
kis-specific IgE reactivity to a complete extract of Anisa-
kis L3 larvae which supports diagnosis of intestinal and 
allergic diseases [75, 103–105]. However, interpretation 
of results may not be clear-cut due to cross-reactivity of 
the A. simplex antigens with other antigens such as prod-
ucts from Ascaris spp., T. canis, insects (cockroaches) or 
crustaceans (shrimps) and care should be taken to omit 
false-positive serology results [106–108]. Since it has 
been shown that detection of specific IgG4 raised in the 
infected human host against A. simplex is likely to be 
more specific than specific IgE in diagnosis of gastro-
allergic anisakiasis [88, 109], detection of this Ig subclass 
is relevant to include in serological tests. Flow cytometry 
has also been applied as a tool for diagnosing allergy to 
Anisakis products activating basophils [110]. Skin prick 
tests (SPTs), inserting Anisakis products into the skin of 
the patient, may assist diagnosis of the allergic form of 
the disease mediated by cellular immune responses, but 

the test has a low specificity and high rate of false posi-
tives due to cross reactivity with other allergens from 
seafood and mites [111], and from A. lumbricoides [112, 
113]. This frames the necessity of improving diagnostic 
kits based on specific Anisakis antigens, e.g. purified nat-
ural or recombinant allergens [114–116] and has accel-
erated immunoscreening of protein-expressing cDNA 
libraries [117], phage display system [118], and mass 
spectrometry-based proteomics [54] to identify novel 
allergen candidates.

It has been shown that the application of recombi-
nant allergens of A. simplex, expressed in Escherichia 
coli or Pichia pastoris, can improve diagnostic assays 
by increasing specificity and avoid misdiagnosis caused 
by cross-reactions [115]. Measuring IgE reactivity to 
recombinant Ani s 1 (rAni s 1) and Ani s 7 (rAni s 7) 
allergens has been suggested as the most efficient sero-
diagnostic means for anisakiasis, when combining sen-
sitivity and specificity. However, Ani s 1 is considered 
the major allergen in gastro-allergic anisakiasis, while 
Ani s 7 can be recognized independently of the amount 
of specific IgE production, i.e. in the case of chronic 
urticaria with lower serum specific IgE values [119, 
120]. Furthermore, an internal fragment of the rAni s 7 
(435Met-713Arg), known as t-Ani s 7, is shown to have 
the potential to improve serodiagnostic specificity [121]. 
In a recent survey of two groups of subjects in Norway, 
including recruited blood donors (BDO) and patients 
with total IgE levels ≥1000 kU/l (IGE+), the prevalence 
of anti-Anisakis IgE antibodies was 0.4 and 16.2% in 
the BDO and IGE+ groups, respectively. However, fur-
ther analyses of Anisakis positive sera by ELISA against 
recombinant allergens rAni s 1 and rAni s 7 showed a 
seroprevalence of 0.0 and 0.2%, respectively, and it can-
not be excluded that false-positivity occurs due to cross-
reactivity to other allergens such as shrimp and house 
dust mite [122]. Gamboa et al. [123] also emphasized the 
value of rAni s 1 for diagnosing allergy to Anisakis both 
in vivo (SPT) and in vitro [specific IgE and basophil acti-
vation test (BAT)]. Both natural and recombinant Ani s 
10 have also shown positive reactivity with 39% of Ani-
sakis-allergic patients’ sera [69]. Besides high specificity, 
there are other advantages using recombinant allergens. 
For example, the yield of purified recombinant Anisa-
kis proteins from bacterial cultures is higher compared 
to the yield of the natural protein from Anisakis larvae, 
while they show equivalent immunochemical properties 
[124, 125]. Asturias et al. [126] reported a high yield of 
6.6 mg/L culture of a purified recombinant tropomyosin 
from A. simplex (As-TPM), whereas the final yield of the 
purified natural As-TPM was only 0.36  mg/g of Anisa-
kis larvae, which advocates for inclusion of recombinant 
allergens in allergy diagnostic tests.
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Treatment and ES products
There is no standard medication available to treat anisa-
kiasis. However, benzimidazoles such as the anthelmintic 
albendazole (400–800 mg daily for 6–21 days) have been 
suggested as a possible therapy [127–129]. It has also been 
shown that administration of corticosteroids like 6-meth-
ylprednisolone (1 mg/kg/24 h for 5 days) may be a useful 
option to treat the acute intestinal anisakiasis as an alter-
native to surgical resection [130]. Moreover, prednisolone 
(5  mg/day for 10  days) and olopatadine hydrochloride 
(10  mg/day for 6  weeks) have demonstrated promising 
results to resolve intestinal anisakiasis symptoms [100].

In addition, novel treatment options are likely to follow. 
Thus, in  vitro studies on larvicidal activities of natural 
terpenes, e.g. geraniol, citronella essential oil, and tea tree 
essential oil [131, 132], Matricaria chamomilla essential 
oil (including α-bisabolol) and in vivo work on adminis-
tration of the aldehydic monoterpene citral and the alco-
holic citronellol suggested that these compounds may be 
effective against infections caused by A. simplex and/or 
Contracaecum sp. [133–136]. Medical treatment leading 
to killing worm larvae in tissues may result in significant 
release of worm antigens (SA and/or ES products) which 
could exacerbate disease symptoms and it may be nec-
essary to combine treatment with immune-moderating 
drugs such as corticosteroids.

Therapeutic potential of anisakid molecules
Ascarid nematode larvae carry genes encoding various 
immunoregulatory products which ensure the survival of 
the parasite in the host immune environment [137, 138] 
and ES products of anisakids are expected to have simi-
lar properties. In a mouse experimental model of asthma, 
induced by an A. suum allergen (APAS-3), it was shown 
that an ES protein, PAS-1, could reduce Th2 responses, 
inhibit cellular migration, suppress cytokine expression 
(IL-4, IL-5), and reduce chemokine production in bron-
choalveolar lavage (BAL) fluid [139]. Similarly, PAS-1 has 
in a mouse model been shown to have an inhibitory effect 
(probably mediated by IL-10 and TGF-β secretion) on E. 
coli LPS (lipopolysaccharide)-induced inflammation via 
suppression of TNF-α, IL-1β and IL-6 [140, 141]. Lung 
allergic inflammation in mice induced by ovalbumin 
(OVA) was inhibited by PAS-1 immunization mediated 
by stimulation of IL-10 and IFN-γ production and sub-
sequent suppression of cytokine and antibody reactions 
[142, 143]. An anaphylactic immune response to peanut 
in a mouse model has also been inhibited partially by 
A. simplex or A. lumbricoides somatic extracts through 
reduction of specific IgG1 and subsequently inhibi-
tion of anaphylactic symptoms score [144]. It was also 
shown by Bahlool et al. [33] that Anisakis ES compounds 
decreased expression of genes encoding inflammatory 

cytokines. In addition, a recent study has demonstrated 
immunoregulatory effects of A. simplex ES antigens in a 
colitis zebrafish model [145]. These findings suggest that 
by appropriate biochemical techniques the immunoregu-
latory potential of anisakid ES molecules may be further 
characterized and exploited for prevention and/or treat-
ment of inflammatory diseases.

Conclusion and perspectives
Increasing population of anisakid final hosts (marine 
mammals) and thereby their endoparasitic anisakid 
nematodes may lead to elevated infection levels in 
fish [146, 147]. This may together with the increas-
ing trend of raw or undercooked seafood consump-
tion explain increasing occurrence of anisakidosis and 
infection-induced allergies. ES products released by the 
anisakid nematodes have been shown to play a central 
role not only in the general biology of the parasite but 
also in human disease. Some ES products elicit allergic 
responses in humans but as in other helminths, other 
ES products may modify host immunity and suppress 
immune responses which open alternative usage of ani-
sakid parasite products as therapeutics. In this review, 
we have focused on A. simplex allergens and the asso-
ciated allergy, since our current knowledge is mainly 
limited to this species. The immunomodulatory activi-
ties of other relevant anisakids, particularly P. decipi-
ens and C. osculatum, are still inadequately described 
and further investigations using in  vitro and in  vivo 
techniques are necessary to identify the allergenic or 
immunosuppressive properties of anisakid-originated 
components and elucidate the mechanisms involved in 
immunoregulations.
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Seroprevalence of 12 serovars of pathogenic 
Leptospira in red foxes (Vulpes vulpes) in Poland
Jacek Żmudzki1*, Zbigniew Arent2, Artur Jabłoński1, Agnieszka Nowak1, Sylwia Zębek1, Agnieszka Stolarek3, 
Łukasz Bocian3, Adam Brzana4 and Zygmunt Pejsak1

Abstract 

Background: Leptospira spp. infect humans and a wide range of domestic and wild animals, but certain species 
such as small rodents and red foxes (Vulpes vulpes) play a particular role as reservoirs and transmission of leptospirosis 
as they easily adapt to many habitats including human environments. To investigate the significance of red foxes in 
the epidemiology of leptospirosis in Poland, a seroprevalence survey was conducted. During the 2014–2015 hunt-
ing season, blood samples of 2134 red foxes originating from the central-eastern part of Poland were collected. 
Serum samples were tested by a microscopic agglutination test for the presence of specific antibodies to Leptospira 
serovars Icterohaemorrhagiae, Grippotyphosa, Sejroe, Tarassovi, Pomona, Canicola, Hardjo, Ballum, Australis, Bataviae, 
Saxkoebing and Poi.

Results: Antibodies to at least one serovar were detected in 561 sera (26.3%). The highest seroprevalence was found 
in the Subcarpathia (41.6%) and Warmia-Masuria (40.3%) provinces. Antibodies were mainly directed against serovars 
Poi (12.4%), Saxkoebing (11.3%), and Sejroe (6.0%).

Conclusions: Exposure of red foxes to certain Leptospira serovars seems to be common in central and eastern 
Poland. In addition, the high prevalence of antibodies against Leptospira spp. in foxes may indicate a potential risk of 
infection for humans and other species coming into contact with these animals.

Keywords: Leptospirosis, Prevalence, Red fox, Serology, Vulpes vulpes, Zoonosis

Background
Leptospirosis caused by pathogenic spirochetes of 
the genus Leptospira is an important but sometimes 
neglected infection that affects people and animals 
worldwide. Leptospirosis is a re-emerging major public 
health problem in many countries and is one of the most 
widespread zoonoses. It is an excellent example validat-
ing the “One Health” approach, where the relationship 
between humans, animals and ecosystems needs to be 
considered in order to better understand and manage a 
disease [1]. Some serovars of Leptospira can chronically 
infect domestic and wild animals and in particular small 

rodents. In addition to rodents, other wild animal species 
such as the red fox (Vulpes vulpes) may act as a reservoir 
[2]. The bacteria are occasionally transmitted through 
direct contact with mammal hosts, but the majority are 
usually transmitted via contact with contaminated soil 
and water [3], where leptospires’ survival outside the 
host is favoured by warm moist conditions [4]. The red 
fox lives throughout Europe, mainly inhabiting forests, 
meadows, coastal dunes and urbanized areas [5]. The 
Polish hunting statistics for 2015 indicate that the pop-
ulation of red foxes in Poland is 190,000–200,000 indi-
viduals, with a tendency to remain stable [6]. Red foxes 
prey upon small rodents, among other animals and the 
red fox may transmit leptospirosis to humans. A recent 
study indicate that small mammals might be an impor-
tant source of human leptospirosis as both rodents and 
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humans share infections caused by Leptospira spp. from 
the same serogroups [7]. The aim of the present study 
was to determine the seroprevalence for Leptospira spp. 
in red foxes from central and eastern Poland.

Methods
Sample collection and study area
Blood samples from red foxes (n = 2134) were collected 
during the 2014–2015 hunting seasons in Poland. Blood 
was taken from the thoracic cavity or heart of animals 
culled primarily through the rabies monitoring pro-
gram. Sex and geographic location were recorded and age 
was determined by the degree of dentine surface wear 
and tooth eruption (juveniles: < 1 year; mature > 1 year) 
(Table  1). The samples originated from 134 counties 
of nine provinces of Poland and were mainly collected 
from the central and eastern (49–55°N, 17–23°E) parts 
of the country (Fig.  1). Blood samples were centrifuged 
at 4500  g for 30  min and serum stored at − 20  °C until 
analysis.

Microscopic agglutination test
Serum samples were tested by a microscopic agglutina-
tion test (MAT) using a range of 12 Leptospira serovars 
representative of 10 serogroups found in Europe: Ictero-
haemorrhagiae (RGA strain, representing the Ictero-
haemorrhagiae serogroup), Grippotyphosa (Moskva V 
strain, Grippotyphosa serogroup), Sejroe (M84 strain, 
Sejroe serogroup), Tarassovi (Perepelicyn strain, Tarass-
ovi serogroup), Pomona (Pomona strain, Pomona sero-
group), Canicola (Hond Utrecht IV strain, Canicola 
serogroup), Hardjo (Hardjoprajitno strain, Sejroe sero-
group), Ballum (MUS127 strain, Ballum serogroup), 
Australis (Ballico strain, Australis serogroup), Bataviae 
(Swart strain, Bataviae serogroup), Saxkoebing (MUS 
24 strain, Sejroe serogroup) and Poi (Poi strain, Javanica 
serogroup) [8, 9]. The selection of the serovars used was 
based on their common identification in previous Euro-
pean studies [10–13] reporting Leptospira spp. in wild 
carnivores.

Each serovar was grown in 10  mL of Ellinghausen–
McCullough–Johnson–Harris (EMJH) medium, at 
30 ± 1 °C for at least 4 but no more than 8 days depend-
ing on the serovar. The concentration of bacteria was 
adjusted to 1–2 × 108  cells/mL using a Helber count-
ing chamber. The sera were initially diluted 1:50 and 
screened for antibodies to the 12 serovars. A volume 
of each antigen equal to the diluted serum volume was 
added to each well with a final serum dilution of 1:100 
in the screening test. The final concentration of antigen 
after mixing with the diluted serum was 1–2 × 104 cells/
mL. The plates were incubated at 30 ± 1 °C for 2–4 h and 
subsequently examined by dark-field microscopy. The 

titre was defined as the highest dilution where ≥ 50% of 
the antigen suspension added to the tested serum was 
agglutinated. When agglutination was observed, the rel-
evant sera were end-point tested using twofold dilutions 
ranging from 1:100 to 1:25,600.

The quality control of the MAT was performed by using 
certified reference Leptospira strains and anti-Leptospira 
rabbit antisera (Veterinary Sciences Division, AFBI, 
OIE Leptospira Reference Laboratories, Belfast, and the 
WHO/FAO and National Collaborating Centre for Refer-
ence and Research on Leptospirosis, Royal Tropical Insti-
tute (KIT), Amsterdam, the Netherlands). Testing of the 
samples was conducted at the National Reference Labo-
ratory of Leptospirosis, National Veterinary Research 
Institute in Pulawy, Poland using an accredited method 
according to PN/EN ISO/IEC 17025-2005.

Statistical analysis
Statistical analysis was used to study the impact of the 
season, sex, age, region and population density of foxes 
on Leptospira seroprevalence. It was based on logistic 
regression models to describe the influence of several 
variables X1, X2, …, Xn on the dichotomous variable Y:

where βi is the regression coefficient for i = 0, …, n, χi are 
independent variables (measurable or qualitative) for 
i = 1, 2, …, n.

The maximum likelihood method was used to estimate 
the model’s coefficients. The Wald test was used to evalu-
ate the significance of individual variables. Evaluation 
of model fit to data was performed using the likelihood 
ratio (LR) test.

Five predictors (4 qualitative and 1 quantitative) were 
included in the modelling:

  • sampling season (spring: March–May, summer: 
June–August, autumn: September–November, or 
winter: December–Feburary);

  • sex (male, female);
  • age (young, adult);
  • province (LD: Łódzkie; MP: Lesser Poland; MA: Mas-

ovia; OP: Opolskie; PK: Subcarpathia; PM: Pomera-
nia; SL: Silesia; SW: Świętokrzyskie; WM: Warmia-
Masuria); (Fig. 1) and

  • fox density in counties in 2015 (No/km2).

The dependent variable was the qualitative result of the 
study. Analysis was performed for results without dis-
tinguishing between serovars (Leptospira spp.: positive/

P(Y = 1|x1 , x2, . . . , xn) =
e(β0+

∑
n

i=1 βixi)

1+ e(β0+
∑

n

i=1 βixi)
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negative) and for each serovar separately. The selection of 
variables for modelling was based on analytical stepping 
methods (step-wise). For qualitative variables, 0–1 cod-
ing for k − 1 variables was used (Table 2).

The following classes of variables were reference classes 
in models: ‘summer’ for sampling season, ‘female’ for sex, 
‘young’ for age and ‘SL’ for province. Parameters of sig-
nificant and best fit logistic regression models obtained 
for each analysis are shown in Table  3. The accepted 

Fig. 1 Geographic distribution of red foxes seropositive for pathogenic Leptospira in Poland. LD Łódzkie, MP Lesser Poland, MA Masovia, OP 
Opolskie, PK Subcarpathia, PM Pomerania, SL Silesia, SW Świętokrzyskie, WM Warmia-Masuria, DS Lower Silesia, KP Kuyavian-Pomerania, LB Lubuskie, 
LU Lubelskie, PD Podlaskie, WP Greater Poland, ZP West Pomerania

Table 2 Dichotomous coding for  qualitative variables 
with an example of sampling season

Sampling season Spring Autumn Winter

Spring 1 0 0

Summer 0 0 0

Autumn 0 1 0

Winter 0 0 1
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Table 3 Results of the best fit logistic regression models obtained for each analysis

Significance assessment 
of model (P value of LR 
test)

Independent variable Coefficient (βi) Std. error P value (Wald) Odds ratio Confidence 
OR − 95%

Confidence 
OR + 95%

Models for infection of Leptospira sp. (without distinction of serovars)

 < 0.001 Absolute term (β0) − 2.92912 0.296482 < 0.001 0.05 0.03 0.10

LD 1.216036 0.233494 < 0.001 3.37 2.13 5.33

MP 0.671037 0.228562 0.003 1.96 1.25 3.06

MA 1.68051 0.237135 < 0.001 5.37 3.37 8.55

OP 1.388372 0.247953 < 0.001 4.01 2.46 6.52

PK 1.769046 0.269941 < 0.001 5.87 3.45 9.96

PM 1.534127 0.265823 < 0.001 4.64 2.75 7.81

SW 0.555254 0.259964 0.03 1.74 1.05 2.90

WM 1.630786 0.20659 < 0.001 5.11 3.41 7.66

Fox density (No/km2) 1.142803 0.307487 < 0.001 3.14 1.72 5.73

 < 0.001 Absolute term (β0) − 1.50766 0.198255 < 0.001 0.22 0.15 0.33

Spring 0.267965 0.280004 0.34 1.31 0.75 2.26

Autumn 0.0834 0.232275 0.72 1.09 0.69 1.71

Winter 0.688467 0.211402 0.001 1.99 1.31 3.01

Model for Icterohaemorrhagiae

 0.003 Absolute term (β0) − 6.41457 0.839692 < 0.001 0.002 0.0003 0.008

Fox density (No/km2) 2.913659 0.989553 0.003 18.42 2.65 128.30

Adult − 1.18961 0.553268 0.03 0.30 0.10 0.90

Model for Grippotyphosa

 0.001 Absolute term (β0) − 5.71115 0.543301 < 0.001 0.003 0.001 0.01

Fox density (No/km2) 2.364823 0.677533 < 0.001 10.64 2.82 40.19

Model for Sejroe

 0.015 Absolute term (β0) − 3.43721 0.318798 < 0.001 0.03 0.02 0.06

LD 1.130284 0.386552 0.003 3.10 1.45 6.61

MP 0.35268 0.419714 0.40 1.42 0.62 3.24

MA 0.85591 0.422493 0.04 2.35 1.03 5.39

OP 0.110974 0.514159 0.83 1.12 0.41 3.06

PK 1.228934 0.461089 0.008 3.42 1.38 8.44

PM 1.047612 0.44818 0.02 2.85 1.18 6.87

SW 0.408686 0.434724 0.35 1.50 0.64 3.53

WM 0.880843 0.376223 0.02 2.41 1.15 5.05

Model for Australis

 < 0.001 Absolute term (β0) − 6.36907 0.610643 < 0.001 0.002 0.0005 0.01

Fox density (No/km2) 2.843724 0.730836 < 0.001 17.18 4.10 72.02

Models for Saxkoebing

 0.024 Absolute term (β0) − 2.77882 0.325736 < 0.001 0.06 0.03 0.12

Spring 0.445929 0.436438 0.31 1.56 0.66 3.68

Autumn 0.408323 0.368228 0.27 1.50 0.73 3.10

Winter 0.806557 0.34165 0.02 2.24 1.15 4.38
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significance level was alpha = 0.05. STATISTICA data 
analysis software in version 10 (StatSoft, Inc.) and Arc-
GIS 10.4.1 for Desktop Standard (ESRI, Inc.) were used 
for statistical and spatial data analysis. Red fox demo-
graphics were derived from the Polish Hunting Associa-
tion-PZL [6].

Results
Antibodies against a Leptospira serovar was found in 561 
serum samples (26.3%). The highest seroprevalence was 
observed in foxes hunted in the Subcarpathia (41.6%) 
and Warmia-Masuria provinces (40.3%) (Table 1, Fig. 1). 
Specific antibodies were mainly directed against Poi 
(12.4%), Saxkoebing (11.3%), and Sejroe (6.0%) serovars 
with serum antibody titres up to 1:25,600 in individual 
animals (Table 4). When analysing the logistic regression 
model of positive and negative serostatus (excluding data 
related to individual Leptospira serovars), a significant 
influence of the area (province) and associated density 
of foxes on the serostatus was found. The model showed 

that all provinces had significantly greater odds for hav-
ing seropositive foxes than the reference SL province, in 
which the lowest percentage of seropositive foxes was 
observed. The highest odds ratio (OR = 5.87) with the 
highest seroprevalence was shown for the PK province. 
In addition, with an increase of fox density by one animal 
per  km2, the probability of detecting seropositive animals 
increased more than threefold and it almost doubled in 
winter when compared to summer. However due to data 
deficiencies e.g. sampling date, seasonal influence on the 
obtained serological results was analysed using a separate 
logistic regression model.

Based on analyses for individual serovars, an increase 
of fox density by one animal per  km2 increased the risk 
of being seropositive by 2.8, 10.6, 17.2 and 18.4 times for 
the serovars Poi, Grippotyphosa, Australis and Ictero-
haemorrhagiae, respectively. The models also show a sig-
nificant influence of the province on the proportion of 
seropositive samples. A significantly higher risk of being 
seropositive to Sejroe serovar was observed in the LD 

LD Łódzkie, MP Leser Poland, MA Masovia, OP Opolskie, PK Subcarpathia, PM Pomerania, SW Świętokrzyskie, WM Warmia-Masuria

Table 3 (continued)

Significance assessment 
of model (P value of LR 
test)

Independent variable Coefficient (βi) Std. error P value (Wald) Odds ratio Confidence 
OR − 95%

Confidence 
OR + 95%

 < 0.001 Absolute term (β0) − 2.94772 0.25661 < 0.001 0.05 0.03 0.09

LD 1.010782 0.318737 0.002 2.75 1.47 5.13

MP 0.715284 0.318663 0.03 2.04 1.09 3.81

MA 1.257746 0.322546 < 0.001 3.52 1.87 6.62

OP 1.021486 0.343397 0.003 2.78 1.42 5.45

PK 1.939495 0.341159 < 0.001 6.96 3.56 13.58

PM 1.452948 0.341859 < 0.001 4.28 2.19 8.36

SW − 0.63976 0.461137 0.17 0.53 0.21 1.30

WM 1.121314 0.296979 < 0.001 3.07 1.71 5.49

Models for Poi

 < 0.001 Absolute term (β0) − 5.45234 0.689411 < 0.001 0.004 0.001 0.02

LD 2.814176 0.617742 < 0.001 16.68 4.97 56.01

MP 1.032509 0.682165 0.13 2.81 0.74 10.70

MA 3.445862 0.612244 < 0.001 31.37 9.44 104.22

OP 3.293047 0.618209 < 0.001 26.92 8.01 90.51

PK 2.239957 0.687842 0.001 9.39 2.44 36.19

PM 2.960175 0.643965 < 0.001 19.30 5.46 68.24

SW 2.610502 0.629299 < 0.001 13.61 3.96 46.74

WM 3.666819 0.591781 < 0.001 39.13 12.26 124.88

Fox density (No/km2) 1.043369 0.476866 0.03 2.84 1.11 7.23

 < 0.001 Absolute term (β0) − 2.89037 0.342638 < 0.001 0.06 0.03 0.11

Spring 0.375612 0.464447 0.42 1.46 0.59 3.62

Autumn 0.519876 0.383324 0.18 1.68 0.79 3.57

Winter 1.368756 0.353764 < 0.001 3.93 1.96 7.87

 0.003 Absolute term (β0) − 2.30544 0.125369 0 0.10 0.08 0.13

Adult 0.437116 0.152208 0.004 1.55 1.15 2.09
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WT(OR = 3.1), MA (OR = 2.4), PK (OR = 3.4), PM (OR = 2.9) 
and WM (OR = 2.4) provinces compared to the SL 
province.

