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Abstract

Background: Actinobacillus pleuropneumoniae (A.pp.) is the causative agent of porcine pleuropneumonia leading to
high economic losses in the pig industry. Infrared thermography (IRT) of the thorax might offer a new method to
select swine with lung alterations for further diagnostics.
In this study 50 german landrace pigs were infected with A.pp. in an established model for respiratory tract disease,
while 10 healthy pigs served as control animals. To avoid drift errors during IR measurements absolute skin
temperatures and temperature differences between a thoracal and an abdominal region were assessed for its
diagnostic validity.

Results: IRT findings during the course of experimental A.pp.-infection were verified by computed tomography (CT)
before and on days 4 and 21 after infection. Significant correlations were found between clinical scores, CT score
and lung lesion score. Ambient temperature, body temperature and abdominal surface temperature were factors
influencing the skin surface temperature of the thorax. On day 4 but not on day 21 after infection the right thoracal
temperature was significantly higher and the difference between a thoracal region in the height of the left 10th
vertebra and an abdominal region was significantly lower in infected pigs than in control pigs. At a cut off of 28°C
of right thoracal temperature the specificity of the method was 100% (CI 95%: 69-100%) and the sensitivity 66%
(CI 95%: 51-79%).
At a cut off of 2°C temperature difference between thoracal and abdominal region on the left body site the
specificity of the method was 100% (CI 95%: 69-100%) and the sensitivity 32% (CI 95%: 19-47%) with all control pigs
detected negative.
Orientation for lung biopsy by IRT resulted in 100% specificity and sensitivity (CI 95%: 69-100%) of bacteriological
examination of tissue samples during the acute stage of infection.

Conclusion: IRT might be a valuable tool for the detection of inflammatory lung alterations in pigs, especially
during the acute stage of infection and if ambient temperatures are constant during individual measurements.
External and internal factors interfere with this method, so that its application in the field might be restricted to a
selection of pigs for further diagnostic with adequate specificity.
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Background
Porcine respiratory tract diseases lead to high economic
losses in the swine industry worldwide. Clinical signs of
disease can be reduced by vaccination against porcine
respiratory tract pathogens, but under field conditions
the protective effect is often limited in the case of
multifactorial disease with several pathogens involved.
In general, all vaccines available failed to prevent infec-
tion and transmission of pathogens [1,2]. In general,
after the onset of acute respiratory disease on a farm,
selected pigs are euthanized and necropsied to initiate
bacteriological and virological examination of lung tissue.
In addition, serological tests are performed in living
pigs, which give information about contact with specific
pathogens in the past, but not if lung tissue is affected
or not [3].
Subclinically and chronically diseased animals do not

show any clinical symptoms [4]; consequently, they
cannot be selected efficiently for further diagnostic pro-
cedures or sorted out prior to slaughter. Therefore one
clinical research aim in the field of diagnostic of
respiratory diseases in pigs is to identify pigs with lung
alterations which do not show clinical signs, to select
them for further diagnostic procedures and by this
increase the chance of a successful diagnosis as a basis
for solving the herd problem.
The practicability of imaging techniques of the lung

like digital radiography and computed tomography (CT)
is restricted by high personal and investigation costs
[5,6]. Ultrasonography was found to be more convenient
but was of lower sensitivity, because lung lesions covered
by aerated lung tissue were undetectable [7-9].
Infrared thermography (IRT) as an imaging method

for the detection of elevated body temperature, circula-
tory disorders or circumscribed organ inflammation
would be of high advantage in swine medicine because
of its fast, cheap and non-invasive applicability.
One approach to overcome measurement inaccuracies

due to a time-dependent drift error of the IR camera is
the calculation of a difference temperature between two
defined body localizations as an allocation base [10]. In
the current study, temperature differences between regions
of interest (ROI) were used to overcome IRT device errors
and variations between different IRT images. Selected ana-
tomical localizations could be reproducibly found in the
IRT image. As depicted in the manufacturer’s instruction of
the used IR camera measurement accuracy was ± 1.5°C
which is comparable to other IR cameras used in medicine
diagnostics [11].
Dependence on ambient temperature is one major