When compared to the reference SL province, antibod-
ies to the Saxkoebing and Poi serovars were more preva-
lent in foxes from all provinces except SW (OR from 2.0 
to 7.0), and MP province (OR from 9.4 to 39.1) respec-
tively. An impact of the season on the seroprevalence 
to particular serovars was observed. Antibodies against 
serovars Saxkoebing and Poi were ~ 2 and 4 times more 
frequent, respectively, during the winter period than dur-
ing summer. The age of the foxes influenced the serosta-
tus for some serovars such as Icterohaemorrhagiae that 
was detected more frequently in young foxes (OR = 3.3) 
and Poi found more often in adults (OR = 1.5) (Table 3). 
Using a one-factor model the association between influ-
ence of sex on serostatus was not significant (LR-test 
P = 0.0525, OR = 1.44, 95% CI 0.99–2.09).

Discussion
Other serological surveys have shown that red foxes are 
frequently exposed to Leptospira spp. of different sero-
vars [10, 11, 13]. However this is the first prevalence 
study on the occurrence of antibodies to a broad range 
of Leptospira serovars in a red fox population in eastern 
Europe. The high seroprevalence (26.3%) in red foxes in 
Poland is comparable to that found in Spain (47.1%) [10] 
and Croatia (31.3%) [13] but higher than in other Euro-
pean countries such as Germany (1.9%) [14] and Norway 
(9.9%) [11]. Hypothetically any pathogenic Leptospira 
may infect domestic and wild animals, but in practice 
only a small number of serovars are endemic in any par-
ticular region.

Antibodies against serovar Poi were the most com-
monly detected. Exposure of foxes to this serovar is not 
surprising given the results of previous Polish studies 
where serogroup Javanica (to which serovar Poi belongs) 
was also reported in horses, goats, and sheep [15–17]. 
Besides serovar Poi, antibodies against serovar Sejroe 
were also prevalent in foxes. This is consistent with other 
studies as serovars Hardjo, Sejroe and Saxkoebing (all 
belonging to the Sejroe serogroup) are widely prevalent 
in animals in Europe [18–21]. MAT reactions to serovar 
Hardjo commonly detected in sheep and cattle [18–20, 
22, 23] were not common in foxes. The presence of sero-
positive animals to this serogroup could be mainly attrib-
uted to Sejroe or Saxkoebing serovars (Table  4). It may 
be associated with fox diet as the main source of food 
for red foxes are wild small mammals, which are known 
reservoirs of Saxkoebing and Sejroe serovars [24]. Anti-
bodies to Sejroe serogroup were previously detected in 
pigs, dogs, horses and cattle in Poland confirming a wide-
spread exposure of different animal species to leptospires 
from this serogroup [15, 25–28]. In addition, this indi-
cates an endemic occurrence of this serovar and a pos-
sible role of the environment in pathogen transmission. 
The observed regional differences in exposure to different 
Leptospira serovars may be related to active circulation of 
Leptospira spp. in the environment [12].

Studies conducted in other European countries pro-
vide scientific evidences that the most common serovar 
among red foxes is serovar Icterohaemorrhagiae [10, 11, 
13], which however seems to be rare in the Polish red fox 
population (Table 4). As leptospires are sensitive to desic-
cation, the regional differences in climate conditions may 
have a significant influence on seroprevalence in general 

Table 4 Distribution of pathogenic Leptospira antibody titers for 561 positive red foxes hunted during season 2014–2015 
in Poland

Serovar No of antibody-positive samples (%) Prevalence 
of serovar (95% 
CI) (%)1:100 1:200 1:400 1:800 1:1600 1:3200 1:6400 1:12800 1:25600 Total

Icterohaemorrhagiae 8 (0.4) 3 (0.1) 3 (0.1) 1 (0.05) 2 (0.1) 1 (0.05) 0 0 0 18 0.8 (0.5–1.3)

Grippotyphosa 6 (0.3) 16 (0.75) 8 (0.4) 4 (0.2) 1 (0.05) 2 (0.1) 0 0 0 37 1.7 (1.2–2.4)

Sejroe 39 (1.8) 37 (1.7) 30 (1.4) 16 (0.75) 2 (0.1) 2 (0.1) 0 0 1 (0.05) 127 6.0 (5.0–7.0)

Tarassovi 0 1 (0.05) 0 0 0 0 0 0 0 1 0.1 (0.0–0.3)

Pomona 7 (1.5) 7 (1.5) 8 (0.4) 8 (0.4) 2 (0.1) 2 (0.1) 0 0 0 34 1.6 (1.1–2.2)

Canicola 0 2 (0.1) 1 (0.05) 0 0 0 0 0 0 3 0.1 (0.0–0.4)

Australis 7 (1.5) 11 (0.5) 1 (0.05) 7 (1.5) 2 (0.1) 0 0 0 0 28 1.3 (0.9–1.9)

Saxkoebing 63 (3.0) 55 (2.6) 66 (3.1) 44 (2.1) 8 (0.4) 3 (0.1) 2 (0.1) 0 1 (0.05) 242 11.3 (10.0–12.8)

Ballum 0 1 (0.05) 1 (0.05) 1 (0.05) 0 0 0 0 0 3 0.1 (0.0–0.4)

Poi 64 (3.0) 68 (3.2) 63 (3.0) 34 (1.6) 11 (0.5) 19 (0.9) 4 (0.2) 1 (0.05) 1 (0.05) 265 12.4 (11.1–13.9)

Bataviae 1 (0.05) 1 (0.05) 3 (0.1) 3 (0.1) 0 1 (0.05) 0 0 0 9 0.4 (0.2–0.8)

Hardjo 0 2 (0.1) 0 1 (0.05) 0 0 1 (0.05) 0 0 4 0.2 (0.1–0.5)
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or for some serovars in particular. In that aspect, Poland 
differs from other countries such as Spain and Croatia 
where the seroprevalence of Leptospira spp. in foxes has 
been investigated [10, 13].

Although the studies were conducted on a reasonable 
number of hunted animals originating from different 
locations across the country, the number of tested serum 
samples of red foxes did not fully reflect the size of the 
animal population present in the studied provinces. It 
could be taken as a major limitation to interpretation of 
the occurrence and prevalence of tested Leptospira sero-
vars in the Polish population of red foxes. Nevertheless, 
the findings still provide useful data on the seroepidemi-
ology of red foxes exposed to different Leptospira sero-
vars in this part of Europe and their role as an important 
source of zoonotic Leptospira spp. for humans.

Conclusions
Red foxes of central and eastern Poland, particularly 
in the Subcarpathia and Warmia-Masuria regions, are 
highly exposed to Leptospira spp. Due to the high preva-
lence of foxes, their predatory behaviour and their varied 
diet mainly composed of small mammals, they could be 
considered as sentinel animals of environmental contam-
ination with leptospires. Interactions between animals 
require further epidemiological investigations to eluci-
date the role of wild carnivores as a reservoir of rarely 
occurring Leptospira serovars pathogenic for other ani-
mals and humans.
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Environmental resistance development to 
influenza antivirals: a case exemplifying the 
need for a multidisciplinary One Health 
approach including physicians
Josef D. Järhult* 

Abstract 

A multidisciplinary approach is a prerequisite for One Health. Physicians are important players in the One Health team, 
yet they are often hard to convince of the benefits of the One Health approach. Here, the case for multidisciplinar-
ity including physicians is made using the example of environmental resistance development to influenza antivirals. 
Neuraminidase inhibitors are the major class of anti-influenza pharmaceuticals, and extensively stockpiled globally 
as a cornerstone of pandemic preparedness, especially important in the first phase before vaccines can be mass-
produced. The active metabolite of oseltamivir that is excreted from treated patients degrades poorly in conventional 
sewage treatment processes and has been found in river waters. Dabbling ducks constitute the natural influenza 
A virus reservoir and often reside near sewage treatment plant outlets, where they may be exposed to neuramini-
dase inhibitor residues. In vivo experiments using influenza-infected Mallards exposed to neuraminidase inhibitors 
present in their water have shown resistance development and persistence, demonstrating that resistance may be 
induced and become established in the influenza strains circulating in natural hosts. Neuraminidase inhibitor resist-
ance genes may become part of a human-adapted influenza virus with pandemic potential through reassortment 
or direct transmission. A pandemic caused by a neuraminidase inhibitor-resistant influenza virus is a serious threat 
as the first line defense in pandemic preparedness would be disarmed. To assess the risk for environmental influenza 
resistance development, a broad multidisciplinary team containing chemists, social scientists, veterinarians, biologists, 
ecologists, virologists, epidemiologists, and physicians is needed. Information about One Health early in high school 
and undergraduate training, an active participation of One Health-engaged physicians in the debate, and more One 
Health-adapted funding and publication possibilities are suggested to increase the possibility to engage physicians.

Keywords: Avian influenza, Drug residue, Influenza A virus, Lanamivir, Mallard, Neuraminidase inhibitor, Oseltamivir, 
Pandemic preparedness, Peramivir, Zanamivir

Introduction
Although the One Health approach has recently gained 
increasing traction, engaging physicians remains a chal-
lenge. Whereas veterinarians generally have a thorough 
understanding of the association of animal and human 
health—introduced already at an early stage of their train-
ing—physicians tend to struggle appreciating humans as 

yet another animal species and tend to have an overly 
anthropocentric view. A multitude of professionals need 
to work together in One Health and are equally impor-
tant; the multidisciplinarity per se is an important fea-
ture of the One Health concept. Yet, engaging specifically 
physicians in One Health issues is important for several 
reasons such as: (1) their expertise is needed to plan and 
evaluate projects from a human health perspective; (2) 
the engagement of physicians is needed to underscore 
and give credibility to the human health impact of the 
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issue in question; (3) engagement of physicians can help 
bring the issue in question to the attention of policy mak-
ers and the general public; and (4) engagement of physi-
cians can help open doors to funding aimed primarily at 
human health. Likely, engaging physicians in One Health 
is a long, multi-step process that involves interventions at 
an early phase of their training as well as making already 
practicing physicians aware of the concept and its impor-
tance. In this literature review, environmental resistance 
development to influenza antivirals will be used as an 
example to illustrate the importance of multidisciplinar-
ity and engagement of physicians.

Influenza in the avian‑human interface
Influenza A virus (IAV) is a pathogen with major eco-
nomic and health implications in both human and veteri-
nary medicine. Stamping out interventions cost animal 
lives and cause huge economic losses to the poultry 
industry, and seasonal as well as pandemic outbreaks in 
humans strain health care budgets and organizations. 
Though important to human health, IAV is a zoonotic 
virus; dabbling ducks and other waterfowl constitute 
the natural reservoir [1, 2]. Occasional spill-over events 
occur to other species, humans included. Thus, genetic 
material from avian IAVs is the basis for human IAVs. The 
transfer of IAV genetic material from avian sources to 
humans can occur through two entirely different routes, 
direct transmission and reassortment. Direct transmis-
sion means that an avian IAV infects humans without 
previous adaptation in a non-avian host. This is exempli-
fied by transmission of highly-pathogenic avian influenza 
viruses (HPAIVs) such as H5N1 from infected poultry to 
humans. Reassortment on the other hand occurs when 
two or more IAVs infect the same host cell simultane-
ously. There is no proofing mechanism to sort genetic 
segments from the respective parental IAV strain into 
coherent viral offspring, and thus reassortants containing 
all different variations of the gene segments from each 
parental strain will be formed. In the context of avian-
to-human spread, reassortment is mostly a slow and 
stepwise process involving several reassortment events 
over time. As an example, the 2009 pandemic H1N1 IAV 
was formed from genetic segments from three different 
IAVs circulating in swine, initially originating from avian 
sources 1918–1998 and formed through multiple reas-
sortment events [3].

The potential for environmental resistance 
development in the natural influenza host
Given the connection of IAVs in the avian reservoir and 
in humans, resistance development to antiviral drugs in 
naturally circulating avian IAVs is a potential concern 
also for human health. Pandemic preparedness plans 

rely heavily on antivirals in the first phase before vac-
cines can be mass-produced, and antivirals are stockpiled 
extensively [4]. Experiences from the 2009 IAV pandemic 
demonstrate that the timely global production and dis-
tribution of vaccines was even more difficult to achieve 
that previously estimated [5]. Thus, antiviral drugs play 
a crucial role in the beginning of a new IAV outbreak, 
regardless if the origin is reassortment (like the last four 
pandemics) or direct transmission (e.g. a human-adapted 
HPAIV). To date, neuraminidase inhibitors (NAIs) con-
stitute the absolute majority of anti-influenza drugs 
used. The other, older class of anti-influenza antivirals 
on the market, adamantanes, are largely abandoned due 
to side effects and resistance development [6]. The most 
used NAI, oseltamivir (Tamiflu ©), is administered as a 
prodrug, oseltamivir phosphate, and rapidly converted 
in the human body to oseltamivir carboxylate (OC), the 
active metabolite. OC is excreted mainly via urine and 
remains stable in surface water and sewage treatment 
processes [7]. Thus, there is a risk that discharge of OC 
from sewage treatment plants (STPs) pollutes water bod-
ies downstream of the STP outlets. Dabbling ducks such 
as the Mallard constitute the natural influenza reservoir, 
and often reside in waters downstream of STPs. There-
fore, dabbling ducks may be exposed to OC in their water 
environment. IAV is a gastrointestinal infection in Mal-
lards [8] and hence replicating IAV and low levels of OC 
could co-exist in the intestine of the Mallard, creating a 
risk for resistance development. If OC-resistant- or NAI-
resistant-strains are established among IAVs circulating 
in the natural reservoir, resistance could be an inher-
ent property of newly human-introduced IAVs, either 
through reassortment or direct transmission. This is a 
worrisome scenario given the crucial importance of NAIs 
in pandemic preparedness. The environmental resistance 
development hypothesis and its potential connection to 
humans is depicted in Fig. 1, and has also previously been 
reviewed [9, 10].

Occurrence of neuraminidase inhibitors in the 
environment
Ample evidence has accumulated to demonstrate the 
poor degradation of NAIs in STPs, and the occurrence 
of NAIs in the environment. OC has been demonstrated 
in effluent water from STPs [11], as have the newer NAIs 
zanamivir (Relenza©) [12], peramivir [13], and lanami-
vir [13]. All four NAIs have also been detected in river 
water; OC up to 865  ng/L [12, 14], zanamivir 59  ng/L 
[12, 15], peramivir 11  ng/L [13], and lanamivir 9  ng/L 
[13]. The highest NAI levels have been found in Japan, 
the top world-wide per-capita consumer, but OC has also 
been found in river waters in Europe, e.g. in the UK up to 
193 ng/L [16]. One study has also highlighted discharge 
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WTfrom drug production facilities as a potential contribut-
ing factor to environmental pollution of oseltamivir [17]. 
To analyze degradation and presence of antiviral drugs 
in the environment, as well as assessing the implications, 
environmental chemists are vital in understanding and 
combatting environmental IAV resistance.

A prerequisite for the occurrence of NAIs in the envi-
ronment is that the drugs are being used. In most parts 
of the world, use is regulated through prescription by 
physicians. Thus, involvement of physicians in a One 
Health approach, enabling them to appreciate the risks 
with NAI prescription in a broader perspective, is impor-
tant to obtain a prudent use of NAIs. Multiple studies, 
many of them drug company-sponsored, have failed to 
demonstrate effects of oseltamivir and zanamivir (the 
second most used NAI) on uncomplicated influenza in 
otherwise healthy patients than simply shortening of 
length of clinical disease (symptoms) by 1 day (e.g. [18]). 
Hence, liberal use of NAIs to for uncomplicated influ-
enza can be questioned, and should definitely be avoided 
if symptoms have been present > 48 h before treatment, 
as the effect of NAIs is much dependent of early start of 
treatment. To implement these guidelines, participation 
of other health professionals such as nurses and medi-
cal practitioners is important. A special case is NAI use 
in parts of the world where antiviral drugs are sold over 
the counter (without prescription). Under these cir-
cumstances, self-medication with NAIs without previ-
ous medical consultation is likely a major driver for NAI 

pollution. Thus, educating the general public about One 
Health, as well as strengthening local health systems 
are important measures in this setting. Social science 
professionals, e.g. behavioral scientists, are especially 
important to help understand prescriptions/drug use in 
a cultural context.

Resistance development in LPAIVs infecting 
Mallards exposed to NAIs
As NAIs are present in river water, what is the risk of 
IAV resistance development in the natural reservoir? 
Mallards perpetuate low pathogenic IAVs (LPAIVs) 
with a pronounced spatial and temporal prevalence 
variation; in the Northern Hemisphere the prevalence 
is typically high (up to 60%) during fall migration and 
low (0.4–2%) at wintering grounds [19]. Several in vivo 
studies using LPAIV-infected Mallards subjected to 
low levels of OC in their water have demonstrated 
resistance development. Exposure of a H1N1 LPAIV 
to 0.95  µg/L of OC resulted in the well-known resist-
ance mutation H275Y [20], H5N2 exposure to 1 µg/L in 
E199V [21], H6N2–12 µg/L in R292K [22], and H7N9–
2.5 µg/L in I222T [23]. At least for the H1H1 and H5N2 
IAVs, detected OC levels in river water are of the same 
magnitude as where resistance development occurred. 
Similar in  vivo Mallard studies addressing the risk of 
resistance development to other NAIs are important, 
especially as these drugs may be more widely used in 
the future in case of oseltamivir resistance. To assess 

Fig. 1 As OC degrades poorly in STPs and surface waters, it can enter aquatic environments where dabbling ducks can be exposed to the sub-
stance. Dabbling ducks constitute the natural influenza reservoir and have a perpetual circulation of influenza A virus in their population. Thus, there 
is a risk of resistance development in the intestine of the ducks where replicating virus and OC co-exist. Through reassortment or direct transmis-
sion, an oseltamivir-resistant influenza virus could spread to humans. OC oseltamivir carboxylate, OP oseltamivir phosphate, STP sewage treatment 
plant
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the risk for resistance development, several play-
ers in the One Health team are needed; bird ecolo-
gists to understand migration patterns and behavior 
of dabbling ducks, virologists to elucidate resistance 
development at a molecular and functional level, and 
veterinarians to investigate the aspect of influenza dis-
ease in birds.

Persistence of resistance without drug pressure
Once resistance is induced among LPAIVs circulating 
among wild birds, it is imperative to assess if the resist-
ance can persist without drug pressure. Influenza out-
breaks are sporadic, and thus NAIs are not constantly 
present in the environment. Further, the NAI resistance 
dogma has been that resistance can quite easily develop 
during treatment but that resistance development is of 
less concern, as mutants have decreased fitness—as noted 
in e.g. early in  vitro oseltamivir studies [24]. However, a 
human seasonal H1N1 IAV strain resistant to oseltamivir 
through the H275Y mutation spread globally during the 
2007–2009 influenza seasons, and the spread was not cor-
related to oseltamivir use [25]. This demonstrated that in 
certain genetic backgrounds, NAI resistance do not cause 
decreased IAV fitness. Several compensatory mutations 
likely contributed to the ability of the seasonal H1N1 IAV 
to harbor H275Y without fitness loss [26, 27]. Interestingly, 
Mallard in vivo experiments demonstrate that in a H1N1 
LPAIV that acquired H275Y when infected Mallards were 
subjected to OC in their water [20], resistance persisted 
despite removal of OC from the water of the Mallards and 
subsequent IAV replication and transmission [28]. On the 
contrary, in a H6N2 virus harboring the R292K mutation 
from an in vivo experiment [22], resistance did not persist 
without drug pressure [29], illustrating the impact of dif-
ferent IAV genetic backgrounds. Thus, both from human 
epidemiological data and in vivo studies, there is evidence 
that in certain genetic backgrounds, IAV resistance muta-
tions do not result in decreased viral fitness. Here, public 
health/epidemiology expertise is important to successfully 
assess spread of resistant strains in the human population 
and the relation to NAI use. Clinical pharmacists can con-
tribute to NAI prescription analysis and physicians can 
provide expertise in human influenza disease and drug use 
from a prescriber’s perspective.

Risk of resistance transmission to humans
Reassortment
If resistance to NAIs can develop in IAVs circulating in 
the natural host, and in certain genetic backgrounds per-
sist without drug pressure, what is the risk that the resist-
ant NA gene becomes part of a human IAV? All four 
pandemic IAVs seen during the last century were formed 
through reassortment and all of them were formed by 

genetic material of avian origin [30, 31]. Thus, it is pos-
sible that a NAI-resistant NA gene originating from 
the natural host can form part of a new pandemic IAV 
through reassortment. However several factors can influ-
ence the likelihood of this event: (1) How prevalent are 
NAI-resistance among IAVs circulating in the natural 
host? (2) Is there a loss of fitness when the NAI-resistant 
NA gene reassorts with other IAVs, i.e. is there a barrier 
for reassortment? (3) For how long is the NAI-resistant 
IAV circulating in other hosts (e.g. swine) before it spills 
over to humans, i.e. what delay is there from resistance 
development in the environment/natural host until 
human introduction? To start answering these ques-
tions several actions and professionals are needed – such 
as IAV surveillance in wild waterbirds by biologists and 
experimental studies regarding reassortment includ-
ing a NAI-resistant NA gene by virologists. To keep the 
research questions linked to the human health perspec-
tive, involvement of physicians is important.

Direct transmission
There is a barrier for direct transmission of avian-adapted 
IAVs to humans. The virus must overcome several hur-
dles such as differences in host body temperature, recep-
tor architecture, and immune response. To date, this has 
precluded efficient human-to-human transmission of 
directly transmitted IAVs. However, two research groups 
have found that small changes in a H5N1 HPAIV allowed 
for mammal-to-mammal transmission [32, 33]. In one of 
the studies five point mutations were sufficient to enable 
transmission, and a subsequent study demonstrated that 
some circulating H5N1 strains already carried two out of 
the five point mutations and has modelled factors that 
can increase the probability for acquisition of the last 
three [34]. Thus, the genetic barrier for direct transmis-
sion may not be as protective as previously thought, and 
given the high morbidity and mortality for H5N1 and 
H7N9 IAVs [35], sustained human-to-human transmis-
sion is a serious threat. NAI-resistance in such an IAV 
would make matters much worse; preparedness plans 
initially rely on stockpiles of NAIs and resistance could 
render them useless. To assess the risks for human health 
and to guide pandemic preparedness planning, physi-
cians are crucial. Other important players include virolo-
gists to assess the genetic barrier for direct transmission 
in different IAV genetic backgrounds and environmental 
settings, immunologists to provide knowledge of human 
and avian immune defenses and their differences, and 
professionals with skills in logistics and societal structure 
to implement the findings into pandemic preparedness.

A summary of key players in a One Health team inves-
tigating environmental resistance development to influ-
enza antivirals is depicted in Fig. 2.
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WTConclusions
Multidisciplinarity is a key element of the One Health 
approach, and it is imperative to engage physicians as 
one of several key players in One Health questions. The 
example of environmental resistance development in 
influenza demonstrates this, but it is true for most other 
One Health questions as well. Engaging physicians in 
One Health is a challenging task—it is the author’s opin-
ion that information and discussion activities early in 
high school and undergraduate training, a more active 
voice of One Health-engaged physicians, and funding 
and publication possibilities more suited to One Health 
research are important factors in the process.
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Monitoring variables affecting positron emission 
tomography measurements of cerebral blood 
flow in anaesthetized pigs
Aage Kristian Olsen Alstrup1*, Nora Elisabeth Zois2, Mette Simonsen1 and Ole Lajord Munk1

Abstract 

Background: Positron emission tomography (PET) imaging of anaesthetized pig brains is a useful tool in neurosci-
ence. Stable cerebral blood flow (CBF) is essential for PET, since variations can affect the distribution of several radi-
otracers. However, the effect of physiological factors regulating CBF is unresolved and therefore knowledge of optimal 
anaesthesia and monitoring of pigs in PET studies is sparse. The aim of this study was therefore to determine if and 
how physiological variables and the duration of anaesthesia affected CBF as measured by PET using  [15O]-water in iso-
flurane–N2O anaesthetized domestic female pigs. First, we examined how physiological monitoring parameters were 
associated with CBF, and which parameters should be monitored and if possible kept constant, during studies where 
a stable CBF is important. Secondly, we examined how the duration of anaesthesia affected CBF and the monitoring 
parameters.

Results: No significant statistical correlations were found between CBF and the nine monitoring variables. However, 
we found that arterial carbon dioxide tension  (PaCO2) and body temperature were important predictors of CBF that 
should be observed and kept constant. In addition, we found that long-duration anaesthesia was significantly cor-
related with high heart rate, low arterial oxygen tension, and high body temperature, but not with CBF.

Conclusions: The findings indicate that  PaCO2 and body temperature are crucial for maintaining stable levels of CBF 
and thus optimizing PET imaging of molecular mechanisms in the brain of anaesthetized pigs. Therefore, as a mini-
mum these two variables should be monitored and kept constant. Furthermore, the duration of anaesthesia should 
be kept constant to avoid variations in monitoring variables.

Keywords: Animal, Brain research, CBF, [15O]-water, Positron emission tomography, Swine

Background
Positron emission tomography (PET) scanning of the 
brain of pigs is a useful tool in neuroscience [1–5]. 
Often, cerebral blood flow (CBF) is measured by PET 
scans using  [15O]-water [5, 6]. CBF measurements are 
key parameters in pig studies of human conditions 
such as stroke [7], drug abuse [8] and brain stimulation 
[9]. In addition,  [15O]-water PET scans are performed 
in some animal studies to assess the degree in which 

anaesthesia-induced variations in CBF affect the kinetic 
parameters of PET tracers in the brain in vivo [10]. As an 
example, the pharmacokinetics of the dopamine  D1 tracer 
[11] C SCH23390 are affected depending on whether the 
pig is anaesthetized with isoflurane or propofol, which 
increase and decrease CBF, respectively [11]. Further-
more, CBF is tightly coupled to brain metabolism, and 
changes in CBF may therefore also affect results in stud-
ies of brain metabolism [12, 13]. Clearly, stable CBF 
is crucial in many PET studies of the brain, but little is 
currently known on how various physiological variables 
affect CBF in anaesthetized pigs.

Previously, we studied the effects of normocapnia ver-
sus hypercapnia on CBF in anaesthetized domestic pigs 
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[6]. CBF increased markedly from a mean of 0.48  mL 
blood/min/mL brain tissue during normocapnia to 
0.74 mL blood/min/mL brain tissue during hypercapnia. 
The result confirmed that arterial carbon dioxide ten-
sion  (PaCO2) plays a key role in regulating CBF in pigs, 
and indicates that control of  PaCO2 is a crucial factor 
for maintaining CBF within certain boundaries during 
PET studies of the brain. We needed to establish whether 
other physiological factors alter CBF in anaesthetized 
pigs in order to establish optimal experimental conditions 
for studying molecular mechanisms in the brain in vivo. 
Therefore, we carried out the present study to determine 
the role of arterial pH,  PaCO2, arterial oxygen tension 
 (PaO2), haematocrit (HCT), blood glucose (GLC), heart 
rate (HR), systolic blood pressure (SBP), diastolic blood 
pressure (DBP), body temperature (TEMP) and the dura-
tion of anaesthesia (TIME) on CBF in domestic pigs dur-
ing isoflurane–N2O anaesthesia.

Methods
Animals
All procedures involving animals were approved by the 
Danish Experimental Animal Inspectorate. The pre-
sent study was based on data obtained from 37 female 
domestic pigs (Danish Landrace x Yorkshire) weighing 
38.1 ± 2.2 kg (mean ± SD). The pigs were fed a restricted 
pellet diet (600  g per pig; DIA plus FI, DLG, Denmark) 
and iron-(II)-fumarate/iron-(III)-oxide (Grynt, DLG, 
Denmark), and they were group housed for at least 5 days 
in the animal facility prior to the study. They were fasted 
16 h prior to the study, but had free access to tap water. 
The pigs were not subjected to any specific health-mon-
itoring program, but had no clinical signs of disease. The 
environmental temperature in the animal facility was 
20 °C, 51% relative humidity with no specific light cycles 
and with the air exchanged 8 times/h.

Anaesthesia and PET scanning
All pigs were pre-medicated with 50  mg (1.3  mg/kg) 
midazolam (Dormicum, Roche, Denmark) and 500  mg 
(13  mg/kg) ketamine (Ketalar, Pfizer, Denmark) intra-
muscularly. Anaesthesia was induced with 50  mg 
(1.3  mg/kg) midazolam and 250  mg (12.5  mg/kg) keta-
mine intravenously and was maintained with a vaporizer 
setting of 2.0% isoflurane in oxygen and  N2O (1:2). The 
pigs were mechanically ventilated with a tidal volume 
of approximately 8  mL/kg and a frequence of 15 times/
min (minute volume: 4.5  L). Heart catheters (Johnson 
and Johnson, Miami, FL, USA) were surgically placed in 
a femoral artery and a femoral vein as described in [14]. 
Blood gases  (PaCO2 and  PaO2), pH, HCT, and GLC were 
monitored prior to the initial  [15O]-water PET scan, 
while HR, SBP, DBP, and rectal TEMP were continuously 

monitored using a six-channel device (Kivex, Bethesda, 
MD). The monitor was read immediately before the scan. 
Duration of anaesthesia was calculated as the time from 
the switching on of isoflurane and until the tracer was 
injected. Arterial blood samples were handled according 
to [15] and were analysed using an ABL 550 (Radiome-
ter, Denmark). Isotonic saline was infused intravenously 
at a rate of 100–200 mL/h to prevent dehydration. After 
performing the baseline  [15O]-water PET scan, the pigs 
were scanned with other tracers not reported here. At the 
end of the study, the pigs were killed with an overdose of 
100  mg/kg of pentobarbitone (Veterinærapoteket, Fred-
eriksberg, Denmark) intravenously. Necropsy of thorax 
(e.g. bronchopneumonia) and abdomen (e.g. peritonitis) 
was performed in all pigs.

PET scan examination
The CBF was evaluated by using the radioactive PET 
tracer  [15O]-water and measurements of the radioactiv-
ity as a function of time both in brain and in the blood-
stream [16]. PET imaging was performed using a Siemens 
ECAT EXACT HR-47 tomograph (CTI/Siemens Medi-
cal Systems, Knoxville, TN Inc.). The PET camera was 
calibrated by a phantom containing a 68Ge/68Ga solu-
tion with known radioactivity. A 15-min transmission 
scan was performed before the first emission scan and 
was used for photon attenuation correction of the emis-
sion recordings. Dynamic PET recording was acquired 
in a 3D acquisition mode. The tracer  [15O]-water was 
given as a 5-s intravenous injection of 500  MBq, fol-
lowed by dynamic PET recordings for 5  min (20 × 3  s, 
10 × 6 s, 6 × 10 s, and 6 × 20 s). Data were reconstructed 
using 2D iterative reconstruction (FORE OSEM). Each 
frame in the resulting dynamic PET image consisted 
of 128 × 128 × 47 voxels of 0.7 × 0.7 × 3.1  mm3 with a 
central spatial resolution of 5  mm FWHM. During the 
dynamic PET scans, arterial blood (7  mL/min in total 
35 mL removed from the pig) was continuously sampled 
and radioactivity concentrations were measured every 
0.5  s by an automatic blood sampler (Allogg AB, Swe-
den) withdrawing 7 mL blood/min, i.e. 35 mL during the 
PET scan. Both dynamic PET data and arterial blood data 
were corrected for radioactive decay measured from the 
start of tracer administration.

Image analysis, kinetic modelling, and statistical analysis
A 15  mm (radius) circular formed region-of-interest 
(ROI) including the brain was defined in five adjacent 
transaxial slices of images of the mean radioactivity 
concentrations. The ROIs were combined to form one 
global volume-of-interest (VOI) containing a mixture of 
grey and white matter. Time courses of the radioactiv-
ity concentrations in this VOI were generated. The CBF 
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was estimated from the dynamic  [15O]-water PET scans. 
The analytical solution of the model was fitted to data in 
order to estimate kinetic parameters. By denoting the tis-
sue activity concentration as M(t), and the arterial blood 
activity concentration as Ci(t), the model predicts

where ⊗ denotes a convolution integral. The model 
has three parameters: the clearance into the cell, K1 
(mL blood/min/mL brain tissue), the reverse rate con-
stant k2 (per min), and a vascular volume V0 (mL blood/
mL brain tissue). K1 is assumed to be equal to CBF for 
freely diffusible substances such as  [15O]-water. In prac-
tice, the blood–brain barrier limits the passage of tracer 
from blood to cell. This effect causes CBF to be slightly 
underestimated by this equation as described by the 
Renkin–Crone relation [17, 18]. For each data set, CBF 
was estimated as K1 by non-linear least-squares regres-
sion [19] of the one-tissue compartment model to the 
measured dynamic PET data. Each PET data point was 
weighted in proportion to the frame duration.

Statistics
Data were examined for outliers and skewness, and 
tested for normality using the Shapiro–Wilk method 
with P values less than 0.05 considered significant. For 
normally-distributed variables, we calculated the Pearson 
correlation coefficient r, and the P value between CBF 
and the monitored parameters. Spearman rank order 
correlation method was used for variables that are not 
normally distributed. Correction for multiple compari-
sons was made using the Benjamini–Hochberg step-up 
procedure [20] with the critical value for false discovery 
rate (FDR) set to α = 0.05.

Step-wise regression with forward selection was 
used to test for the inclusion of best monitoring vari-
able with threshold values for F-to-enter = 4.0 (minimum 
incremental F value to enter the model) and for F-to-
leave = 3.9 (maximum incremental F value to remove 
from the model). The selection started without monitor-
ing variables in the model. Then, we tested the inclusion 
of each monitoring variable that was not in the model, 
adding to the model the monitoring variable with the 
largest F-to-enter statistic provided that it is above the 
threshold. Then, it is tested to see if any variables already 
included have fallen below F-to-leave threshold. This 
process is repeated until no monitoring variables have 
F-statistics on the wrong side of the threshold.

Results
CBF was calculated in 37 pigs that were PET scanned 
between 79 and 314 min after onset of anaesthesia. The 
physiological monitoring variables are shown in Table 1. 

(1)M(t) = K1e
−k2t ⊗ Ci(t)+ V0Ci(t),

For all parameters, mean values were within the porcine 
reference intervals [21].

CBF and all nine monitored physiological variables 
passed the test for normality. The correlations and P val-
ues are shown in Table 2. CBF was associated with high 
 PaCO2, low blood pH, high HR, and high TEMP, whereas 
no associations were noted between CBF and  PaO2, 
HCT, SBP, DBP and GLC. However, no correlations were 
significant on 5% level when correcting for multiple com-
parisons. Thus, we screened the monitoring variables for 
their contribution to the prediction of CBF. Step-wise 
regression with forward selection was made to iden-
tify the monitoring parameters the best predicted CBF 
resulted in a linear combination of  PaCO2 (P = 0.025) 
and TEMP (P = 0.029). No other monitoring parameters 
added significantly to the prediction of CBF (Fig. 1). 

Finally, we examined if time after onset of anaesthesia 
(TIME) affected the physiological condition of the pigs 
by comparing TIME to all other measures. TIME did not 
have clear outliers and was not highly skewed but did not 
pass the test for normality. We therefore used Spearman’s 
method to test for correlations. The correlation coeffi-
cients for the relationship between TIME and CBF, and 
TIME and the nine monitoring variables are shown in 
Table  2. HR, TEMP and  PaO2 were significantly corre-
lated to TIME after correcting for multiple comparisons.

Discussion
The mean CBF (0.54 mL/mL/min) was comparable with 
our previous study in pigs [6]. However, the variation in 
CBFs was high, even though standard conditions were 

Table 1 Estimated cerebral blood flow and meas-
ured physiological variables expressed both as mean 
and median

CBF cerebral blood flow, PaCO2 arterial carbondioxide tension, PaO2 arterial 
oxygen tension, HCT haematocrit, HR heart rate, SBP systolic blood pressure, 
DBP diastolic blood pressure, GLC blood glucose, TEMP body temperature, TIME 
duration of anaesthesia, N number of observations

Mean Std dev Median Range N

CBF (mL/mL/min) 0.54 0.16 0.51 0.15–0.91 37

pH 7.44 0.04 7.44 7.35–7.52 28

PaCO2 (kPa) 6.3 0.7 6.2 5.0–7.9 28

PaO2 (kPa) 18 5 16 10.7–29.0 27

HCT (%) 30 3 30 24.3–35.9 26

HR  (min−1) 115 25 116 53–160 21

SBP (mmHg) 114 14 110 86–142 23

DBP (mmHg) 76 17 70 51–118 23

GLC (mmol/L) 4.9 1.4 4.8 2.3–8.1 26

TEMP (°C) 37.7 1.3 37.9 34.8–39.9 23

TIME (min) 115 68 127 79–314 37
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used and the pigs were of the same sex, and had compa-
rable age and body weight.

Out of nine monitored variables, we found significant 
correlations between CBF and  PaCO2, blood pH, HR, 
and TEMP. However, after correction for multiple com-
parisons with the Benjamini–Hochberg step-up pro-
cedure, none of these monitorering variables differed 
significantly. The reason could be that we compared 

many parameters where some are highly correlated, 
redundant or even extraneous. Instead, the step-wise 
regression could identify  PaCO2 and TEMP as the moni-
toring parameters that best predicted CBF. Thus,  PaCO2 
and body temperature were important predictors of CBF 
that should be observed and controlled. The importance 
of  PaCO2 concentrations to predict CBF is in agreement 
with earlier studies in pigs [6, 22] and the fact that  CO2 is 

Table 2 Correlation coefficients between estimated cerebral blood flow and monitoring parameters

pH PaCO2 PaO2 HCT HR SBP DBP TEMP GLC TIME

CBF − 0.35
0.064
28

0.45
0.016
28

− 0.22
0.28
27

0.22
0.29
26

0.49
0.024
21

0.06
0.80
23

− 0.07
0.76
23

0.41
0.052
23

0.13
0.53
26

0.26
0.11
37

pH
–

− 0.82
0.000
28

0.065
0.75
27

− 0.014
0.95
26

− 0.16
0.48
21

− 0.043
0.85
23

− 0.089
0.69
23

− 0.23
0.29
23

0.13
0.54
24

0.01
0.96
28

PaCO2

– –
− 0.11
0.59
27

0.30
0.14
26

0.24
0.31
21

0.27
0.21
23

0.21
0.33
23

0.34
0.12
23

− 0.13
0.56
24

0.10
0.62
28

PaO2

– – –
− 0.23
0.28
25

− 0.60
0.004
21

0.40
0.059
23

0.26
0.23
23

0.035
0.87
23

− 0.24
0.27
23

− 0.46
0.015*
27

HCT
– – – –

0.45
0.046
20

0.18
0.43
22

0.18
0.43
22

0.22
0.33
22

0.21
0.34
22

0.27
0.18
26

HR
– – – – –

0.022
0.92
21

0.039
0.87
21

0.33
0.14
21

0.21
0.40
18

0.73
0.000*
21

SBP
– – – – – –

0.58
0.004
23

0.27
0.22
23

0.25
0.28
20

0.048
0.83
23

DBP
– – – – – – –

0.019
0.93
23

0.094
0.69
20

− 0.23
0.28
23

TEMP
– – – – – – – –

0.19
0.42
20

0.53
0.010*
23

GLC
– – – – – – – – –

0.44
0.02
26

In white background. correlation coefficients between CBF and the measured monitoring variables. Each entry contains the correlation coefficient r (Pearsons), the 
P value, and the number of data. Positive correlation coefficients tend to increase together, whereas inverse relationships are observed with negative correlation. In 
grey background, correlation coefficients between TIME and all other parameters. Each entry contains the correlation coefficient ρ (Spearman’s), the P value, and the 
number of data. HR, TEMP and  PaO2 were significantly correlated to TIME after correcting for multiple comparisons. Significant correlations are shown in bold and 
marked with *
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a strong vasodilator in the brain.  PaCO2 can be corrected 
by changing the minute volume of the respirator. We 
have recently shown that End-Tidal  CO2  (ETCO2) can 
replace measurements of  PaCO2 when there is no access 
to arterial blood samples in pigs, and it is therefore pos-
sible to monitor  CO2-concentrations non-invasively [23]. 
The body temperature varied between slight hypother-
mia and normothermia. The importance of monitoring 

body temperature supports a previous pig study show-
ing low CBF during severe hypothermia (body tempera-
ture < 37 °C) [24]. This effect underscores the importance 
of temperature monitoring and stabilization in pig brain 
studies. Hypothermia can be prevented by placing the 
pig on an electric blanket with thermostatic feedback to 
the temperature monitor during PET imaging procedures 
[25].

Fig. 1 Scatter plots of a  PaCO2, and b body temperature, the two variables that significantly contributed to prediction of cerebral blood flow

170 Animal Health and Welfare: An Issue of Veterinary Clinics



WT

We found no correlations between CBF and  PaO2, 
HCT, HR, SBP, DBP and GLC. It is well-known that  PaO2 
levels over 50 mmHg have no effect on CBF, while lower 
levels increase CBF [26]. HCT is the main determinant 
of blood viscosity, and in humans, higher HCT results in 
decreased CBF [27]. However, we found no such corre-
lation between CBF and HCT in this study. Neither the 
HR, systolic nor the diastolic blood pressure was corre-
lated to CBF. This can be explained by cerebral autoregu-
lation which maintains a constant CBF in the mean blood 
pressure interval 65–140  mmHg and for variations in 
HR. Changes in blood pressure produce changes in cer-
ebrovascular resistance, and this contributes to the main-
tenance of a constant CBF. However, a previous study 
reported that in ketamine anaesthetized pigs with a mean 
blood pressure of 102 mmHg, a 40% reduction in blood 
pressure (to 60  mmHg) reduced CBF with 15%, while a 
43% increase in blood pressure (to 140 mmHg) increased 
CBF with 12% [28].

During this study some of the  [15O]-water PET scans 
were delayed due to technical reasons, which caused var-
iation of the duration of anesthesia from 79 to 314 min. 
Therefore, we decided to investigate if duration of anaes-
thesia was correlated with monitorering variables and 
CBF. We found that TIME was correlated with HR, 
TEMP and  PaO2, but not with the other six monitorering 
variables and CBF. The correlation between TIME and 
HR can be explained by decreasing cardiac vagal activ-
ity known from dog studies (similar studies have not yet 
been performed in pigs) [29]. The correlation between 
TEMP and TIME can be explained by the fact that many 
pigs are slightly hypothermic shortly after anaesthesia, 
but body temperature is normalized by the feedback sys-
tem connected to the warming blanket.

Ketamine and midazolam were used for the pre-med-
ication and anaesthesia induction in all pigs. Isoflurane 
and  N2O were used to maintain anaesthesia. While keta-
mine and midazolam do not seem to affect CBF, isoflu-
rane increases CBF [30–32]. In a previous study, CBF did 
not increase during hypercapnia in dogs anaesthetized 
with 2.8% isoflurane, whereas CBF increased during 1.4% 
isoflurane anaesthesia [33]. In our study, the pigs were 
anaesthetized with a vaporisor setting of 2% isoflurane 
and  O2/N2O (1:2) and our results indicate that in pigs, 
cerebral autoregulation is maintained during anaesthesia 
maintained with 2% isoflurane. Also  N2O may affect CBF, 
as a study performed in healthy humans has shown that 
30 and 60%  N2O increase CBF compared with pure oxy-
gen [34].

It is a limitation on the study that we have only meas-
ured global CBF, and we cannot exclude the possibility of 
local heterogeneities in the CBF. It is therefore possible 

that correlations exist between monitoring variables and 
specific areas of the brain not seen in the global CBF. Due 
to the observational nature of our study, we cannot make 
any conclusions about the causal relationship of the vari-
ables included. Also, several of the observed physiologi-
cal variables are individually correlated which further 
limits conclusions about causality. Future studies should 
therefore aim at investigating the effects of the individual 
physiological variables on CBF in an interventional study, 
as has already been done with  PaCO2 [6]. Until then the 
conclusions are drawn with caution.

Conclusions
The results indicate that monitoring of  PaCO2 and body 
temperature are crucial for maintaining stable levels 
of CBF and thus optimizing PET imaging of molecular 
mechanisms in the brain of pigs in  vivo. The two vari-
ables should as far as possible be kept constant during 
PET scans of the pig brains. Furthermore, the duration of 
anaesthesia should be kept constant.
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C-reactive protein, glucose and iron 
concentrations are significantly altered in dogs 
undergoing open ovariohysterectomy or 
ovariectomy
Elena Regine Moldal1*, Mads Jens Kjelgaard‑Hansen2, Marijke Elisabeth Peeters3, Ane Nødtvedt4 
and Jolle Kirpensteijn5

Abstract 

Background: There are relatively few studies about the canine surgical stress response, a sequence of events orches‑
trated by the body in response to a surgical trauma which is sometimes, as shown in human surgery, deleterious to 
the patient. There is a need to identify objective markers to quantify this response in order to estimate tissue trauma 
and use the markers as potential early indicators of surgical complications. The study objective was to investigate the 
surgical stress response, measured by C‑reactive protein (CRP), glucose and iron serum concentrations, to gonadec‑
tomy in female dogs, and to compare the response to ovariohysterectomy (OHE) with the response to ovariectomy 
(OVE). A randomized clinical trial was performed on a sample of 42 female dogs, which were divided into two groups: 
one group underwent OHE, the other OVE.

Results: Blood samples were collected immediately before surgery (T0), and at 1 (T1), 6 (T6), and 24 (T24) h after 
surgery, and serum frozen and stored at − 80 °C for later analysis. Upon thawing, the serum samples were subjected
to measurement of CRP, glucose and iron concentration. Seventeen dogs in the OHE group and 19 dogs in the OVE 
group were included in the statistical analysis. There was a significant increase in glucose concentration at all time 
points compared with T0, and an increase of CRP at T6 and T24. Iron concentration was significantly decreased at T6 
and T24. Differences between the two groups could not be detected for any of the three variables.

Conclusions: The study showed that both OHE and OVE induce a moderate surgical stress response in female dogs, 
measured by CRP, glucose and iron. A difference between the surgical techniques could not be detected for any of 
the variables, and hence; with regards to the parameters studied recommendations of one procedure over the other 
cannot be made and preferred technique remains the surgeon’s choice.

Keywords: C‑reactive protein, Glucose, Iron, Ovariectomy, Ovariohysterectomy, Surgery, Surgical stress response
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Background
The stress response to surgery involves an array of physi-
ological events in the body, including endocrinological, 
immunological, and hematological alterations leading to 
a catabolic state [1, 2]. Even though these functions are 
beneficial in the acute survival situation, this response 
may in fact have negative effects on homeostasis and tis-
sue healing [3].

The surgical stress response is believed to be propor-
tional with the degree of tissue injury caused by the pro-
cedure [4, 5]. It is therefore important to choose surgical 
procedures that minimize the negative impact of surgery 
on the body. Complications after elective surgery in dogs 
and cats are not uncommon and have been reported to 
include hemorrhage, surgical site inflammation or infec-
tion, and increased attention to the surgical site [6, 7]. 
Female dogs are commonly neutered, most often by 
open ovariohysterectomy (OHE) or ovariectomy (OVE). 
Several authors argue that OVE should be the preferred 
method because of the belief that it is faster, safer, less 
invasive, and associated with fewer postoperative compli-
cations [8–10]. Open OHE in dogs has previously been 
shown to induce a significant, but short-lived neuroen-
docrine stress response [11]. Two previous studies by 
the authors comparing OVE and OHE failed to show dif-
ferences between the two methods with regards to pain 
scores, time expenditure, and wound characteristics, as 
well as difference in the hemostatic stress response to 
surgery [12, 13]. However, one recent study identified sig-
nificant differences in postoperative C-reactive protein 
(CRP) concentrations in three groups of dogs subjected 
to vasectomy, open OHE, or laparoscopic OHE [14]. 
CRP is an acute phase protein and a sensitive marker 
of inflammation [15–17], and can be used to quantify 
the inflammatory response to different surgical proce-
dures in dogs [14]. Glucose is another biomarker com-
monly used to measure the stress response to surgery. 
A study comparing dogs subjected to open OHE with 
dogs subjected to the laparoscopic counterpart identi-
fied prolonged increases in glucose concentration in the 
open OHE group during the postoperative period [18]. 
Glucose is also an independent risk factor for postopera-
tive wound infections in humans [19]. Hypoferremia is 
commonly seen after surgically induced inflammation in 
humans and is related to the extent of surgery [20]; how-
ever, information about iron concentration after surgery 
in dogs is scarce.

The aims of this study were to measure CRP, iron and 
glucose serum concentration as markers of the surgical 
stress response in dogs, and to test whether they differed 
between two commonly applied methods for surgical 
neutering, of which one—OVE—has been claimed to be 
less traumatic by some authors [8–10]. The hypothesis 

tested was: Surgery will cause significant increases of 
serum CRP and glucose and a decrease in serum iron-
concentrations postoperatively, but to a lesser degree in 
the OVE compared to the OHE group.

Methods
The study was approved by the Ethics and Research 
Committee of the Department of Clinical Sciences of 
Companion Animals, Faculty of Veterinary Medicine, 
University of Utrecht (DCSCA), the Netherlands. It was 
performed as a prospective randomized clinical trial at 
the DCSCA between June 2006 and June 2007. Serum 
was stored at − 80 °C for a maximum of 4 years, and later 
transported to the University of Copenhagen on dry ice 
before analysis at the Central Laboratory, Department of 
Veterinary Clinical Sciences, University of Copenhagen, 
Denmark, in November 2010. The laboratory analysis 
was performed double blind in one analytical run, in ran-
dom order, and unblinding did not take place until after 
statistical analysis of the data. Only the surgeon (MEP) 
knew what procedure was performed.

Study population
A total of 42 client-owned healthy intact bitches admit-
ted to the DCSCA for elective neutering were prospec-
tively entered into the study. Of these, 12 bitches were 
mongrels and 30 were pure-bred. Oral consent was 
obtained from the owners before the dogs underwent a 
thorough clinical examination to ensure that they were 
healthy. Only dogs assigned to ASA category 1 (normal, 
healthy animals) [21] were eligible for participation in 
the study, and all dogs went through their last estrus at 
least 6 weeks prior to presentation. Each dog was given 
a body condition score (BCS) at admission, with a score 
of 1 being emaciated and 5 being obese. The dogs were 
numbered consecutively at admission. Dogs were block 
randomized into one of two treatment groups, OVE or 
OHE, after induction of anesthesia [12].

Anesthesia, surgery, and analgesia
An intravenous (IV) catheter was inserted in the cephalic 
vein. The dogs were given a premedication of 1  mg/
m2 medetomidine intravenously (Domitor, Pfizer Ani-
mal Health, USA, 1  mg/mL) and 4  mg/kg carprofen IV 
(Rimadyl, Pfizer Animal Health, USA, 50  mg/mL) and 
anesthesia was induced with 1–2  mg/kg propofol IV 
(PropoVet, Abbott Laboratories, UK, 10  mg/mL) to 
effect. The dogs were then intubated and anesthesia was 
maintained with isoflurane (Isoflo, Abbott Laboratories, 
UK) in oxygen and air. Intermittent positive pressure 
ventilation (IPPV) was applied to ensure normocapnea 
and the volume was regulated to keep end-tidal  CO2 at 
normal levels (4.5–5  kPa). All dogs were given 10  mL/
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kg/h Ringer’s lactate IV (Stereofundin, Iso; B, Germany) 
at maintenance rate throughout the course of anesthe-
sia and surgery. Intraoperative monitoring consisted of 
electrocardiogram (ECG), capnography, body tempera-
ture, and oxygen and vapor concentrations. In surgeries 
that lasted for more than one h, an additional dose cor-
responding to half of the original administered dose of 
medetomidine was administered IV. After surgery this 
was antagonized with 2.5 µg/m2 atipamezole intramuscu-
larly (IM) (Antisedan, Pfizer Animal Health, USA, 5 mg/
mL) [12].

All surgeries were performed by one experienced ECVS 
Diplomate (MEP) with the help of an assistant, using a 
standardized surgical protocol for both procedures. Both 
OVE and OHE were carried out as open surgical proce-
dures. The OVE dogs had their ovaries removed through 
a smaller incision than the OHE dogs, which additionally 
had their uterus removed [12].

All dogs were hospitalized for 24–32  h postopera-
tively. 10  µg/kg buprenorphine (Buprecare, Animalcare 
Ltd, UK, 0.3 mg/mL) was administered IV approximately 
40 m before injecting atipamezole and then given subcu-
taneously (SC) every 6 h during the next 24 h. The rescue 
analgesia protocol consisted of administration of a higher 
dose of buprenorphine 20 µg/kg SC to animals showing 
pain scores > 15 on a modified version of the Short Form 
(SF) of the Glasgow Composite Measure Pain Scale [22]. 
Treatment at home consisted of 2 mg/kg carprofen orally 
every 12 h for an additional 2 days after discharge [12].

Blood sampling
Immediately after anesthetic induction an IV jugular 
catheter was inserted and secured in place. Just before the 
skin incision (T0) and just before closure of the abdomi-
nal incision (T1), and also at 6  h after T0 (T6), blood 
samples were collected from this catheter after discard-
ing the first 5 mL of blood. The jugular catheter was then 
removed, and the 24-h blood sample (T24) was taken by 
direct venipuncture of the contralateral jugular vein. For 
all samples, a total of 11 mL blood was collected in one 
serum tube and two 3.2% citrate tubes, in that order. For 
T0, 10 additional mL blood was collected in heparin and 
EDTA for biochemistry and hematology, to confirm the 
animal’s health before enrolment in the project. The fol-
lowing variables were analyzed: BUN (blood urea nitro-
gen), serum creatinine, alkaline phosphatase, bile acids, 
total plasma calcium, phosphorus, sodium, potassium, 
hematocrit, total leucocytes, and platelets.

All serum tubes were left in room temperature and 
centrifuged after 1 h at 4  °C at 1006g for 10 min before 
the serum was separated and placed directly in a − 80 °C 
freezer for later analysis at the Department of Veterinary 
Clinical Sciences.

Other
Hemostasis parameters and other variables including 
blood loss, surgical time, surgical wound characteris-
tics, pain scores, and wound assessment scores were 
recorded and published in other studies [12, 13].

CRP
CRP levels were analyzed using a turbidimetric immu-
noassay (High Linearity CRP, Randox Laboratories 
Ltd., Crumlin, UK) performed on Advia 1800 Chemis-
try System (Siemens, Germany). Independently puri-
fied canine CRP was applied as calibrator (cat#8101, 
Life Diagnostics, West Chester, PA, USA) and control 
(TP-810CON, Tridelta, Kildare, Ireland). For complete 
assay performance, please see validation conducted by 
the laboratory performing the measurements [23, 24]. 
Automated reflex dilution was applied when meas-
urement exceeded linear range, resulting in effective 
working range up to 600 mg/L. No prozone effect were 
observed up to 900 mg/L.

Glucose
Glucose was measured with the reagent Glucose 
Hexokinase/Glucose oxidase, including assay calibra-
tor provided by manufacturer (Siemens, Germany) 
performed on the Advia 1800 Chemistry System. 
Imprecision was below 2%.

Iron
Iron was measured by using the reagent Iron RGT KT 
D/S, including calibrator provided by manufacturer 
(Siemens, Germany) on the Advia 1800 Chemistry Sys-
tem. Imprecision was below 2%.

Statistical analysis
Two dogs were excluded from the study, one because 
it was under treatment with phenobarbital for epilepsy, 
the other because of unexpected complications dur-
ing surgery which lengthened the procedure but were 
not associated with the procedure per se. Also, because 
four serum samples were stored in a different freezer 
for a period of time, one sample from the OVE group 
and three samples from the OHE group were discarded. 
Thus, results from 36 dogs, 17 in the OHE group and 
19 in the OVE group, were included in the statistical 
analysis. All statistical analyses were performed using 
the statistical software package Stata version 11 (Stata-
corp, College Station, USA). Three separate regression 
analyses were performed; one for each of the outcome 
variables CRP, glucose and serum iron concentra-
tions. The explanatory variables were treatment group 
(OVE or OHE) and time [0 (= baseline), 1, 6, 24  h] in 
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all models. Variables were initially evaluated for corre-
lations between time points. Observations within each 
dog through time were not independent of each other. 
Therefore linear mixed regression models, including 
random effects for dog, were applied to detect differ-
ences between the treatment groups and between time 
points for each of the outcome variables. The overall 
effect of the categorical variable time was tested using 
likelihood ratio (LR) tests. The level of statistical signifi-
cance was set to P < 0.05. The assumption of normally 
distributed residuals was assessed using normal quan-
tile plots at the dog level.

Results
The mean age of participating dogs in the sample was 
3.4  years, range 6  months to 10  years, and the mean 
weight 25 kg, range 12–36 kg. The groups did not differ 
with regards to age, body weight, body condition score, 
and surgical time [12]. Preoperative biochemical and 
hematological profiles in the dogs were within the refer-
ence intervals of the DCSCA. None of the dogs had pain 
scores > 15 and thus, rescue analgesia was not indicated 
in any of the animals.

CRP, glucose and iron
Mean and standard deviation for CRP, glucose and iron 
serum concentrations by time and group are presented 
in Table 1. The baseline (T0) values did not differ signifi-
cantly between the groups for any of the three variables. 
Based on the observed correlations, an exchangeable cor-
relation structure between time points was assumed for 
glucose and CRP, and a first-order autoregressive for iron 
concentration. The reported effects of treatment group 
and time are based on output from the three regres-
sion models for CRP, glucose and iron (Model output 

Table 1 Mean and standard deviation (SD) of CRP, glucose, and iron serum concentrations for dogs in the OHE and OVE 
group

Variable Time OHE mean SD OVE mean SD Reference interval

CRP (mg/L) 0 2.7 5.7 2.5 5.3 0.4–15.9

1 2.9 5.7 2.3 4.8

6 11.4 10.7 13.2 9.8

24 57.6 38.4 58.3 25.0

Glucose (mmol/L) 0 5.9 0.7 6.1 1.0 3.9–6.6

1 6.4 0.9 6.4 0.9

6 6.5 0.5 6.8 0.7

24 6.3 0.6 6.5 0.5

Iron (µmol/L) 0 22.4 6.5 22.4 7.5 5.4–32.2

1 22.7 6.3 21.6 6.4

6 16.1 6.2 13.8 6.0

24 14.5 7.3 14.6 5.9

Fig. 1 Mean CRP (a), glucose (b), and iron (c) concentrations for the 
OHE and OVE group at each time point T0, T1, T6 and T24. There was 
no difference between groups for any of the parameters but the 
statistically significant changes from T0 are marked with asterisks
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available from the first author by request). CRP (Fig. 1a) 
was increased at T6 and T24 (P < 0.001) for both groups. 
There was no significant difference in CRP between 
groups (P = 0.92). The glucose concentration (Fig.  1b) 
was higher than baseline (T0) at all time points (LR test 
of group; P = 0.004), but no difference between groups 
was detected (P = 0.27). Iron concentration (Fig. 1c) was 
decreased at T6 and T24 compared to baseline (P < 0.001 
for both), with no difference between groups (P = 0.68). 
Residuals were approximately normally distributed for all 
three models when assessed at the dog-level using nor-
mal quantile plots. The random dog-effect was highly sig-
nificant for all three variables.

Discussion
Both OHE and OVE induced significant postoperative 
changes in CRP, glucose and iron concentrations. The 
hypothesis that OVE would cause a less marked stress 
response could however not be supported, which corrob-
orates the authors’ two previous studies comparing OVE 
and OHE [12, 13]. The detection of increased CRP after 
surgery is in accordance with previous human and canine 
studies [14–17, 25–28]. Increased glucose concentration 
perioperatively has also been registered in both species 
[11, 18, 19, 29].

Decreased iron concentration has been reported both 
after soft tissue and orthopedic surgery in humans [20, 
30], and the magnitude of this decrease differs with sur-
gical invasiveness [20]. Information about iron concen-
tration in dogs after surgery is scarce, but unpublished 
observations by the authors indicate decreased concen-
trations after both skin-, abdominal- and orthopedic sur-
gery compared with pre-operative values in dogs.

CRP is a major acute phase protein in dogs and the 
results expectedly indicate that a moderate inflammatory 
response occurs after both OVE and OHE. CRP has been 
shown to be a sensitive marker of inflammation and fur-
ther has the ability to distinguish inflammatory states as 
a result of neoplasia, immune-mediated disease, surgery, 
and infections [14, 31–35]. It has been argued that CRP 
should be part of routine diagnostic testing because of its 
higher sensitivity than WBC [36, 37]. CRP can increase 
up to 95 times as a result of surgery [26], and this increase 
is related to the degree of tissue injury in dogs [14, 26]. 
Thus, CRP can be used to reflect the degree of surgical 
trauma [14]. In our study CRP increased approximately 
20-fold from T0 to T24. There was no difference between 
groups. OHE has previously been shown to cause mod-
erately elevated CRP in dogs [16, 26]; however, to a lesser 
degree than more invasive surgery like orthopedic sur-
gery [26]. In a study of humans, a smaller elevation of 
CRP was detected after laparoscopic hysterectomy com-
pared to the open abdominal procedure [38], and the 

same phenomenon has been identified in dogs [14]. The 
results from the current study serve to indicate that tis-
sue trauma, as measured by CRP, is comparable for open 
OVE and OHE.

The glucose concentration significantly increased at 
T1 and T6, but slightly decreased again at T24; how-
ever, the difference from T0 to T24 was still statistically 
significant. There was no difference between the two 
groups. Blood glucose concentration is a useful measure 
of surgical stress in dogs [18], and has been identified as 
an independent risk factor for infection after surgery in 
humans [19, 29]. Hyperglycemia has deleterious effects 
on macrophage and neutrophil function [39], and this 
may explain why human patients suffering from diabe-
tes mellitus are twice as likely to develop a post-operative 
infection compared to normoglycemic individuals [40, 
41]. The pathophysiology behind postoperative hypergly-
cemia is partly induction of a hyperglycemic response by 
cortisol and growth hormone and partly insulin resist-
ance and inhibition of insulin secretion, all induced by 
the neuroendocrine and metabolic stress response to 
surgery [5]. Glucose concentration has also been shown 
to have predictive value on the outcome in critically ill 
human patients [42]. In a study by Benson et  al. [11], 
glucose was found to be elevated after anesthesia and 
surgery (OHE) in dogs. The increasing glucose concen-
tration up to T6 corroborates a previous study on OHE 
in dogs [18]. In a study by Hardie et al. [43], 50% of dogs 
with sepsis that developed high glucose concentrations 
postoperatively died, whereas mortality in the group with 
normal glucose concentration was 14%. The difference 
was, however, not statistically significant (P = 0.08) [43]. 
The link between high glucose concentration and mor-
bidity is not completely understood, but it has been sug-
gested that the responsiveness of leukocytes stimulated 
with inflammatory mediators is inversely correlated with 
indices of in vivo glycemic control in humans [39]. As a 
minor study limitation it should be noted that time of 
postoperative feeding is not available for the dogs in the 
study. Also, because the postoperative glucose concentra-
tion was in the upper end of, and not outside, the refer-
ence interval for dogs in our study, a clinical relevance is 
considered unlikely. Nevertheless, it seems that OHE and 
OVE induce increased glucose concentration to a compa-
rable extent.

The iron concentration decreased to a similar degree 
in both groups after surgery, at T6 and T24. An anemic 
state that resembles anemia of chronic disease com-
monly occurs in humans after surgery [20, 30], and can 
take up to 6  weeks to normalize [30]. This was previ-
ously believed to be purely due to blood loss; however, 
iron supplementation after orthopedic surgery has no 
major effect on erythropoiesis [44, 45]. Research in mice 

177C-reactive protein, glucose and iron concentrations are significantly altered in dogs undergoing open...



WT

indicates that hypoferremia is mediated by interleukin 6 
(IL-6) because it induces synthesis of the iron regulatory 
hormone hepcidin, an acute phase protein in humans 
[46, 47]. Transferrin, an iron binding transporter protein, 
is also a negative acute phase protein in dogs [31]. There 
are great similarities between dogs and humans in iron 
metabolism [48], and the mechanisms triggered postop-
eratively are likely to be similar as well. The iron concen-
tration decreased to a similar extent in both groups.

It should be noted that several factors may influence 
the surgical stress response. Stress caused by hospitaliza-
tion is commonly seen in dogs and may exacerbate the 
endocrine responses to surgery [18]. Care must be taken 
to avoid stress in surgical patients in order to minimize 
the catabolic events mediated by the stress response. This 
can in part be done with sedative and anesthetic drugs. 
In this study, medetomidine was used for premedica-
tion. Medetomidine has been shown to obtund the sur-
gical stress response by preventing the catecholamine 
response induced by OHE [11], and could therefore 
have affected the glucose concentration to some degree. 
There is no evidence in the literature to say that medeto-
midine has an anti-inflammatory effect, and hence, an 
influence on CRP and iron concentration is considered 
unlikely. One could argue that the use of non-steroidal 
anti-inflammatory drugs (NSAIDs) such as carprofen 
would limit the inflammatory response to surgery; how-
ever, it is believed that NSAIDs do not directly block 
the production of IL-6 [49], which is proposed to be the 
main inducer of CRP [26, 50]. Also, it has previously been 
shown that CRP and iron as inflammatory markers are 
not affected by NSAID administration in humans [51], 
and neither meloxicam nor carprofen administration 
caused lower postoperative concentrations of CRP in a 
study of OHE in dogs [28]. Also, since carprofen admin-
istration would impact the two groups to a similar extent, 
we consider it a minor limitation to the study. The effects 
of stress and administration of anesthetic and analgesic 
drugs are also assumed to be similar for both groups, but 
it cannot be excluded that the drugs have masked the sur-
gical stress response and hence masked a potential small 
difference between groups. A previous study has shown 
higher CRP concentrations after canine OHE performed 
by inexperienced surgeons [27]; however, since we used 
the same, experienced surgeon for all procedures, this 
is not relevant for the current study. The dogs were only 
followed for 24 h, and a follow-up to assess wound heal-
ing or inflammatory complications was not carried out. 
In humans, increased perioperative concentrations of 
glucose and CRP have been described as risk factors for 
postoperative infections [19, 52]. A study with longer 
follow-up of the animals with regards to complications 
resulting from surgery would have been of value.

The results from the current study show that open 
OVE and OHE provoke a moderate surgical stress 
response, as measured by CRP, glucose and iron con-
centration, of similar magnitude, likely because the 
two methods are too similar in surgical invasiveness 
to detect subtle differences. Laparascopic techniques 
may confer advantages over OHE and OVE in limiting 
inflammation and pain in the postoperative period [14, 
18, 53–55].

Conclusions
The study showed that OHE and OVE induce a surgical 
stress response with postoperative increases in glucose 
concentration and CRP, and a decrease in iron concen-
tration. No significant difference between the OHE and 
OVE group could be detected with regards to the param-
eters measured, and a recommendation of one procedure 
over the other can therefore not be made based on the 
findings of this study.
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Antimicrobial resistance among pathogenic 
bacteria from mink (Neovison vison) in Denmark
Nanett Kvist Nikolaisen, Desireé Corvera Kløve Lassen, Mariann Chriél, Gitte Larsen, Vibeke Frøkjær Jensen 
and Karl Pedersen* 

Abstract 

Background: For proper treatment of bacterial infections in mink, knowledge of the causative agents and their 
antimicrobial susceptibility patterns is crucial. The used antimicrobials are in general not registered for mink, i.e. most 
usage is “off-label”. In this study, we report the patterns of antimicrobial resistance among pathogenic bacteria isolated 
from Danish mink during the period 2014–2016. The aim of this investigation was to provide data on antimicrobial 
resistance and consumption, to serve as background knowledge for new veterinary guidelines for prudent and opti-
mal antimicrobial usage in mink.

Results: A total number of 308 Escherichia coli isolates, 41 Pseudomonas aeruginosa, 36 Streptococcus canis, 30 Strepto-
coccus dysgalactiae, 55 Staphylococcus delphini, 9 Staphylococcus aureus, and 20 Staphylococcus schleiferi were included 
in this study. Among E. coli, resistance was observed more frequently among the hemolytic isolates than among the 
non-hemolytic ones. The highest frequency of resistance was found to ampicillin, 82.3% and 48.0% of the hemolytic 
of the non-hemolytic isolates, respectively. The majority of the P. aeruginosa isolates were only sensitive to ciprofloxa-
cin and gentamicin. Among the Staphylococcus spp., the highest occurrence of resistance was found for tetracycline. 
Regarding the nine S. aureus, one isolate was resistant to cefoxitin indicating it was a methicillin-resistant Staphylococ-
cus aureus. Both β-hemolytic Streptococcus species showed high levels of resistance to tetracycline and erythromy-
cin. The antimicrobial consumption increased significantly during 2007–2012, and fluctuated at a high level during 
2012–2016, except for a temporary drop in 2013–2014. The majority of the prescribed antimicrobials were aminopeni-
cillins followed by tetracyclines and macrolides.

Conclusions: The study showed that antimicrobial resistance was common in most pathogenic bacteria from mink, 
in particular hemolytic E. coli. There is a need of guidelines for prudent use of antimicrobials for mink.

Keywords: Antimicrobial consumption, Antimicrobial resistance, Escherichia coli, Mink, Neovison vison, Pseudomonas 
aeruginosa, Staphylococcus delphini, Streptococcus canis

Background
The Danish production of mink (Neovison vison) skins 
was over 17 million annually (2013–2016). In 2016, this 
corresponded to 30% of the world production of 55.7 mil-
lion skins [1]. In the Danish mink production, a range of 
bacterial species are causing a wide variety of infectious 

diseases. Among the most important ones are Escheri-
chia coli (causing e.g. enteritis, pneumonia, and septice-
mia), Streptococcus canis and Streptococcus dysgalactiae 
(e.g. pneumonia, wound infections, and mastitis), various 
staphylococci such as Staphylococcus delphini, Staphylo-
coccus aureus, and Staphylococcus schleiferi (e.g. wound 
infections, dermatitis, pleuritis, pneumonia, and mas-
titis) and Pseudomonas aeruginosa (e.g. hemorrhagic 
pneumonia) [2]. Antimicrobials are prescribed for treat-
ment of these infections, but the usage of antimicrobial 
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drugs may lead to the selection for resistance [3, 4]. 
Therefore, it is important to follow the development of 
resistance over time for the major bacterial pathogens. 
The consumption of antimicrobials for mink in Denmark 
increased over several years up to 2012 [5, 6]. Rising 
public focus on animal welfare may have contributed to 
the increase in 2011–2012 [6]. On the other hand, rising 
focus on antimicrobial consumption in the mink produc-
tion may have contributed to the significant decrease in 
2013 and 2014 [5, 6].

At present, only one antimicrobial product containing 
oxytetracycline is registered specifically for use in mink 
on the Danish market. Therefore, most antimicrobial use 
is “off-label” and dosages are extrapolated from other ani-
mal species, for which the products are registered, while 
knowledge on absorption and plasma concentrations in 
mink are sparse.

Here we present the results of the surveillance of anti-
microbial resistance among pathogenic bacteria isolated 
from mink submitted for diagnostic at the National Vet-
erinary Laboratory in a 3-year period, 2014–2016, and 
compare the results with previous data. The reported 
findings of antimicrobial resistance levels are discussed 
in relation to patterns in antimicrobial prescription for 
mink.

Methods
Bacterial isolates and culture conditions
Bacterial isolates were obtained from clinical samples 
from carcasses submitted to the National Veterinary 
Institute, DTU, during the period 2014–2016. The iso-
lates were considered causative agents in infections that 
had led to the submission of the animals for laboratory 
examination. They had been recovered from pathological 
material by conventional culture methods and identified 
by matrix-associated laser desorption/ionization—time 
of flight mass spectrometry (MALDI-TOF MS). Mass 
spectra were obtained using an Autoflex Speed instru-
ment (Bruker Daltonics, Bremen, Germany) calibrated 
with the Bruker Escherichia coli Bacterial Test Standard 
for Mass Spectrometry. Isolates were analysed with the 
MALDI Biotyper RTC 3.1 software using a BDAL data-
base of library spectra (Bruker Daltonics). Only one iso-
late was included from each submission. They originated 
from many farms (n =  284 out of approx. 1400 Danish 
mink farms) and were assumed to be representative for 
Danish mink farms.

The E. coli isolates (n = 308) consisted of 158 hemolytic 
and 150 non-hemolytic isolates. They were derived from 
samples of liver, lung, mammary gland, feces, intestine, 
spleen, or uterus. The S. canis (n = 36) and S. dysgalac-
tiae (n = 30) isolates were derived from mammary gland, 

liver, lung, paw, skin, or thoracic cavity. The staphylococci 
included in this investigation were primarily of the spe-
cies S. delphini (n = 55) and a few of S. aureus (n = 9) or 
S. schleiferi (n = 20). They were derived from lung, liver, 
urine, skin, uterus, nose, or kidney. Isolates of P. aerugi-
nosa (n = 41) were mainly isolated from the lung, except 
a few deriving from the spleen, liver, or thoracic cavity; 
all P. aeruginosa isolates were found in association with 
outbreaks of hemorrhagic pneumonia.

Antimicrobial susceptibility testing
The minimal inhibitory concentration (MIC) of different 
antimicrobial agents was determined by the broth dilu-
tion susceptibility testing method using a semiautomatic 
system (SensiTitre, Trek Diagnostic Systems Ltd., UK) 
according to recommendations by the Clinical Labora-
tory Standards Institute [7]. The susceptibility test-panels 
and their test ranges are presented in Tables 1, 2, 3, 4, 5, 6 
and 7. In the test result for P. aeruginosa, only apramycin, 
ciprofloxacin, colistin, gentamicin, spectinomycin, and 
streptomycin were reported due to intrinsic resistance 
towards the remaining antimicrobials [8, 9] (Table 3).      

MIC values were interpreted using clinical breakpoints 
when available [see Additional file 1]. Since there are no 
approved breakpoints for mink pathogens, these inter-
pretations must be regarded cautiously. Test ranges were 
as stated by Pedersen et al. [10]. Resistance percentages 
were calculated from isolates with MIC values above the 
breakpoint for resistance. In this study, the resistance 
level for each antimicrobial was considered low when 
<10% of the isolates were above the resistance breakpoint 
and considered high when resistance levels were >40%. 
Comparison between resistance levels in hemolytic and 
non-hemolytic E. coli was performed by using a Fisher’s 
exact test [11]. Results were considered significant when 
P < 0.05.

Consumption of antimicrobial agents
Data on antimicrobial consumption in mink from 2007 
to 2016 were extracted from the national veterinary pre-
scription database, VetStat [12, 13]. VetStat data are con-
sidered to cover more than 99% of the total prescribed 
amounts of antimicrobials for veterinary use [14]. This 
study included all records on sales of antimicrobial drug 
for systemic use when (1) prescribed for mink, and/or 
(2) prescribed to mink farms with no other animal spe-
cies recorded on the farm. The temporal developments in 
antimicrobial consumption were presented as annual kg 
active compound together with the trend in number of 
breeding females as a measure of population size.

To enable comparison of individual classes of antimi-
crobials, the consumption was measured in Defined Ani-
mal Doses. To adjust for fluctuations in population size, 

182 Animal Health and Welfare: An Issue of Veterinary Clinics



WT
an estimated treatment proportion (TP) per year was cal-
culated as;

TP =

∑ active compound

DADDkg ∗

(

animal biomass ∗ days
)

where DADDkg (mg/kg) is the number of defined daily 
dosage for treatment of one kg biomass, defined on prod-
uct level as the recommended average daily dose, accord-
ing to the principles described previously by Jensen et al. 

Table 1 MIC distributions and occurrence of resistance of hemolytic Escherichia coli (n = 158) isolates from Danish mink 
(2014–2016)

Distribution (n) of MICs (µg/ml)
0.015 0.031 0.063 0.125 0.25 0.5 1 2 4 8 16 32 64 128 256 512 1024 2048 %R

Amox + clav 12 23 110 11 2 1.3
Ampicillin 2 17 8 1 130 82.3
Apramycin 110 42 5 1 0.6
Cefotaxime 154 1 1 2 1.9
Ceftiofur 156 1 1 0.6
Chloramphenicol 4 96 50 3 2 3 5.1
Ciprofloxacin 106 50 1 1 0
Colistin 150 7 1 0.6
Florfenicol 8 122 24 4 2.5
Gentamicin 52 93 8 1 4 2.5
Nalidixic acid 155 1 2 1.9
Neomycin 128 25 2 3 3.2
Spectinomycin 113 12 7 6 9 11 16.5
Streptomycin 53 14 7 16 20 48 57.6
Sulphamethoxazole 69 89 56.3
Tetracycline 69 2 1 2 84 55.1
Trimethoprim 93 1 64 40.5

Vertical lines indicate breakpoints for resistance (see breakpoint table in Additional file 1 A). White fields indicate test range for each antimicrobial. Values greater than 
the test range represent MIC values greater than the highest concentration in the range. MICs equal to or lower than the lowest concentration, are given as the lowest 
concentration in the test range

R resistance, n number of isolates, amox + clav amoxicillin with clavulanic acid (1:2)

Table 2 MIC distributions and  occurrence of  resistance of  non-hemolytic Escherichia coli (n =  150) isolates from  Danish 
mink (2014–2016)

Distribution (n) of MICs (µg/ml)
0.015 0.031 0.063 0.125 0.25 0.5 1 2 4 8 16 32 64 128 256 512 1024 2048 %R

Amox + clav 21 52 64 12 1 0.7
Ampicillin 2 29 42 5 72 48.0
Apramycin 103 43 4 0
Cefotaxime 146 3 1 0.7
Ceftiofur 147 2 1 0.7
Chloramphenicol 6 61 74 2 2 5 4.7
Ciprofloxacin 83 53 3 2 2 1 6 4.0
Colistin 144 6 0
Florfenicol 8 93 47 1 1 1.3
Gentamicin 52 88 9 1 0
Nalidixic acid 138 3 9 6.0
Neomycin 123 18 2 1 1 5 4.7
Spectinomycin 107 21 3 5 14 14.7
Streptomycin 86 12 5 2 11 34 34.7
Sulphamethoxazole 97 53 35.3
Tetracycline 98 10 42 28.0
Trimethoprim 114 36 24.0

Vertical lines indicate breakpoints for resistance (see breakpoint table in Additional file 1 A). White fields indicate test range for each antimicrobial. Values greater than 
the test range represent MIC values greater than the highest concentration in the range. MICs equal to or lower than the lowest concentration, are given as the lowest 
concentration in the test range

R resistance, n number of isolates, amox + clav amoxicillin with clavulanic acid (1:2)
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[5]; active compound was the annual antimicrobial use 
summarized on 4th or 5th ATCvet level [15]; the live 
animal biomass was estimated from number of breeding 
females registered at Kopenhagen Fur, and data on litter 
size and growth, as described by Jensen et al. [5]. A TP of 
10 DADD/1000 biomass × days corresponds to 1% of the 
population biomass being treated on an average day.

Results
Resistance occurrence
In the hemolytic E. coli isolates, the highest occurrence of 
resistance was recorded for ampicillin (82.3%). Addition-
ally, high resistance levels were found for streptomycin, 
sulphonamides, tetracyclines, and trimethoprim (>40%) 

(Table 1). For these compounds as well as spectinomycin, 
resistant isolates were recorded from any sampling site. 
For other tested antimicrobials, resistance levels were 
low.

Among the hemolytic E. coli, 45 different phenotypic 
resistance profiles were recorded. Only 19 of 158 isolates 
were sensitive to all 17 tested antimicrobials. Multire-
sistance, i.e. being resistant to three or more compounds, 
was recorded in 60% of all the isolates. The most com-
mon phenotypes were resistant to ampicillin-strepto-
mycin-sulphonamide-tetracycline/trimethoprim (see 
Additional file 2). Mono-resistance was recorded in 10% 
of the isolates. Resistance for up to 10 compounds was 
recorded.

Table 3 MIC distributions and occurrence of resistance of  Pseudomonas aeruginosa (n = 41) isolates from Danish mink 
(2014–2016)

Distribution (n) of MICs (µg/ml)
0.015 0.031 0.063 0.125 0.25 0.5 1 2 4 8 16 32 64 128 256 512 1024 2048 %R

Apramycin 31 10 -
Ciprofloxacin 1 21 13 5 1 0
Colistin 14 20 6 1 17
Gentamicin 4 26 11 0
Spectinomycin 1 5 16 19 -
Streptomycin 2 6 26 7 -

Vertical lines indicate breakpoints for resistance when available (see breakpoint table in Additional file 1 A). White fields indicate test range for each antimicrobial. 
Values greater than the test range represent MIC values greater than the highest concentration in the range. MICs equal to or lower than the lowest concentration, are 
given as the lowest concentration in the test range

R resistance, n number of isolates

Table 4 MIC distributions and occurrence of resistance of Streptococcus canis (n = 36) isolates from Danish mink (2014–
2016)

Distribution (n) of MICs (µg/ml)
0.063 0.125 0.25 0.5 1 2 4 8 16 32 64 128 256 512 1024 %R

Cefoxitin 24 11 1 -
Chloramphenicol 15 21 0
Ciprofloxacin 16 20 0
Erythromycin 17 1 18 53
Forfenicol 15 21 0
Gentamicin 1 1 14 19 1 -
Penicillin 34 2 6
Spectinomycin 21 3 1 11 -
Streptomycin 3 14 2 1 16 -
Sulphamethoxazole 9 13 3 11 -
Tetracycline 1 1 34 97
Tiamulin 21 2 1 2 10 -
TMP+Sulpha 36 0
Trimethoprim 29 4 3 0

Vertical lines indicate breakpoints for resistance when available (see breakpoint table in Additional file 1 B). White fields indicate test range for each antimicrobial. 
Values greater than the test range represent MIC values greater than the highest concentration in the range. MICs equal to or lower than the lowest concentration, are 
given as the lowest concentration in the test range

R resistance, n number of isolates, TMP + Sulpha trimethoprim with sulphamethoxazole (1:19)
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Resistance among the non-hemolytic E. coli isolates was 

also highest for ampicillin (48%), followed by streptomy-
cin, sulphonamide, and trimethoprim (>25%) (Table  2). 
For these antimicrobials and tetracycline, resistant iso-
lates were observed for all kind of samples. For other 
tested antimicrobials, resistance was at low levels.

The hemolytic and non-hemolytic E. coli isolates 
showed similar resistance patterns, e.g. both showed the 
highest level of resistance to ampicillin. However, higher 
levels of resistance were in general observed among 
the hemolytic isolates than among the non-hemolytic 
isolates (Tables  1, 2). The differences were statistically 

Table 5 MIC distributions and occurrence of resistance of Streptococcus dysgalactiae (n = 30) isolates from Danish mink 
(2014–2016)

Distribution (n) of MICs (µg/ml)
0.063 0.125 0.25 0.5 1 2 4 8 16 32 64 128 256 512 1024 %R

Cefoxitin 1 24 5 -
Chloramphenicol 5 24 1 0
Ciprofloxacin 1 19 10 0
Erythromycin 12 1 17 57
Forfenicol 5 24 1 0
Gentamicin 3 15 11 1 -
Penicillin 30 0
Spectinomycin 16 4 10 -
Streptomycin 1 4 7 1 1 16 -
Sulphamethoxazole 17 4 3 2 1 3 -
Tetracycline 1 1 1 2 6 19 83
Tiamulin 15 1 14 -
TMP+Sulpha 30 0
Trimethoprim 18 11 1 0

Vertical lines indicate breakpoints for resistance when available (see breakpoint table in Additional file 1 B). White fields indicate test range for each antimicrobial. 
Values greater than the test range represent MIC values greater than the highest concentration in the range. MICs equal to or lower than the lowest concentration, are 
given as the lowest concentration in the test range

Table 6 MIC distributions and  occurrence of  resistance of  Staphylococcus delphini (n =  55) isolates from  Danish mink 
(2014–2016)

Distribution (n) of MICs (µg/ml)
0.063 0.125 0.25 0.5 1 2 4 8 16 32 64 128 256 512 1024 %R

Cefoxitin 33 20 1 1 0
Chloramphenicol 1 24 29 1 0
Ciprofloxacin 30 22 2 1 0
Erythromycin 17 25 1 1 11 20
Forfenicol 2 32 21 0
Gentamicin 54 1 0
Penicillin 18 11 15 2 3 3 2 1 47
Spectinomycin 21 30 4 7
Streptomycin 45 7 1 2 5
Sulphamethoxazole 47 5 3 0
Tetracycline 25 2 3 25 51
Tiamulin 53 1 1 0
TMP+Sulpha 54 1 2
Trimethoprim 2 10 24 17 1 1 2

Vertical lines indicate breakpoints for resistance (see breakpoint table in Additional file 1 B). White fields indicate test range for each antimicrobial. Values greater than 
the test range represent MIC values greater than the highest concentration in the range. MICs equal to or lower than the lowest concentration, are given as the lowest 
concentration in the test range

R resistance, n number of isolates, TMP + Sulpha trimethoprim with sulphamethoxazole (1:19)
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WTsignificant for ciprofloxacin (P  <  0.03) and highly sig-
nificant (P  <  0.001) for ampicillin, streptomycin, sul-
phonamide, tetracycline and trimethoprim. Only for 
ciprofloxacin the resistance levels were higher in the non-
hemolytic isolates (4%) than in the hemolytic isolates 
(1%) (Tables 1, 2).

All the 41 P. aeruginosa isolates were sensitive to cip-
rofloxacin and gentamicin. Colistin resistance was found 
in 17% of the isolates. All isolates were susceptible to 
apramycin in a concentration below 16 µg/mL (Table 3).

The two species of beta-hemolytic streptococci tested 
in this study, presented similar resistance patterns 
(Tables 4, 5). The majority of the 36 S. canis isolates and 
the 30 S. dysgalactiae isolates were resistant to tetracy-
cline (97% and 83%, respectively). Additionally, high 
levels of resistance to erythromycin were found in both 
streptococci species with more than 40% of the isolates 
(Tables  4, 5). As all the isolates of S. dysgalactiae were 
sensitive to penicillin, and two of the S. canis isolates 
were resistant.

The two staphylococcus species tested in this study, 
presented similar resistance patterns except for penicillin 
(Tables 6, 7). Among the 55 S. delphini isolates the high-
est occurrence of resistance were found for tetracycline 
(51%), penicillin (47%) and erythromycin (20%) (Table 6). 
Among the 20 S. schleiferi isolates about half of the iso-
lates were resistant to tetracyclines, but only two isolates 
were resistant penicillin (Table 7).

Only nine S. aureus isolates were available for test-
ing. They were susceptible to the majority of the tested 

antimicrobials, while five of the isolates were resistant to 
penicillin and four to tetracyclines. One of the isolates 
was resistant to cefoxitin, suggesting that this S. aureus 
isolate was a methicillin-resistant S. aureus (MRSA).

Antimicrobial consumption
The overall antimicrobial consumption in the mink pro-
duction measured in kg active compound, increased by 
130% from 2007 to 2012, followed by a slight tempo-
rary decrease, most pronounced in 2014 (Fig.  1). From 
2010 there has been an increase in number of breeding 
females, which may explain for some of the increase in 
usage (Fig. 1). Taking into account the changes in popu-
lation size, the antimicrobial consumption increased by 
109%, from 23 DADD/(1000 biomass  ×  days) in 2007 
to 48 DADD/(1000 biomass  ×  days) in 2012 (Fig.  2). 
In 2014, the antimicrobial consumption decreased to 
around 30 DADD/(1000 biomass  ×  days), and since 
increasing towards 40 DADD/(1000 biomass ×  days) in 
2016. The rise during the period 2007–2012 was mainly 
related to the use of aminopenicillins (mainly amoxicil-
lin), tetracyclines and macrolides, which are by far the 
most frequently used antimicrobials in the mink pro-
duction (Fig.  2). Lincomycin in combination with spec-
tinomycin has been commonly used, but it has been 
decreasing the past years. Cephalosporins and fluoro-
quinolones comprised less than 0.01% of the antimicro-
bial consumption in Danish mink during 2007–2012; 
amphenicols (florfenicol) comprised 0.06% and colistin 
comprised 0.2% of the consumption.

Table 7 MIC distributions and  occurrence of  resistance of  Staphylococcus schleiferi (n =  20) isolates from  Danish mink 
(2014–2016)

Distribution (n) of MICs (µg/ml)
0.063 0.125 0.25 0.5 1 2 4 8 16 32 64 128 256 512 %R

Cefoxitin 17 2 1 0
Chloramphenicol 17 3 0
Ciprofloxacin 8 12 0
Erythromycin 19 1 5
Forfenicol 18 2 0
Gentamicin 17 3 0
Penicillin 18 1 1 10
Spectinomycin 13 6 1 5
Streptomycin 13 7 0
Sulphamethoxazole 11 8 1 0
Tetracycline 9 1 10 55
Tiamulin 14 5 1 0
TMP+Sulpha 19 1 0
Trimethoprim 2 16 2 0

Vertical lines indicate breakpoints for resistance (see breakpoint table in Additional file 1 B). White fields indicate test range for each antimicrobial. Values greater than 
the test range represent MIC values greater than the highest concentration in the range. MICs equal to or lower than the lowest concentration, are given as the lowest 
concentration in the test range
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The seasonal pattern shows a dramatic peak in anti-

microbial consumption in May (Fig.  3a). This is true 
for all antimicrobial classes, but most pronounced 
for the most used antimicrobials; aminopenicillins, 
macrolides, lincosamides with spectinomycin, and 

tetracyclines (Fig.  3a). The prescription of tetracycline 
also increases into the autumn (June–October), when 
the kits are growing and the biomass is significantly 
higher (Fig.  3b). In contrast, during the period from 
pelting (November–December) until the whelping 
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season (May), the prescription of antimicrobial was 
very low (Fig. 3b).

Discussion
In the present study, by far the highest level of resistance 
in E. coli was recorded for ampicillin, with 82.3% of the 
hemolytic and 48.0% of the non-hemolytic isolates. A 
similar observation was reflected in a previous study on 
antimicrobial susceptibility in mink pathogens, where the 
highest occurrence of resistance was found to ampicillin 
[2]. The same study showed that streptomycin, tetracy-
clines, sulphonamides, spectinomycin, and trimethoprim 
were associated with the highest levels of resistance [2]. 
These antimicrobial classes together with the aminopeni-
cillins are also the most commonly used, but much fewer 
animals are treated with these drugs compared to amin-
openicillins (Fig. 3b).

The resistance profiles of E. coli, with more than 50% 
of the isolates being resistant to sulphonamide and strep-
tomycin, which are not commonly used in Danish mink, 
might be related to usage and/or to co-selection [16]. The 
potential of E. coli to transfer resistance plasmids and 
thereby spread antimicrobial resistance is well known; 
several resistance genes have been discovered, some 
genes give multiple resistances, and numerous resistance 
genes can be found within one isolate [17]. In this study, 
a high level of resistance to streptomycin was recorded, 
and as streptomycin is not used in mink, co-selection is 
the most likely cause [16, 17].

For both the hemolytic (1.9%) and non-hemolytic 
(0.7%) E. coli, a low number of cefotaxime resistant iso-
lates were found. This resistance might indicate extended 
spectrum beta-lactamases (ESBL) status, but it was not 
investigated further in this study.

When comparing the hemolytic and non-hemolytic E. 
coli, resistance for most compounds was higher among 
the hemolytic isolates than among the non-hemolytic 
ones. A similar observation was made in a previous study, 
comparing hemolytic and non-hemolytic E. coli in Dan-
ish mink [18]. The reason for this is not known, and there 
is currently no evidence to suggest that these strains 
are more virulent to mink or more likely to be exposed 
to antimicrobials and subsequently develop resistance. 
However, this needs to be further investigated. In pigs, 
the hemolytic E. coli O149 is the most important patho-
gen in weaning diarrhea, and hemolysis is thought to be 
involved in the pathogenesis, although other toxins than 
hemolysin are known to be important [19].

In mink, P. aeruginosa is causative of hemorrhagic 
pneumonia, and this bacterium is well recognized 
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because of its intrinsic resistance to most antimicrobi-
als [8, 9]. High susceptibility was found to ciprofloxa-
cin, colistin, and gentamicin. The few colistin-resistant 
strains found in this study might belong to the Gaussian 
distribution of the susceptible wild types (Table 3). In a 
previous study, all P. aeruginosa isolates were found sus-
ceptible to gentamicin and colistin [2].

In this study, both group G (S. canis) and group C (S. 
dysgalactiae) streptococci were investigated. In the two 
streptococcus species, high resistance levels to tetracy-
cline were found; S. canis: 97% and S. dysgalactiae: 83%. 
High levels of resistance to tetracycline were also found 
in a previous study [2]. Resistance to macrolides, repre-
sented by erythromycin was high in data from 2008 [2] 
and this pattern was also found in the present study with 
more than 50% of the isolates being resistant in both 
species (Tables  4, 5). Whether the high levels of resist-
ance to macrolides and tetracycline reflects the similarly 
high consumption of these compounds (Fig. 2) is uncer-
tain. The tiamulin and spectinomycin MIC distributions 
showed a distinct division into two groups in both spe-
cies. This might indicate the grouping of susceptible wild 
type and a resistant population (Tables  4, 5). Penicillin 
resistance was low in the streptococci despite high con-
sumption of aminopenicillins; this is a pattern known also 
from other species, e.g. humans and cattle [20]. In this 
study, two S. canis isolates had a MIC value of 0.25 µg/
mL to penicillin while the other isolates had MIC values 
≤0.063 µg/mL. This needs to be further investigated.

The taxonomy of staphylococci has changed so that 
isolates from mink that were previously identified as S. 
intermedius are now considered to belong to the species 
S. delphini. Thus, the isolates reported by Pedersen et al. 
[2] as S. intermedius were likely all S. delphini. Among 
S. delphini, far the highest level of resistance was found 
to tetracycline (51%). A similar pattern was observed in 
2008 [2], as high levels of resistant isolates were found to 
tetracycline, penicillin and erythromycin.

One of the S. aureus isolates was resistant to cefoxitin. 
This observation subsequently prompted an investiga-
tion of occurrence of MRSA in mink, and it has become 
evident that MRSA is widespread on Danish mink farms. 
The majority of the isolates are livestock-associated 
MRSA CC398, and belonging to spa-types t034 and t011, 
which are also most prevalent in pigs [21].

In general, the occurrence of resistance towards cepha-
losporins and fluoroquinolones is very low in bacterial 
isolates from Danish mink, most likely due to the very 
low consumption of the compounds both in Danish mink 
and other production animals in Denmark (Fig. 2) [20].

There was a marked increase in antimicrobial pre-
scription in May (Fig.  3a). The reason is probably that 
that mink kits are born around early May, and the 

antimicrobials are mainly for treatment of pre–weaning 
mink diarrhea. In the peri-weaning period May–July, the 
prescription of aminopenicillins was 27% higher than 
macrolides and 75% higher compared to the use of tet-
racyclines. In contrast, tetracyclines were used 10% more 
than aminopenicillins and 65% more than macrolides 
in autumn. Thus aminopenicillins are in general used 
to treat pre- and post-weaning animals in the spring, 
whereas tetracyclines are used mainly in the almost 
full-grown animals in the autumn. Consequently, more 
animals can be treated with the given amount of amin-
openicillins in the spring, than the tetracycline in the 
autumn. This explains the difference between Fig. 3a, b.

Conclusions
For E. coli, high levels of resistance were recorded, espe-
cially among hemolytic isolates, to the most used com-
pounds ampicillin and tetracyclines. High resistance 
levels to streptomycin and sulphonamides were recorded, 
probably due to co-resistance. The most commonly used 
antimicrobials are also reflected in the resistance patterns 
of Gram positive bacteria. The antimicrobial consump-
tion data displays an overall decrease from 2011 to 2014, 
and then a gradual increase in 2015 and 2016.

There is a need for guidelines regarding treatment and 
susceptibility of relevant pathogens in Danish mink for 
veterinarians and farmers to optimize (and minimize) the 
use of antimicrobial compounds.
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The use of phoxim and bendiocarb for control 
of fleas in farmed mink (Mustela vison)
Kim Søholt Larsen1* , Martin Sciuto2 and Jan Dahl3

Abstract 

Background: Fleas (Ceratophyllus sciurorum) are common on farmed mink in Denmark. When present, the fleas have 
a negative impact on the health of the farmed mink and are of nuisance for farm staff. Severe infestations of fleas 
cause anemia, poor growth and may result in death of mink kits. Changed behavior of the dams is also observed. Fur-
ther it has been demonstrated that the fleas are vectors of Aleutian disease virus. Flea control is based on use of a few 
insecticides and resistance has been reported against permethrin. There is thus a need for new flea control products. 
In this blinded, randomized clinical trial according to GCP standard, phoxim spray and bendiocarb powder for flea 
control on mink farms were investigated.

Results: Both the phoxim spray solution and bendiocarb powder were found to be efficient for the control of C. 
sciurorum fleas on farmed mink. Phoxim treatments reduced the number of fleas by 98.4% and the bendiocarb treat-
ments reduced the number of fleas by 99.0% in the mink nest boxes when compared to counts in controls. No clinical 
signs were observed post treatment.

Conclusions: The study demonstrated that phoxim sprayed on the animals and the use of bendiocarb powder in 
the nest box material were highly efficient for the control of the C. sciurorum fleas on farmed mink. Both products 
were safe to use at the recommended dose rate. Both compounds are recommended to be integrated in a new farm 
management plan suggested here.

Keywords: Bendiocarb, Farmed mink, Fleas, Phoxim

Background
Mink farmers are often confronted with flea infesta-
tions in mink (Mustela vison) and the need of an ade-
quate treatment [1, 2]. The squirrel flea, Ceratophyllus 
sciurorum, is the most common pest on farmed mink 
in Denmark and several other countries [3]. Severe flea 
infestations may cause anemia, poor growth and may 
result in death of the very young mink kits. Furthermore, 
the flea infested dams may become restless and thus 
often leave the nest boxes. This is associated with poor 
care of the kits, starvation and subsequently death. Skin 
and fur can also be damaged when the mink reacts to the 

fleas by scratching and biting [4]. A flea problem is typi-
cally detected when observing fleas on the mink, find-
ing increased numbers of anemic or dead newborn kits 
or when the farm personnel is being bitten by fleas. The 
squirrel flea has also been demonstrated to be the vec-
tor of pathogenic organisms, e.g., Aleutian mink disease 
virus [5]. Control of the squirrel fleas on mink farms is 
thus of vital importance for the health of the mink.

The squirrel flea is almost only present on the host 
while blood feeding. After the blood meal they leave their 
host and are then found in the host’s surrounding, typi-
cally in the straw material of the nest box. It is also in the 
nest box material that the fleas lay their eggs and where 
the development from egg to adult flea takes place [4].

Only two insecticides are at present registered for flea 
control in mink farms in Denmark, namely diflubenzuron 
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and permethrin. Both products are talc powder for-
mulated and are spread/dusted in the straw material in 
the nest box of the mink. These treatments are made 
preventively but permethrin is also used when fleas are 
observed on the farms. Failure of controlling the fleas 
using permethrin has been experienced on farms not 
only in Denmark [1, 6], but also in other countries [4]. 
The reduced efficacy observed in Denmark seems to be 
due to the presence of permethrin resistance [6] but poor 
management practice on the farms is also part of the flea 
problem [7]. There is thus a need for finding new well 
tolerated insecticides for squirrel flea control on farmed 
mink.

The purpose of this study was to evaluate the efficacy of 
phoxim and bendiocarb formulations for flea control on 
farmed mink.

Methods
Trial design
Phoxim was applied as a 0.1% phoxim aqueous dilution 
spray (1.9 mL per 100 cm2 body surface)  (Sebacil® Vet., 
Bayer) and bendiocarb as a 1.25% bendiocarb powder 
(4  g per nest box)  (Ficam® D, Bayer) on an established 
flea infestation. Two control groups (water spray or 
talc powder without any insecticide, respectively) were 
included. Each nest box in the treated and the control 
groups was regarded as a separate unit as the migration 
of fleas between nest boxes is very limited or does not 
occur at all. Each cage in the study with one mink was 
separated from the next by an empty cage. The trial was 
blinded, by separation of study roles: the dispenser was 
not involved in any clinical examination throughout the 
study and the staff counting flea numbers was unaware of 
the treatment minks had received.

Farms and animals
The study was designed as a field study and two com-
mercial standard mink farms were selected. Both farms 
were located in Jutland, Denmark and both farms had 
a record of squirrel flea problems for several years. 
The chains of cages were placed under a roof and with 
a pathway between the chains. Each cage consisted of 
a wooden nest box (0.075  m2) and a wire netting box 
(0.27 m2). All nest boxes were newly packed with barley 
straw. Below the straw a folded newspaper was placed 
to avoid material from falling out of the nest box. 
Food for the mink was applied on the top of the wire 
netting boxes. The mink used were 160 barren female 
mink, 1 or 2  years of age. The animals were of differ-
ent breeds. One unit with 80 mink on each farm was 
used. The mink were split randomly into two treatment 
groups. Forty mink were included in the treatment 
groups (20 mink in each group) and 40 were acting as 

controls (again 20 mink in each group). The animals 
were inspected daily by the farm personal during the 
trial period. Further, a veterinarian also inspected all 
animals prior to treatment and at the end of the study. 
Clinical visual inspection of the animal in the wire net-
ting box was performed with special emphasis on the 
hair and skin prior to the treatment and at the end of 
the study 7 days later.

Treatments
The aim of the treatments was either controlling the 
fleas on the mink or the fleas in the nest box material. 
The first product tested was 50% w/v phoxim  (Sebacil® 
Vet.) administered as a 0.1% phoxim aqueous dilution 
sprayed once. Considering the body surface of minks to 
be similar to those of ferrets (ferrets with a body weight 
of 0.75  kg and 1.0  kg do have a body surface area of 
0.082 m2 and 0.099 m2, respectively [8, 9]), the topical 
spray-dosing of the mink were conducted according to 
Table 1.

The 0.1% phoxim water-based solution was sprayed on 
the mink. The second product used was 1.25% w/w ben-
diocarb powder  (Ficam® D), which was applied to the 
straw material in the nest box at a dose of 4 g. Twenty-
five millilitre of water and 4 g of talc powder were used as 
control references for the phoxim and bendiocarb treat-
ments, respectively. The treatments were performed the 
day after 50 C. sciurorum fleas were placed in each of the 
nest boxes. The effect of the treatments was measured 
as the number of fleas found in the material of each nest 
box 1 week after the treatments.

Table 1 Dosing table for 0.1% phoxim aqueous dilution 
sprayed on the body surface of mink

The target volume was calculated based on a recommended dose of 25 mL per 
adult animal of 1.5 kg body weight. Body surface area (BSA) in  m2 = K × [body 
weight (BW) in  grams2/3] × 10−4, K = constant of 9.94 for ferrets

Calculation of body surface area 
(BSA)

Application volume 
for animals in the body 
weight range of

BW in gram BSA in  m2 Target 
volume 
(mL)

Weight range (g) IVP (mL)

750 0.082 15.7 750–999 19

1000 0.099 19.1 1000–1249 22

1250 0.115 22.1 1250–1499 25

1500 0.130 25.0 1500–1749 28

1750 0.144 27.7 1750–1999 30

2000 0.158 30.3 2000–2249 33

2250 0.171 32.8 2250–2499 35

2500 0.183 35.1 2500–2749 37

192 Animal Health and Welfare: An Issue of Veterinary Clinics



WT

Experimental infestation
The barren female mink were transferred to cages with 
new straw bedding material. No fleas were thus present 
in the nest boxes before the artificial infestation. All nest 
boxes were then artificially infested with 50 adult fleas (C. 
sciurorum) on the day before treatment. The fleas used 
for this study were collected from the same farm where 
the mink were originating. This was done to prevent any 
possible transmission of pathogenic organisms between 
farms. The fleas for each nest box were kept in separate 
tubes for up to 24 h before the day of use.

Parasite counting
On study day 7 all material in the nest boxes was trans-
ferred into large plastic bags for counting of live fleas 
within 72 h after collection. Each bag was given a unique 
code number. The staff performing the flea counting 
(entomologists) was blinded by means of the coded bags. 
Counting of fleas was done by looking through the mate-
rial from each of the nest boxes and counting all adult 
live fleas found in the material.

Statistical analyses
Data for both trials were analysed in a loglinear model 
with treatment group and farm as explanatory variables 
(PROC GENMOD, SAS Institute, NC, USA). The interac-
tion between farm and treatment was evaluated. Effects 
are reported per farm, and if the interaction between 
farm and treatment was non-significant, an overall 
effect was calculated. Initially a Poisson distribution was 
assumed, but if the model fit, evaluated as a high Pearson 
Chi square, indicated a low fit of the model, a negative 
binomial distribution was assumed. Finally, if overdisper-
sion was still present after this, a post hoc adjustment of 
P-values and confidence intervals was calculated, using 
the P-scale option in PROC GENMOD (SAS Institute) 
(adjusting P-values and confidence-intervals by the Pear-
son Chi square statistics divided by degrees of freedom).

Results are presented as percentage reduction in 
each treatment-group, compared to the respective 
control-group.

Thus, the efficacy of the two compounds included 
in this study was evaluated on their ability to control 

fleas present in the mink nesting material compared to 
untreated controls.

Results
Three bags with nest material could not be used for flea 
counting: One sample from one farm had lost the cage 
code label during the collection process and two samples 
from the other farm were excluded due to incorrect num-
bering in the registration process. These three nest boxes 
were excluded in this study and data from flea counts in 
157 nest boxes are thus included in this study.

No animals experienced health problems, no animals 
received additional medical treatment and no nest mate-
rial was removed from the nest boxes. No changes in 
normal behaviour were observed as well as no side effects 
were observed during the study period.

Phoxim treatment
Due to overdispersion (scaled Pearson Chi square = 4.73), 
the Poisson-model was discarded and a negative binomial 
distribution was assumed. This improved model fit con-
siderably better, but some overdispersion was still present 
(scaled Pearson Chi square = 1.44). Confidence intervals 
and P-values were adjusted using the P-scale-option.

Initially an interaction between farm and treatment-
effect was examined, giving a non-significant P-value of 
0.34. Results are presented as results per farm and in a 
combined analysis (Table 2).

Bendiocarb treatment
Due to overdispersion (scaled Pearson Chi square = 4.41), 
the Poisson-model was discarded, and negative binomial 
distribution was assumed. This improved model fit con-
siderably better, but some overdispersion was still present 
(scaled Pearson Chi square = 1.41). Confidence intervals 
and P-values were adjusted using the P-scale-option.

Initially an interaction between farm and treatment-
effect was examined, giving a non-significant P-value of 
0.08.

Using 0.1% phoxim the reduction in farm 1 was 98.8% 
and in farm 2, 97.9% with an overall reduction of 98.4% 
(Tables 3, 4). Use of 4 g of 1.25% bendiocarb in the mink 

Table 2 Statistics for the phoxim treatment group

a Assuming a negative binomial distribution

Farm number Number of nests Nests with fleas Average number of  fleasa Average number of fleas in positive 
 nestsa

1 2 1 2 1 2 1 2

Treatment 20 20 4 5 0.3 (0.1–0.8) 0.4 (0.2–1.0) 1.5 (0.5–4.1) 1.6 (0.7–3.8)

Control 20 20 20 20 24.8 (18.8–32.7) 18.9 (14.2–25.0) 24.8 (18.8–32.7) 18.9 (14.2–25.0)
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nest boxes, reduced the number of fleas by 98.2% in farm 
1 and 99.7% in farm 2. Overall the reduction was 99.0% 
(Table 5).

Discussion
In the present study the bendiocarb and phoxim con-
taining products were found to control the fleas and to 
be easy to apply. Phoxim has already been tested for flea 
control on farmed mink [10]. However, another treat-
ment strategy was used, i.e. using spontaneously infested 
nest boxes, two treatments of insecticide regime and 
a dosage not related to the weight of the mink. Due to 
this, a direct comparison with the present study is not 
possible.

The number of fleas collected in the untreated control 
nest boxes after 7 days showed a reduction in the num-
ber of fleas of approximately 50% in the control group. A 
likely explanation would be that some of the fleas infest-
ing the mink are removed by oral grooming. It is known 
that farmed mink perform oral grooming [11, 12] but 
the effect of this grooming on the flea population has 
not been demonstrated. Removal of fleas (Ctenocephal-
ides felis) by oral grooming has been observed in, e.g., 
cats. Here, by grooming, the cats removed between 4.1 
and 17.6% of the fleas daily [13]. It was also demonstrated 
that cats with fleas groomed twice the rate of the flea free 
cats [14]. Another explanation for the reduced number 
of fleas could be that the fleas are simply leaving the nest 
boxes. However, no fleas were observed outside the nest 

boxes containing the flea hosts when C. sciurorum fleas 
were reared in captivity [15].

This spontaneous reduction of the number of fleas did 
not affect the validity of the trial as the number of fleas 
persisting in the control group was sufficient for a mean-
ingful calculation of efficacy. The numbers meet require-
ments given by the relevant EMEA guideline.

Based on the present results from the phoxim and 
bendiocarb treatments, these compounds are suitable 
for flea control. As mink farmers perform management 
routines on the farm on a yearly basis related to the syn-
chronous life cycle of the mink, a flea management plan 
could be included in these routines. In a management 
plan, the mink farmer can treat the fleas efficiently by 
simple hygiene measures (removing the straw in the nest 
boxes) in combination with a repeated chemical control 
(treating the mink and/or the nest boxes with a flea con-
trol product, respectively). In this flea management plan 
the phoxim spraying should be done at specific times of 
the year when the animals are moved in traps between 
the cages anyway. The bendiocarb powdering of the nest 
box material should then be done when the animals are 
moved to newly packed nest boxes. Both types of prod-
ucts may be used for flea control when the mated bitches 
are placed in newly packed nest boxes in mid-April; at 
the end of June/early July when the kittens are moved 
to newly packed nest boxes and in the autumn when the 
animals for breeding are selected and gathered). In early 
March when the farmer is preparing for the mating the 
phoxim treatment is the most preferred. It should be 

Table 3 Farm specific flea reductions in phoxim treatment group compared to its control and combined effect

Farm 1 P-value Farm 2 P-value Combined P-value

Reduction 98.8% (96.7%–99.6%) < 0.0001 97.9% (94.6%–99.2%) < 0.0001 98.4% (96.8%–99.2%) < 0.0001

Table 4 Statistics for the bendiocarb treatment group

a Assuming a negative binomial distribution

Farm number Number of nests Nests with fleas Average number of  fleasa Average number of fleas in positive 
 nestsa

1 2 1 2 1 2 1 2

Treatment 19 19 2 1 0.3 (0.01–0.7) 0.06 (0.01–0.44) 2.5 (0.8–7.6) 1 (0.1–9.2)

Control 20 19 18 18 14.7 (10.2–20.9) 18.4 (12.8–26.5) 16.3 (12.7–20.8) 19.4 (15.3–24.7)

Table 5 Farm specific flea reductions in bendiocarb treatment group compared to its control and combined effect

Farm 1 P-value Farm 2 P-value Combined P-value

Reduction 98.2% (94.0%–99.5%) < 0.0001 99.7% (98.2%–99.9%) < 0.0001 99.0% (97.3%–99.7%) < 0.0001

194 Animal Health and Welfare: An Issue of Veterinary Clinics



WT

noted that the latter two flea control products should not 
be used at the same animal or nest box and that there 
is a need for the treatment chosen to be repeated after 
1 month.

Conclusions
The treatment of a 0.1% aqueous phoxim dilution sprayed 
on the animals or with 4 grams of the 1.25% bendiocarb 
dusted in the next box material was highly efficient in 
reducing the number of fleas applied to the nesting mate-
rials experimentally before treatment. It is suggested that 
these compounds are implemented in a yearly flea man-
agement plan on mink farms.
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Changes in the faecal bile acid profile in dogs 
fed dry food vs high content of beef

Kristin Marie Valand Herstad1* , Helene Thorsen Rønning2, Anne Marie Bakke3, Lars Moe1 and Ellen Skancke1

Abstract 

Background: Dogs are fed various diets, which also include components of animal origin. In humans, a high-fat/
low-fibre diet is associated with higher faecal levels of bile acids, which can influence intestinal health. It is unknown 
how an animal-based diet high in fat and low in fibre influences the faecal bile acid levels and intestinal health in 
dogs. This study investigated the effects of high intake of minced beef on the faecal bile acid profile in healthy, adult, 
client-owned dogs (n = 8) in a 7-week trial. Dogs were initially adapted to the same commercial dry food. Thereafter,
incremental substitution of the dry food by boiled minced beef over 3 weeks resulted in a diet in which 75% of each 
dog’s total energy requirement was provided as minced beef during week 5. Dogs were subsequently reintroduced 
to the dry food for the last 2 weeks of the study. The total taurine and glycine-conjugated bile acids, the primary bile 
acids chenodeoxycholic acid and cholic acid, and the secondary bile acids lithocholic acid, deoxycholic acid (DCA) 
and ursodeoxycholic acid (UDCA) were analysed, using liquid chromatography–tandem mass spectrometry.

Results: The faecal quantities of DCA were significantly higher in dogs fed the high minced beef diet. These levels 
reversed when dogs were reintroduced to the dry food diet. The faecal levels of UDCA and taurine-conjugated bile 
acids had also increased in response to the beef diet, but this was only significant when compared to the last dry food 
period.

Conclusions: These results suggest that an animal-based diet with high-fat/low-fibre content can influence the fae-
cal bile acids levels. The consequences of this for canine colonic health will require further investigation.

Keywords: Commercial dry food, Healthy client-owned dogs, Minced beef, Primary and secondary bile acids

Background
Bile acids (BA) are essential for digestion and absorption 
of dietary lipids and lipid-soluble vitamins in the small 
intestine in mammals as well as in other vertebrates [1]. 
Studies mainly performed in cell-lines from humans and 
laboratory animals describe that BA also function as 
signalling molecules by activating receptors in the gall 
bladder, intestine and accessory digestive organs. These 
receptors and their ligands are involved in the regula-
tion of lipid and glucose homeostasis [2–4] and they are 

believed to modulate the immune response in the liver 
and intestine [5]. However, high levels of some of these 
BA are toxic for colonic cells [6–8], and their concentra-
tions are therefore tightly regulated [9].

The primary BA, cholic acid (CA) and chenodeoxy-
cholic acid (CDCA) are synthetized from cholesterol and 
conjugate with either glycine or taurine in the liver. The 
latter is the most common in dogs [10, 11]. Most conju-
gated BA (> 95%) are reabsorbed in the ileum [12] and are 
returned to the liver through the enterohepatic circula-
tion. BA that escape absorption, are deconjugated and 
converted through 7 alpha-dehydroxylation to secondary 
BA by colonic bacteria. The secondary BA deoxycholic 
acid (DCA) and lithocholic acid (LCA) originate from 
CA and CDCA, respectively [13]. Ursodeoxycholic acid 
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(UDCA) is also produced by bacterial transformation 
from the primary BA CDCA [14].

Although dogs have adapted to a diet containing con-
siderable amounts of carbohydrates through the domes-
tication process, they were originally carnivores [15, 
16]. In humans, a diet consisting of high content of 
animal derived protein and fat, and low content of car-
bohydrates, has been associated with increased faecal 
levels of BA, including DCA [8]. High levels of DCA 
may contribute to the formation and/or progression of 
colorectal tumours in humans [17] and mice [7, 18]. In 
contrast, UDCA is considered to have chemopreventa-
tive properties, and may counteract the effect of DCA, 
as demonstrated in human colon cancer cell lines [19, 
20]. Colorectal tumours are rarely diagnosed in dogs 
[21, 22], yet they are considered more common in dogs 
than in other animal species [23]. Since similar molecular 
mechanisms have been described in the colorectal tumo-
rigenesis in humans and dogs [24–26], and as dogs live 
in similar environments as humans, knowledge regarding 
how diet influences the faecal BA composition may be 
valuable for both dogs and humans.

Characterization of the pre- and postprandial serum 
concentrations of total BA aids in identifying impaired 
hepatic function and is useful in diagnosing portosys-
temic shunts (PSS) in dogs [27]. However, the various BA 
are rarely measured in faeces, and studies characterizing 
the canine faecal BA profile are sparse [28–30]. Further-
more, little is known about how a meat-based diet influ-
ences the levels of these BA.

The aim of this study was therefore to use liquid chro-
matography–tandem mass spectrometry (LC–MS/MS) 
to characterize the faecal BA profiles in healthy dogs 
before, during and after a diet with high content of boiled 
minced beef (MB).

Methods
The study protocol was reviewed and approved accord-
ing to the guidelines of the ethics committee at the Fac-
ulty of Veterinary Medicine and Biosciences, Norwegian 
University of Life Sciences (NMBU) (Approval Number: 
14/04723-23). All dog-owners gave a written informed 
consent before participation and were informed that they 
could leave the study at any time.

Animals, study design and diets
The study population consisted of a heterogeneous popu-
lation of healthy client owned dogs (n = 11) of both gen-
der and of various breeds and ages. They were included 
in a 7-week prospective dietary intervention study 
(Table 1). Three dogs did not complete the study due to 
loose faeces/diarrhoea (faecal score > 4.5, based on a five-
point scale where grade 1 represents hard, dry faeces and 

grade 5 represents watery diarrhoea) [31]. Thus, eight 
dogs completed all the diet periods and were included 
in the present investigation. A detailed description of 
the study, the dogs and the diets have been described 
previously [32]. In brief, all the dogs were adapted to a 
commercial dry food diet for 2  weeks (CD1). Thereaf-
ter, each dogs received a mixture of boiled minced beef 
(MB) and CD diet for 3 weeks, where the MB was gradu-
ally increased in weekly increments at the expense of the 
CD diet. Water was added to the minced beef at a ratio 
of 3 parts MB:1 part water and simmered for 15 min or 
until the meat was completely cooked. The  meat with 
any remaining water was mixed with the CD, cooled, and 
served. The amount of MB given each week was calcu-
lated to provide 25 (low minced beef, LMB), 50 (moder-
ate minced beef, MMB) and 75 (high minced beef, HMB) 
percent of the dog’s total energy requirement. Finally, all 
the dogs were reintroduced to the original CD diet in the 
last 2 weeks of the study (CD2). The energy requirement 
for each adult dog was estimated according to informa-
tion provided by the owner concerning type and amount 
of diet fed prior to the study and/or the range of 350–500 
kJ ME × BW0.75 based on activity level, coat quality, body
weight and body condition score [33]. The energy con-
tent in diets were kept constant for each dog throughout 
the study period. The calculated content of macronutri-
ents for these diets were as follows: CD: 27.1/100 g dry 
matter (DM) proteins, 16.3/100 g DM lipids, 48.3/100 g 
DM nitrogen-free extract (NFE; carbohydrate-containing 
fraction) and 10.4/100  g DM fibre (non-starch polysac-
charides); and HMB: 46.2/100 g DM proteins, 33.1/100 g 
DM lipids, 15.6/100 g DM NFE, and 3.4/100 g DM fibre. 
The detailed composition of the diets are found in Addi-
tional file 1.

The data presented herein are from faecal samples col-
lected and analysed from each of the dogs during the 

Table 1 Demographic overview of  the  eight client-owned 
dogs included in a 7-week dietary intervention study

a Dog no. 2, 8 and 9 did not complete all the diet periods

Dog no.a Breed Gender
Female F/
male M

Age 
(years)

Body 
weight 
(kg)

1 English Springer Spaniel F 8 19.5

3 Small Munsterlander F 6 21.5

4 Eurasier F 1.5 17.7

5 Irish Setter M 4 21.5

6 Mixed breed M 5 14.7

7 English Setter M 5 28

10 English Cocker Spaniel F 8 10.3

11 German Shorthaired 
Pointer

F 3 19.9
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last 3  days from diet periods CD1 and HMB, and from 
the last 2 days from diet period CD2. All faecal samples 
analysed had normal faecal consistency. Samples were 
freeze-dried (Christ Alpha 1–4; SciQuip, Shropshire, UK) 
[34] and subsequently frozen and stored at − 80 °C prior 
to further processing.

Sample preparation
Liquid chromatography–tandem mass spectrometry 
(LC–MS/MS) was used to analyse faecal BA. These 
included CA, CDCA, DCA, LCA, UDCA, and glycine- 
and taurine conjugated forms of these BA. A detailed 
overview of the BA are found in Additional file  2. The 
method for extraction of BA was based on Hagio et  al. 
[35] with the following modifications: A total of 100 µL 
of 0.1 µg/mL internal standard was added to each freeze-
dried faecal sample of 100  mg. Centrifugation of sam-
ples were performed at 4 °C. The evaporation steps were 
performed at room temperature. The methanol extracts 
were purified with solid phase extraction using an Oasis 
HLB cartridge (Waters, Milford, MA, USA), follow-
ing the generic Oasis HLB protocol. The eluates were 
evaporated to dryness at room temperature under a 
stream of air and the dry residues were reconstituted in 
1  mL methanol/10  mM ammonium acetate (1 + 1). The 
extracts were filtered through 0.22 µm nylon spin filters 
(Spin-X, Costar, Corning Inc., Corning, NY, USA) for 
3 min at 11,000×g. The filtered extracts were transferred
to HPLC-vials and subsequently stored at − 20  °C until 
LC–MS/MS analysis.

Liquid chromatography–tandem mass spectrometry (LC–
MS/MS)
The analysis was performed with an Agilent 1290 liquid 
chromatography system (Agilent Technologies, Wald-
bronn, Germany) coupled online with an Agilent G6490 
triple quadrupole mass spectrometer (Agilent Technolo-
gies, Singapore) with a JetStream ESI ion source. The 
LC–MS/MS method described by Hagio et  al. [35] was 
modified. The separation was done on a Waters Acquity 
BEH C18 column, 100 mm × 2.1 mm i.d. and 1.7 µm par-
ticles, with 10 mM ammonium acetate in water as mobile 
phase A and acetonitrile as mobile phase B (MPB). The 
flow rate was 0.4  mL/min and the column temperature 
40  °C. The gradient started with 1  min 20% MBP, then 
went from 20 to 50% MPB in 9 min, then from 50 to 95% 
MBP in 0.1 min followed by 3 min in 95% MBP. The col-
umn was equilibrated in 20% MPB for 3 min before the 
next injection. Total analysis time was 15 min. The injec-
tion volume was 1 µL and the auto sampler temperature 
4 °C.

All BA were ionized in negative mode and detected as 
their (M-H)—ions. The monitored ion transitions and 

compound specific parameters are given in Additional 
file 3a. All common MS/MS-parameters are provided in 
Additional file 3b.

Due to the ubiquitous presence of BA in faeces it was 
impossible to obtain a truly negative sample material. The 
method validation was therefore performed by spiking 
a pooled faecal sample with BA and subtracting the BA 
levels in the same sample without addition, to evaluate 
both linearity, precision and limit of detection. The preci-
sion study was done by spiking six samples at 100 µg/g. 
The linearity was evaluated from spiked samples at five 
levels; 0.1, 0.5, 1, 10 and 50 µg/g. Grade 1 water was used 
as negative control. The faecal BA concentrations were 
calculated relative to the spiked samples used to evalu-
ate the precision. Therefore, this method is only semi-
quantitative. The faecal BA concentrations are expressed 
in µg/g DM.

The precision at 100 µg/g was < 13% for all compounds. 
The limits of detection for all BA was 1  µg/g. Chroma-
tograms of faecal BA from one dog (id 7), are shown in 
Additional file 4.

Statistical methods
Data were tested for normality using the Shapiro–Wilk 
normality. Non-parametric Wilcoxon signed-rank test 
was used to calculate statistical differences between the 
various BA between the diet periods (CD1 vs HMB and 
CD2 vs HMB) without correction for multiple compari-
son. The software Graph Pad, PRISM v.7 (CA, USA) was 
used. A two-dimensional Principal component analysis 
(PCA) plot was generated using PRIMER7 [36]. A P value 
below 0.05 was considered statistically significant.

Results
The secondary BA, DCA were significantly higher in the 
HMB samples compared with the levels in both CD1 and 
CD2 samples (P = 0.05 and 0.04, respectively). Higher
quantities of UDCA were detected in the HMB sam-
ples compared with that of CD2 samples (P = 0.02), but 
this was not significant when compared to CD1 samples 
(P > 0.1, Fig. 1). Although the median values for the pri-
mary BA, CA and CDCA were higher in HMB samples, 
the differences were not statistically significant (P > 0.1, 
Fig.  1). However, the levels of taurine-conjugated BA 
were significantly higher in the HMB samples compared 
with the CD2 samples (P = 0.02), but not compared with
CD1 samples (P > 0.5). Concentrations of glycine-conju-
gated BA were measured, but were below quantification 
limit in all dogs (Table 2).

As evaluated by a PCA plot, the majority of HMB 
samples are displayed along the first axis (PC1) and the 
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WTvectors (bile acids), particularly LCA, DCA and UDCA, 
are directed towards the HMB samples (Fig. 2).

The variability in breed, age and body size between 
both genders of dogs made it impossible to perform any 
statistical testing for any possible impact of these factors 
on the faecal BA composition.

Discussion
A diet shift from commercial dry food (CD) to high 
minced beef (HMB) and vice versa, during a 7-week 
dietary intervention study influenced faecal BA profiles 
in healthy client-owned dogs. Specifically, the second-
ary BA, DCA and UDCA increased in the HMB samples 
compared with the CD1 and/or CD2 samples, likely due 
to the presence of colonic bacteria with 7 alpha-dehy-
droxylating capabilities that transform primary BA to 
secondary BA. It is known that members within Clostrid-
ium and Eubacterium have this capability [13, 37]. We 
have previously reported, using the same study popula-
tion, significantly higher relative abundances of an OTU 
in the family Clostridiaceae in the HMB samples [32]. 
This bacterial taxa was classified within a BLAST search 
to be Clostridia hiranonis with 97% identity. Interestingly, 

this species is capable of converting CA and CDCA into 
DCA and LCA, respectively [38]. Thus, the increased 
presence of this taxa may explain the higher faecal quan-
tity of DCA in dogs fed HMB. The concomitant rise in 
the quantity of UDCA, rather than LCA, may indicate 
the possibility that increased bacterial transformation of 
CDCA to UDCA [14] is more likely to occur than bac-
terial transformation of CDCA to LCA in dogs. Moreo-
ver, the bacterial 7 beta-dehydroxylation of UDCA yield 
LCA [13, 39], but the low quantity of LCA may suggest 
that this process is not dominant in the intestine of dogs. 
However, since we used a semi-quantitative approach, 
these results needs to be validated in studies where the 
exact faecal quantities of BA are measured.

The apparent lack of glycine-conjugated BA in the fae-
ces, yet detectable levels of taurine-conjugated BA, con-
firm that dogs primarily conjugate their bile acids with 
taurine rather than glycine [40–42]. Furthermore, the 
significantly higher taurine-conjugated BA levels meas-
ured in the faeces collected during the HMB period com-
pared to the CD2 period suggest that the high lipid levels 
of the HMB diet can induce greater primary BA secre-
tion. However, observed levels of primary BA, CA and 
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Fig. 1 Median concentrations with interquartile ranges of bile acids (BA) (µg/g faeces) in samples of eight dogs fed commercial dry food at the 
start and end of the study (CD1 and CD2) and high minced beef (HMB). Significant differences of faecal BA in diet periods CD1 vs HMB and CD2 
vs HMB are indicated (Wilcoxon signed-rank test without correction for multiple comparison). CD1 Commercial dry food given the first 2 weeks of 
the study, CD2 commercial dry food given the last 2 weeks of the study, HMB high minced beef, CA cholic acid, CDCA chenodeoxycholic acid, DCA 
deoxycholic acid, LCA litocholic, UDCA ursodeoxycholic acid, Taurine-conj. BA (taurine-conjugated CA, CDCA, DCA, and LCA)
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CDCA were variable between dogs and not significantly 
increased in response to the HMB diet. The variable 
response between dogs in this study may be explained 
by differing BA metabolism, intestinal peristalsis, intes-
tinal pH and/or gastrointestinal absorption of BA, as well 
as differences in the intestinal microbiota composition, 
which may result in different levels of secondary bile acid 
in response to diet in these individuals [1, 43].

The hydrophobicity of the BA influences their cyto-
toxic potential, ranking UDCA as the most hydrophilic 
and LCA as the most hydrophobic (BA hydrophobicity 
scale: UDCA < CA < CDCA < DCA < LCA) [44]. DCA has 
been shown to induce oxidative damage of DNA in vitro, 
which may result in abnormal cell proliferation of muta-
genic, apoptosis-resistant cells [17, 45–47]. In contrast 
to the possible cytotoxic effects of DCA and LCA on 
colonic cells, UDCA is believed to have chemoprotec-
tive potential [19, 48]. A previous study of ten laboratory 
dogs described that oral treatment with UDCA resulted 
in lower ratio of secondary to primary BA [10]. Interest-
ingly, the quantity of faecal UDCA in humans appear to 

be low in general [49], in contrast to the levels in dogs 
observed in this study. Whether dogs generally are 
adapted to having an intestinal microbiota that transform 
higher quantities of primary BA to UDCA compared to 
humans, also in response to a high-fat intake, merits fur-
ther investigations.

In contrast to dietary fat, plant-fibre is thought to pro-
tect against colorectal cancer development in humans. 
Dietary fibres are fermented to short chain fatty acids 
(SCFA), which purportedly have anti-inflammatory and 
anti-carcinogenic properties [50]. One mode of action 
suggested is that the production of SCFA by bacterial fer-
mentation of non-digestible carbohydrates reduces lumi-
nal pH and bacterial 7 alpha-dehydroxylase activity, and 
hence conversion of primary to the secondary BA, DCA 
and LCA is inhibited [51]. Fibres also bind to BA and thus 
facilitate their excretion [52]. Moreover, antioxidants in 
plants, such as beta-carotene and alpha-tocopherol may 
inhibit the detrimental effects of DCA on colonic cells 
[47]. In dogs, animal-fibres, such as collagen, has been 
suggested to have the same properties as plant-fibre [53], 

Table 2 Concentrations of faecal bile acids (µg/g)

The concentrations were determined semiquantitatively

CA cholic acid, CDCA chenodeoxycholic acid, DCA deoxycholic acid, LCA litocholic, UDCA ursodeoxycholic acid, glycine-conjugated DCA (G-DCA) and LCA (G-LCA), 
taurine-conjugated CA (T-CA), CDCA (T-CDCA), DCA (T-DCA), and LCA (T-LCA))
a Detailed demographics of these dogs are given in Table 1

Dog_ida Diet CA CDCA DCA LCA UDCA G-DCA G-LCA T-CA T-CDCA T-DCA T-LCA

1 CD1 32 41 54 52 13 1 1 3 1 1 0

HMB 40 53 67 53 21 0 2 5 1 1 0

CD2 112 61 36 43 8 4 2 2 1 1 0

3 CD1 55 45 73 65 16 2 1 5 2 2 0

HMB 437 105 182 95 56 4 1 28 1 52 1

CD2 122 102 62 59 23 0 2 4 1 1 0

4 CD1 49 48 97 97 13 5 1 19 7 41 14

HMB 50 29 72 66 13 0 1 31 4 22 5

CD2 26 25 43 56 11 0 1 11 2 7 4

5 CD1 29 25 61 75 12 2 1 5 2 8 3

HMB 53 38 95 82 26 4 2 7 1 17 5

CD2 22 22 36 49 10 2 1 1 0 2 1

6 CD1 29 22 39 50 9 2 1 2 1 5 3

HMB 137 76 132 97 30 7 3 10 1 16 4

CD2 17 17 32 45 6 6 2 2 1 5 2

7 CD1 77 33 22 35 5 8 1 2 1 3 2

HMB 236 82 196 131 31 10 3 21 3 66 9

CD2 31 29 35 51 4 5 2 3 1 4 2

10 CD1 253 107 88 88 13 8 2 8 2 7 2

HMB 82 44 88 64 16 11 3 2 1 5 1

CD2 157 101 133 111 18 18 3 7 2 11 4

11 CD1 237 100 70 91 47 0 1 29 7 15 6

HMB 101 141 122 87 23 3 2 11 1 17 3

CD2 45 54 61 69 15 5 2 3 1 6 2
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and thereby limit any potential toxic effects from second-
ary BA.

In humans, a diet with high content of protein and fat 
and low content of fibre, is associated with a higher risk 
of colorectal cancer [8, 54, 55]. Moreover, elevated serum 
and faecal levels of DCA have been observed in humans 
with colorectal adenoma and carcinoma compared with 
healthy controls [56, 57]. Dogs are fed various diets, 
which also include more animal-based diets preferred by 
some pet owners [58, 59]. Yet dogs rarely develop colo-
rectal cancer [21, 60]. Given dogs’ carnivorous origins, 
it may not be surprising to find metabolic differences 
between humans and dogs that can explain differences 
in the risks of developing chronic intestinal, associ-
ated digestive organ and systemic diseases. For instance, 
dogs’ lipoprotein transportation of fat differs from that of 
humans [61], which may be the reason why atheroscle-
rosis is not a major issue in dogs. Future studies should 
evaluate the faecal levels of BA, and particularly DCA 
and UDCA in dogs with colorectal cancer, non-tumour 
related colonic diseases, as well as healthy controls to 

gain an understanding of BA involvement in intestinal 
health in dogs.

The main limitation of this study was the small and het-
erogeneous sample size. Factors such as age, breed, body 
size/weight, gender, as well as previously fed diets may 
have influenced the faecal bile acid composition in our 
dogs. Previous studies have found that these aforemen-
tioned factors may influence the intestinal microbiota 
composition [62–65]. Whether the metabolites produced 
by the microbiota, including bile acids, also are influ-
enced by these factors needs to be determined in future, 
adequately powered studies. Moreover, the influence of 
the individual dietary components, such as fat, starch, 
proteins, micronutrients, fibre, collagen etc., on the out-
come was not tested. Although the discussion primar-
ily focused on the influence of dietary fat, the presence 
and/or absence of other diet components most likely also 
influenced the faecal bile acid composition.

Fig. 2 A Principal component analysis (PCA) plot showing the relationship between samples. The data are displayed across the two main principal 
components (PC1 and PC2). Each point represents one sample and each colour represents diet period. Closer clustering between points indicate 
higher relative commonality with respect to bile acid composition in those samples. Concomitantly, larger distances between points indicate 
lower relative commonality of bile acid composition in those samples. The first axis, PC1 accounted for 55% of the variability and PC2 accounted 
for 20% of the variability. The directions of the vectors (blue lines) corresponding to BA, particularly LCA, UDCA and DCA are directed towards the 
HMB samples. CD1 Commercial dry food given the first 2 weeks of the study, yellow points; CD2 commercial dry food given the last 2 weeks of the 
study, orange points, HMB high minced beef, black points, CA cholic acid, CDCA chenodeoxycholic acid, DCA deoxycholic acid, LCA litocholic, UDCA 
ursodeoxycholic acid, Taurine-conj. BA (taurine-conjugated CA, CDCA, DCA, and LCA)
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Conclusions
A diet shift from commercial dry food to one of high beef 
content and vice versa, resulted in changes in the faecal 
BA profiles of healthy client-owned dogs. A high-fat/low-
fibre diet in humans results in accumulation of secondary 
BA in the colon, particularly DCA, which has cytotoxic 
effects on colonic cells. Interestingly, our results in dogs 
revealed that the increase in DCA was accompanied by 
an increase in UDCA, the latter believed to have a chem-
oprotective mode of action. Since dogs have evolved 
from carnivorous wolves, and therefore presumed toler-
ant of high protein, high fat diets, they may have a dif-
ferent metabolism of BA, or have protective mechanisms 
against potential harmful effects induced by secondary 
BA, in order to maintain colonic health. Further studies 
are needed to more specifically evaluate the role of BA in 
colonic diseases of dogs.
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Measurement of single kidney glomerular 
filtration rate in dogs using dynamic contrast-
enhanced magnetic resonance imaging 
and the Rutland-Patlak plot technique
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Abstract 

Background: Nephropathies are among the most common diseases in dogs. Regular examination of the kidney 
function plays an important role for an adequate treatment scheme. The determination of the glomerular filtration 
rate (GFR) is seen as the gold standard in assessing the kidney status. Most of the tests have the disadvantage that 
only the complete glomerular filtration rate of both kidneys can be assessed and not the single kidney glomerular 
filtration rate. Imaging examination techniques like dynamic contrast‑enhanced magnetic resonance imaging have 
the potential to evaluate the single kidney GFR. There are studies in human medicine describing the determination of 
the single kidney GFR using this technique. To our knowledge there are no such studies for dogs.

Results: An exponential fit was found to describe the functional interrelation between signal intensity and contrast 
medium concentrations. The changes of contrast medium concentrations during the contrast medium bolus propa‑
gation were calculated. The extreme values of contrast medium concentrations in the kidneys were reached at nearly 
the same time in every individual dog (1st maximum aorta 8.5 s, 1st maximum in both kidneys after about 14.5 s; 
maximum concentration values varied between 17 and 125 µmol/mL in the aorta and between 4 and 15 µmol/
mL in the kidneys). The glomerular filtration rate was calculated from the concentration changes of the contrast 
medium using a modified Rutland‑Patlak plot technique. The GFR was 12.7 ± 2.9 mL/min m2 BS for the left kidney and
12.0 ± 2.2 mL/min/m2 BS for the right kidney. The mean values of the coefficient of determination of the regression 
lines were averagely 0.91 ± 0.08.

Conclusions: The propagation of contrast medium bolus could be depicted well. The contrast medium proceeded 
in a similar manner for every individual dog. Additionally, the evaluation of the single kidney function of the individual 
dogs is possible with this method. A standardized examination procedure would be recommended in order to mini‑
mize influencing parameters.

Keywords: Dog, Dynamic contrast‑enhance MRI, Glomerular filtration rate, Kidney, Renal function,  
Rutland‑Patlak plot
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Background
In companion animal medicine, the importance of 
canine nephropathies should not be underestimated. The 
prevalence of chronic kidney disease (CKD) have been 
assessed to be up to 3.74% [1–4]. The progressive course 
of this disease requires a changing treatment scheme. 
Therefore, periodic control examinations are recom-
mended for an adequate treatment [5]. Endogenous cre-
atinine and blood urea nitrogen are used most frequently 
in clinical practise for evaluating the renal function but 
these are neither sensitive enough to reveal subclinical or 
border-line renal failure [6, 7], nor are they suitable for 
evaluating single kidney function [8, 9]. The measure-
ment of the glomerular filtration rate (GFR) is classified 
as being the best single test for assessing kidney function 
[10]. Despite this, this tool is seldom used in veterinary 
medicine because of its high cost and effort [6]. It might 
also be a useful screening method for early monitoring 
the kidney function of dog breeds that are predisposed 
for nephropathies [6].

Inulin-clearance is reputed to be the gold standard 
for GFR measurement. However, this examination can 
only be performed under elaborate clinical conditions 
[11]. Creatinine [6, 7, 12, 13] and Gadolinium-1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (Gd-
DOTA) [8, 14] are seen as eligible markers for measuring 
GFR in humans and rats.

As stated in numerous studies in human medicine, 
functional magnetic resonance imaging (fMRI) is used to 
assess the GFR. The main advantage is the absence of ion-
ising radiation. This fact should not be underestimated 
regarding repeated evaluations of the kidney status.

Nevertheless, MRI devices are still not widely distrib-
uted in veterinary clinics and high costs for this kind of 
examination have to be mentioned [15]. Additionally, 
limitations of renal fMRI examinations contribute to 
the lack of agreement on the quantification of the con-
centration of the contrast medium depending on signal 
intensity (SI) as well as a standardised protocol for the 
examination and analysis [16].

There is no consensus on a suitable model for the calcu-
lation of GFR either [17, 18]. Previous studies introduced 
or developed different models for GFR measurements 
including various amounts of compartments [18–23]. 
GFR was calculated in our study using a modified Rut-
land-Patlak plot (RPP) model. The model was used the 
first time by Hackstein et al. [19] to determine the GFR 
via fMRI measurements and describes a graphical solu-
tion of a simplified two-compartment model [19]. The 
main advantage of this model is its simplicity because it is 
just a two-compartment model and no other physiologi-
cal parameters are needed for calculating the GFR [21].

The fMRI-data were analysed to answer the following 
questions: (1) Is it possible to evaluate the single-kidney 
functions in dogs using fMRI-bolus-tracking? and (2) 
How much influence do different evaluation parameters 
have on the calculation of the modified RPP?

Methods
Dogs
Eight healthy Beagle dogs (four males and four females) 
were included. They were kept as experimental animals at 
the Clinic for Small Animals at the University of Veteri-
nary Medicine Hannover, Foundation, Germany. All pro-
cedures were approved by the animal welfare officer of 
the University of Veterinary Medicine Hannover, Foun-
dation and the Lower Saxony State Office for Consumer 
Protection and Food Safety, Oldenburg, Germany (TV-
No. 33.9-42502-04-08/1600).

The age of the dogs ranged from 4 to 11  years with 
a mean age of 8.5  years and a standard deviation of 
2.9 years. The body weight (BW) of the dogs ranged from 
14 kg to 22 kg with a mean BW of 17.5 kg and a standard 
deviation of 2.7 kg.

GFR measurement by the clearance of exogenously 
administered creatinine
To evaluate the kidneys’ health status, the dogs’ GFR was 
measured by determining the modified plasma-clearance 
of exogenously administered creatinine according to a 
test that has been evaluated previously [24, 25].

This method is accepted as a simple and accurate 
method [6, 24, 25] that can be reliably performed in clini-
cal daily routine without special elaborate examination 
methods [7, 12, 13].

An exact calculated amount of 5% creatinine solution 
(LABOKLIN GmbH & Co.KG, 97688 Bad Kissingen, 
Germany) depending on the body surface (BS) of the dog 
was injected subcutaneously in every dog (2 g creatinine/
m2 BS). BS was calculated with the help of the BW.

According to the test specifications four blood samples 
were taken per dog. They were sent to an external labora-
tory (LABOKLIN GmbH & Co.KG) and analysed there.

Serial dilution
For analysing the fMRI measurements in  vivo a func-
tional correlation between SI and concentration of con-
trast medium had to be established. Therefore, a serial 
dilution of the contrast medium was made. 25 test tubes 
were filled with 0.9% NaCl and the contrast medium in 
concentrations from 0 to 80 mmol/L. All tubes were put 
into a water quench which was heated up to 38  °C and 

BS[m2] = 0.1 · BW [kg]0.667
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examined in MRI with the same settings as the fMRI 
measurements for the dogs (see Table 1—bolus track).

All MRI examinations were performed with a Philips 
Achieva 3 Tesla scanner.

Due to turbulence in the water, this measurement 
was read 4 times at intervals of 14, 106 and 127  min. 
The mean SIs of the different contrast medium concen-
trations were determined. The functional correlation 
between SI and concentration of contrast medium was 
calculated from 0 to 15  mmol/L (SI 0–1200) using the 
software Origin  Pro® (OriginLab Corporation, Massa-
chusetts, USA). As fit-functions a third-degree polyno-
mial and an ascending exponential function were chosen.

MRI examination of the dogs
For preparing the anaesthesia and injecting the con-
trast medium all dogs were given a vein catheter either 
in the cephalic vein or the saphenous vein. An extension 
line type Heidelberger was attached to the vein cath-
eter in order to administer the contrast medium manu-
ally during the examinations. The anaesthesia of all dogs 
was started with an injection of levomethadon [0.2 mg/
kg intravenously (i.v.)], diazepam (1  mL/10  kg i.v.) and 
propofol (4–6 mg/kg i.v.). Hereafter, the dogs were intu-
bated, and the anaesthesia was continued by inhalant 
anaesthesia (1–1.2% end-tidal expired isoflurane).

All dogs were in a supine position for the MRI-exam-
inations and a body coil was used. The pre-settings for 
the fMRI sequence (bolus track) were chosen according 
to Table  1. The images of the sequence are created in a 
so called subtraction procedure. This means that the SIs 
of the third image in the sequence are taken as reference 
values and subtracted from all subsequent images. Every 
fMRI examination took about 15  min (see Additional 
file 1).

Bolus track
The contrast medium (Dotarem 0.5 mmol/mL; Querbet, 
95943 RoissyCdGCedex, France) was injected as bolus 
at a dose of 0.1 mmol/kg (0.2 mL/kg). To insert the com-
plete amount of contrast medium first 6 mL of 0.9% NaCl 

were poured into the extension line type Heidelberger. 
After that the contrast medium was injected and finally 
the extension line was rinsed with 15 mL of 0.9% NaCl.

Image analysis
In order to measure the SI changes of the functional 
MR-images, the sequences were loaded in the computer 
software  ImageJ®. After that, manually drawn regions of 
interest (ROIs) were created once for all slices. The ROIs 
were put over both kidneys and cortices. Furthermore, 
a ROI was drawn over the aorta representing the vascu-
lar space. All ROIs were created within the boundaries 
of the tissues. Additionally, small rectangular ROIs were 
drawn closely to the left and right kidney as the aorta to 
establish a correction factor (Fig.  1). They were needed 
to calculate the concentrations of contrast medium in the 
organs.

First of all we compared the progression of SI changes 
in all the different ROIs of all dogs. The mean values of 
the SI-changes were measured until the end of MRI-
examination and transferred to  Excel® (Microsoft 
Corporation).

To convert the SIs of the different ROIs to concentra-
tions of contrast medium in the ROIs the functional cor-
relation of the serial dilution was used.

The slice thickness of the fMRI examinations was 
thicker than the volume of the relevant organs.

Therefore the complete kidney could be implied for the 
calculation of the GFR and not just a small part of the 
renal parenchym. Additionally an enlarged slice thickness 
leads to an improved signal to noise ratio.

Thus, SI in the voxels of the measured ROIs contained 
SI contributions of the organs and the residual tissues.

Therefore, the distortion caused by the residual tissue 
had to be corrected. In order to calculate the volume 
of the organs in the ROIs, the diameters of aorta, kid-
neys and cortices were measured in the T2-weighted 
images (Table 1). After that, the volume of the residual 
tissue was computed by subtracting the volumes of 
the organs. The real concentration  ctissue in the tissues 
could be calculated according to the following formula.

Table 1 MR sequence parameters

Parameter Bolus track Anatomical sequence

Sequence T1‑FFE = fast field echo = gradient echo sequence T2 W‑TSE_HR = Turbo‑Spin‑Echo

Repetition time (ms) 4.2628 1510.694

Echo time (ms) 1.281 100

Flip angle 40° 90°

Voxel size (mm) 1.74 × 1.74 × 45 0.73 × 0.73 × 5

Time between two slices (s) 0.58

Slice thickness (mm) 45 5

Slice orientation Dorsal Transversal/dorsal
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cVoxel is the concentration of contrast medium in the 
complete voxel,  VVoxel is the volume of the voxel,  Vtissue 
is the measured volume of the tissue in the voxel,  cresidual 

tissue is the concentration of the contrast medium in the 
residual space of the voxel, and  Vresidual tissue is the volume 
of the residual tissue.

To eliminate the artefacts which were mainly caused 
by breathing movement a Savitzky–Golay filter [26] 
was used. The best results were found when the filter 
was put over 15 pictures (8.7 s).

For all dogs, the temporal changes of contrast 
medium concentrations were calculated and compared. 
Starting point for integration (t = 0 s) was the last image

ctissue = cVoxel ×
VVoxel

Vtissue
− cresidual tissue ×

Vresidual tissue

Vtissue

before a SI ascent caused by the arrival of the contrast 
bolus in the  ROIaorta could be measured.

Rutland‑Patlak plot
In order to calculate the single kidney GFR a modified 
Rutland-Patlak plot (RPP) was computed using the pre-
viously calculated time-dependent changes of the con-
trast medium concentrations in the affected organs. 
As stated previously [20] the RPP had to be modified 
due to the delayed propagation of the contrast medium 
in the renal vessels compared to the aorta. To fulfil all 
requirements of the RPP-model [19], the course of the 
concentrations in the kidneys was shifted by a time 
span (Δt). Thus, the RPP-formula was modified by Δt. 
The final RPP-formula sets up a straight line equation. 
The y-value is plotted against the x-value to calculate 

Fig. 1 Localisation of different ROIs for analysing the Bolus track sequence. The different numbers represent: 1  ROIaorta all (red), 2  ROIright kidney (blue), 
3  ROIleft kidney (blue), 4  ROIcorrection aorta (yellow), 5  ROIcorrection right kidney (yellow), 6  ROIcorrection left kidney (yellow), 7  ROIright cortex (cyan) and 8  ROIleft cortex 
(cyan)
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the gradient p.Vvas graphically. This enables the single 
kidney GFR to be calculated.

ckidney is the concentration of contrast medium in the kid-
ney,  Vkidney is the volume of the kidney and  caorta is the 
concentration in the aorta.  Vvas is the volume of the vas-
cular space and p is the constant of proportionality.

The time span between the first concentration max-
ima in the  ROIaorta and  ROIkidney was taken as Δt.

Due to the heterogeneous propagation of the contrast 
bolus in the different dogs the starting point for inte-
gration was set to the point of time when the second 
maximum concentration was reached in the aorta. The 
time interval of the RPPs was 60  s. The starting point 
also marked the first pair of the x-value and y-value 
that was plotted in the RPPs.

In order to calculate the glomerular filtration rate 
of a single kidney the gradient had to be multiplied by 
60 and divided by the BS in order to state the results 
in mL/min/m2 BS. To calculate the GFR of the plasma 
the results were multiplied by the factor [1 − hemato-
crit (hct)]. As the hct had not been measured during 
MRI-examination and all dogs were seen as clinically 
healthy, a typical hct of 0.47 was assumed according to 
the study of Bourgès-Abella who tried to establish ref-
erence values for Beagles, which were held under labo-
ratory conditions [27].

Additionally, the influence of different sizes of 
 ROIaorta on the calculation of the GFR was determined. 
As displayed in Fig. 2 two more ROIs were drawn over 
the aorta in order to measure the influence of size and 
localisation of the ROIs in the vascular space. One 
rectangular ROI was drawn above the bifurcation of 
the arteria renalis dexter  (ROIa.renalis dexter) having the 
dimensions 3 voxels × 5 voxels; a second rectangular
ROI  (ROIhighest SI) of the same size was drawn over the 
point where the highest value of SI could be measured. 
A RPP was computed for these different ROIs.

Statistical analysis
For statistical analysis the computer software  OriginPro® 
(OriginLab Corporation, Massachusetts, USA) was used. 
The different RPPs were compared using box-plots. 
Additionally, a t-test of paired samples was performed to 
compare the left and right kidney function.

ckidney(t +�t) · Vkidney

caorta(t)
︸ ︷︷ ︸

y

= Vvas + p · Vvas ·
∫t0 caorta

(
t ′
)
dt ′

caorta(t)
︸ ︷︷ ︸

x

⇔ y = b+m · x

Results
Reference method
All concentrations of the dogs’ endogenous serum-creati-
nine values were within the limits of the reference range 
as well as the results for the calculation of the “modi-
fied plasma-creatinine-clearance”. In summary, all eight 
tested dogs could be judged healthy with regard to the 
kidney function according to the reference method.

Serial dilution
The measured values and the mean value of all four 
measurements can be seen in Fig. 3. The results of all four 
single measurements are displayed by different symbols 

Fig. 2 Different ROIs drawn over the aorta to measure the influence 
of ROI placement.  ROIhighest SI (1; orange)  ROIa.renalis dexter (2; magenta); 
 ROIkidneys (3, 4; blue);  ROIcorrection aorta (yellow; 5),  ROIcorrection right kidney 
(yellow, 6),  ROIcorrection left kidney (yellow, 7)
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and the mean value by a continuous line. At first SI rose 
with increasing concentration of contrast medium, then 
reached a maximum value and decreased again.

As demonstrated in Fig.  3 the correlation of SI and 
the concentration of the contrast medium was not lin-
ear. Although the SI exceeded 1200 for three dogs for a 
very short time, the fit function between SI and contrast 
medium was just computed in this range. The fitting in 
this range showed the best results for the lower concen-
trations and a pretty good approximation for the higher 
values.

The best results were found for an exponential ascent 
and a third degree polynomial. Comparing these two 
functions using the Akaike information criteria (AIC) 
[28] showed that the exponential ascent was with higher 
probability correct (4.8 times higher). The exponential fit 
curve is shown in Fig. 4 and described by the following 
equation:

 “cGadolinium” is the concentration of Gadolinium-DOTA, 
“a” = − 1.933, “b” = 1.996, “x” = 0.001876 and “S” is the SI.

Image analysis
The time course and spatial extension of contrast medium 
could be seen very clearly through the whole bolus track 

cGadolinium[mmol/L] = a+ b · ex·S[a.u.]

sequence of every dog. For every ROI an unambiguous 
increase and decrease in SI could be measured.

With the determined equation all values for SI could 
be converted to definite concentrations in every ROI. 
As demonstrated in Fig.  5 smoothing the curves in the 
graphs helped to identify and interpret the extreme val-
ues of concentration of contrast medium and curve pro-
gression. The filter was set over 15 pictures all the time.

After corrections concerning the residual tissue had 
been performed the curve progression showed a pretty 
similar shape for each dog. As displayed in Fig.  6 the 
characteristic propagation of the contrast medium’s 
concentration in  ROIaorta all culminated in a first maxi-
mum value after the first increase. Afterwards, concen-
tration decreased until a characteristically minimum 
value. Hereafter, the concentration of contrast medium 
increased again until a second lower maximum and after 
that it decreased continuously again. The second maxi-
mum was influenced mainly by the bolus of contrast 
medium that ran a second time through the aorta.

A similar curve propagation could also be monitored 
for the ROIs of both kidneys and cortexes: in compari-
son to  ROIaorta all a timely individually slightly delayed 
increase in SI could be monitored for all eight dogs.

Although the curve propagation of all dogs was of 
a similar nature the extreme values were reached at 

Fig. 3 SI depending on the concentration [mmol/L] of contrast medium. After a steep incline at low concentrations a plateau was reached at 
concentrations of about 40 mmol/L. The more the concentration increased a diminished SI could be observed due to  T2*‑effects
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values of contrast medium varied considerably. All points 
of time when the extreme values in the different ROIs 
were reached are listed in the boxplot in Fig.  7 and the 
associated concentrations in Fig. 8.

The first peak of  ROIaorta all occurred on average after 
8.5 s, the first minimum after 23.9 s and the second maxi-
mum after 32.3 s. The maximum in all ROIs of cortexes 
and kidneys was reached after 14.5  s. Comparing the 
point of times of every single dog’s left and right first 
maximum resulted in a margin of 0.2 s for the  ROIskidney 
and 0.1 s for the  ROIscortex.

The comparison of concentration of contrast medium 
(Fig. 8) showed a wide span for  ROIaorta all from 17 µmol/
mL to 125  µmol/mL. The concentration in the kidneys 
varied from 4  µmol/mL to 16  µmol/mL and in the cor-
texes from 6  µmol/mL to 20  µmol/mL. The differences 
between the left and right side were 3.8 µmol/mL for the 
kidneys and 1.7 µmol/mL for the cortices.

Rutland‑Patlak plot
For all eight dogs, the renal clearance of contrast medium 
was calculated using an RPP. The mean value of Δt, which 
is the time span for shifting the AIF, was 6.1 ± 0.8 s. The 

Fig. 4 Exponential fit curve for concentration of contrast medium (mmol/L) depending on the SI from 0 to 15 (mmol/L). The symbols represent the 
mean values and the dotted line the fit curve

Fig. 5 SI‑changes during the propagation of the contrast bolus of 
one dog. The use of the Savitzky–Golay filter helped to eliminate 
artefacts mainly caused by breathing movement. Artefacts caused 
by breathing movement were nearly completely eliminated. The 
extreme values are displayed satisfactorily according to the point 
of time and the height of SI. The grey line represents the raw data 
whereas the continuous line demonstrates the smoothed curve. After 
120 s the graphical representation of the timeline was shortened
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results of both kidneys of one dog are displayed in Fig. 9. 
The gradient of the trend line represents the renal clear-
ance of the contrast medium.

A summarised presentation of all results can be seen in 
Fig. 10. The total GFR of our measurements amounted to 
an average of 24.7 ± 4.8 mL/min/m2 BS. The mean value

of the left kidney was 12.7 ± 2.9  mL/min/m2 BS and on
the right side 12.0 ± 2.2 mL/min/m2 BS.  R2-values of the
regression lines were on average 0.91 ± 0.08.

Another aspect of analysing the results of the RPPs 
was the choice of the size and localisation of  ROIaorta. 
The localisations of the different  ROIsaorta can be seen in 
Fig.  1. The results are displayed in box-plots in Fig.  11. 
The localisation of  ROIaorta for determining the area 
under the curve (AUC) had a great influence on the cal-
culated results of the RPP.

The mean values ranged from 24.7 ± 4.8  mL/min/m2

BS  (ROIaorta all) to 26.2 ± 17.6  mL/min/m2 BS  (ROIa.rena-

lis dexter) to 30.3 ± 18.3  mL/min/m2BS  (ROIhighest SI). The
size of the ROI had an effect on the results, too. With an 
increasing size of the ROIs the spread of the results was 
minimised.

Discussion
Bolus propagation
For all eight dogs, a timely similar but individually diverse 
progression of contrast medium could be monitored 
according to the different ROIs: The time gap of 7.0 s for 
reaching the first maximum in  ROIaorta and the differ-
ences for proceedings to the further extremes underline 
the varying propagation of the bolus in the different dogs. 
Obviously, if the first maximum was reached early, also 
the other extreme values were reached early in compari-
son to the other dogs.

For the calculated concentrations similar observations 
were found with an even higher dispersion of the results. 

Fig. 6 Representative propagation of the bolus track during the 
examination of one dog. The blackline represents the propagation 
of the concentrations of contrast medium through the aorta, the red 
line shows the concentration of contrast medium in the left kidney, 
the magenta line the right kidney, the blue line the left cortex and 
the green line the right cortex. The second maximum could be 
noticed mainly in the aorta and not clearly be identified in the ROIs 
placed over the kidneys and cortices

Fig. 7 Comparison of points of time when extreme values were 
reached during the bolus track of the different dogs. The comparison 
of the left and right side demonstrated that the first maximum was 
reached nearly at the same time both for the kidneys and for the 
cortices and as well for the kidneys and cortices in general

Fig. 8 Concentration of contrast medium obtained at the extreme 
values during the bolus track. The measured concentrations of the 
different dogs for  ROIaorta all varied greatly
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WTOn the one hand, these grave fluctuations of the bolus 
propagation in the different dogs could be explained by 
the fact that the bolus was administered manually. This 
kind of administering is never as exact as an automatic 
administration. On the other hand, variations in blood 
pressure and depth of anaesthesia should be considered 
as influencing factors as well as the body weight.

As demonstrated in Figs. 7 and 8 hardly any differences 
could be monitored for the comparisons between the left 
and right kidney of each dog concerning extreme values 
of time or concentrations. When comparing the  ROIscortex 
to  ROIskidney also just marginal differences were detected. 
This aspect emphasises that the comparison of single kid-
ney function with this method should give a clue on lower 
kidney function in comparison to the other side.

Rutland‑Patlak Plot
As demonstrated in previous studies there is no final 
consensus concerning the evaluation interval, which 
should be used for calculating the slope of the RPP [19, 
29]. In this study, the ideal evaluation interval in the RPPs 
should be identified. In order to fulfil all requirements 

of the RPP-model, the delayed increase in the contrast 
medium in the kidneys in comparison to the aorta has to 
be considered.

Due to the different propagation of the contrast 
medium bolus in the dogs, the identification of the ideal 
evaluation interval for the RPPs was difficult. For about 
the first 30 s after the arrival of the contrast medium in 
the kidneys the perfusion of the renal vessels has the 
greatest influence on the measurements of the SIs. To 
rule out this influence, the best starting point for integra-
tion was identified at that point in time when the second 
maximum of the Gd-DOTA concentration in the aorta 
could be measured. For all dogs, an ascending regression 
line could be measured after this point in time in the RPP. 
This regression line reveals the clearance of the contrast 
medium.

The end of the evaluation interval was set after 60  s. 
After about 70 s for some dogs a decrease in data values 
in the RPPs occurred. This might be caused by the elimi-
nation of the contrast medium into the urinary bladder. 
At this point in time not all pre-conditions of the RPP-
model would be fulfilled.

The evaluation interval of the RPP was set 60  s after 
the second maximum in the aorta as more than 100 data 
points were included for the calculation and the  R2 val-
ues  (R2 = 0.91 ± 0.08) of the regression lines of the RPPs
indicate a good model fit for so many data points. This 
time interval fits well to the results described for 99mTc-
DTPA in scintigraphy. They found the best time interval 
for integration to be between 30 and 120 s [30].

As presented in Fig.  10 the comparison between left 
and right kidney function resulted in pretty similar out-
comes. For all other dogs the difference never exceeded 
5  mL/min/m2 BS and was statistically insignificant 
(p = 0.65). This corresponded to our expected results of
the healthy dogs.

As described above a so-called aortic input function 
(AIF) is needed to determine the concentration of con-
trast medium in the vascular space. Besides the suscepti-
bility of blood vessels to artefacts in MRI measurements 
[17] there is a great impact of the choice of  ROIaorta on 
the computed concentrations [31]. Even in human medi-
cine there is no standard process for calculating the AIF 
to enable an interindividual comparison [32].

The demonstrated results in Fig.  11 emphasise these 
aspects in our study, too. This leads to a need for stand-
ardised choice of ROIs for comparisons between single 
patients and different compartment models.

In this study, the results obtaining the lowest standard 
deviation were found when  ROIaorta was selected as large 
as possible.

Comparisons between the GFR results of our study 
and the creatinine clearance method are difficult to be 

Fig. 9 Exemplary RPP (evaluation interval only) of one dog. a The RPP 
of the left kidney and b the RPP of the right kidney. The dots display 
the measured values of the RPPs and the black line the trend line of 
the RPP.  R2 = 0.96 indicates a good fit of the regression line
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performed. In our study, the results from measuring the 
GFR via fMRI had much lower values than those from 
measuring the creatinine clearance.

A main point is the impact of the anaesthesia on the 
GFR measurements via fMRI-examinations. Lower 
results for GFR-measurement have been detected for 
patients under anaesthesia than without [33, 34]. Addi-
tionally, the results for the GFR are dependent on the 
method used for the measurement and the contrast 
medium.

Another difference between the creatinine clearance 
method and the fMRI measurements was the period of 

time in which GFR was calculated. The time interval for 
estimating GFR via exogenous plasma creatinine clear-
ance was at least 4  h, whereas the period of time for 
measuring GFR via MRI bolus track was 60 s. Addition-
ally, the single kidney function could only be measured 
by the fMRI measurements and not by a blood sampling 
strategy.

Image analysis
One challenge of the MRI bolus track evaluation was to 
eliminate the artefacts caused mainly by breathing move-
ment. Two different approaches could be selected. It is 
possible to reduce breathing movements during exami-
nation by deep anaesthesia and manual breathing trig-
gering. Another approach would be to eliminate these 
artefacts during post-editing of the images. Instead of 
manual corrections [18], a Savitzky–Golay filter [26] 
was used. As demonstrated in Fig. 5 the use of the filter 
showed good approximations concerning curve propaga-
tion and extreme values. This filter presented itself as a 
simple and non-time-consuming method for eliminating 
these artefacts without losing information about curve 
propagation or extreme values. The use of the filter also 
simplified the identification of the “point after aortic rise” 
because for some dogs breathing movement occurred at 
the same time as the propagation of the contrast medium 
bolus started.

The slice thickness of 45 mm had some advantages and 
disadvantages. A positive aspect of this approach was 
that changes of SI could be measured for the whole kid-
ney. Furthermore, both kidneys and the aorta were com-
pletely captured in one slice so that the calculation was 
not limited to a small proportion of the renal parenchyma 
[18] and the contrast medium remained completely in 
the ROIs during the time interval of analysis [35]. Further 
possible error sources might occur due to the usage of 
the additional ROIs that had to be established for calcula-
tions of the correction factors. As the slice thickness has 
a wider range than the volume of the organs the residual 
tissue has to be subtracted. This might lead to some fal-
sifications because of the possible localisations of these 
ROIs especially for  ROIaorta.

General disadvantages of this method are the great 
influence of the size and localisation of the ROIs on the 
calculations and the possible nephrotoxicity of the con-
trast medium [36] especially if repeated examinations 
are scheduled. A further general weakness is the lack of 
validated single kidney GFR reference values for dogs 
and the non-existence of published data about a clinically 
relevant change in fMRI-GFR measurements [37]. This 
complicated the interpretation of the calculated results 
extremely.

Fig. 10 Results of the GFR‑calculation based on RPPs. The complete 
GFR was calculated by summarising the single‑kidneys GFRs. 
Comparisons between the left and the right kidney resulted in pretty 
similar results

Fig. 11 Influence of varying localisations of  ROIaorta on the 
GFR‑calculations via RPP. The different places of the ROIs can be seen 
in Fig. 3. The total‑GFR is displayed in order to visualise the impact of 
the size and localisation of  ROIaorta
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The choice of the sectional plane affects the results, 
too. If a coronal sectional plane is chosen for MRI meas-
urement the options of ROI selection are more restricted 
due to anatomical facts. In our opinion the definition of 
ROI selections is one of the key issues to establish a clini-
cal routine measurement method as there are a lot of dif-
ferences according to breed in the dog population. This 
might cause some challenges in defining standardised 
ROIs.

Another advantage is the short duration of this method 
compared to different blood sample methods.

Conclusions
The propagation of the contrast medium bolus could be 
depicted well. The propagation of the contrast bolus pro-
ceeded in a similar manner for every individual dog, too. 
Additionally, the comparison of the single kidney func-
tion of the individual dogs is possible with this method.

A standardised examination procedure (anaesthesia-
protocol, administering the contrast medium automati-
cally, localisations and size of the ROIs and determining 
the time interval for the integration of the RPPs) would 
be recommended in order to minimise influencing 
parameters.

As the ideal vision of the kidney examination would be 
a procedure in which the kidneys could be judged mor-
phologically and functionally in one examination, MRI 
examinations of the kidneys seem to be a promising tool 
to solve this problem.
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