cause for the limited practical use of IRT in medicine
up to now. In several studies in veterinary medicine
IRT was tested as a diagnostic tool, e.g. to detect a
pneumothorax in rats [12] or spine diseases and
neuromuscular disorders in horses [13,14]. In calves,
the skin temperature around the eyes was found to be a
sensitive marker to detect changes in thermoregulation
due to respiratory disease [15].
In pigs, IRT failed as a diagnostic tool for arthritis, be-

cause thick subcutaneous fatty tissue layers prevented the
detection of a local inflammatory temperature increase [16].
In swine no reference values for thoracal skin temper-

atures in pigs with inflammatory lung alterations exist
up to now. In the following study, a systematic approach
was chosen to evaluate IRT as a diagnostic tool for the
detection of changes in the surface temperature pattern of
the thorax after infection with the lung pathogen Actino-
bacillus pleuropneumoniae (A.pp.).
The aim of this study was to examine the applicability of

passive infrared thermography for the diagnostic of lung
tissue alterations in pigs at different stages of infection.
Clinical examination and CT were used to assess the lung
health status during the experiment as an allocation base
for IRT. Comparison between both imaging techniques
resulted in the determination of specific regions of interest
(ROI) for temperature measurements. At the end of the
study, IRT findings were compared to findings from gross
pathology and histological examinations.
Results
Animal model: clinical and post-mortem scores
Prior to infection all animals were tested negative for A.
pp. in an Apx-II-Enzyme-linked immunosorbant assays
(ELISA) and were defined as healthy according to a clin-
ical score (CLS) and a CT score (CTS). After infection,
challenged pigs developed respiratory disease of varying
severity reflected by increased CLS, CTS, lung lesion
scores (LLS) and scores according to S.P.E.S. (Table 1).
A significant correlation was found between the S.P.E.S.
score and the LLS (rsp = 0.72, p < 0.01).
Several animals showed typical signs of acute pleuro-

pneumonia, as elevated body temperature up to 41.8°C,
dyspnoea, coughing, apathy and vomiting.
Twelve pigs had to be euthanized before the end of

the experiment, because they suffered from generalized
systemic disease with severe dyspnoea. They underwent
CT and infrared thermographical examination prior to
gross pathological examination.
The acute stage of infection was characterized by dissem-

inated lung tissue alterations recorded by CT.
On day 21 after infection significant correlations were

found between CLS, CTS and LLS (CLS-LLS: rp = 0.45,
p = 0.01; CTS-LLS: rp = 0.81, p < 0.01 CLS - CTS: rp = 0.68,
p < 0.01). Gross pathological findings ranged from normal
lung tissue to severe pleuropneumoniae.
Pigs of the control group stayed healthy until the end

of the experiment.



Table 1 Clinical, computed tomographic and
post-mortem scores in infected and control pigs

Prior to infection
(n = 50)

Day 4 (n = 47,
CT score n = 46)

Day 21 (n = 40,
CT score n = 39)

Clinical score

Mean ± σ 0.00 ± 0.02 4.68 ± 3.86 25.16 ± 33.13

Median 0.00 3.82 8.22

Range 0.00 – 0.13 1.16 – 17.63 4.52 – 92.63

CT score

Mean ± σ 0.03 ± 0.09 5.39 ± 1.50 2.11 ± 1.80

Median 0.00 5.25 1.63

Range 0.00 – 0.47 0.79 – 7.71 0.00 - 7.31

Lung lesion score [30] of infected pigs (n = 50)

Mean ± σ 12.45 ± 7.656

Median 11.7

Range 1.58 – 33.68

S.P.E.S. score [32] of infected pigs (n = 42)

Median 4

75th
percentil

4

Range 1-4

Lung lesion score [30] of control pigs (n = 10)

Mean ± σ 0.11 ± 0.33

Median 0

Range 0 – 1.05

S.P.E.S. score [32] of control pigs (n = 10)

Median 0

75th
percentil

0

Range 0-1
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Surface skin temperatures measured by infrared
thermography (IRT) during experimental infection and
influencing factors
Data of ten control pigs and of all infected pigs were
analyzed for surface skin temperature changes during
the course of infection.
Multiple regression analysis revealed a variety of external

and internal factors influencing the diagnostic command
variables absolute surface temperatures of the thorax
as well as skin surface temperature differences between
thoracal and abdominal region (Tables 2 and 3). Most im-
portant influencing variables were ambient temperature,
body core temperature and abdominal skin temperature.
Because individual pigs were examined subsequently by

IRT imaging in a cooled chamber on fixed examination
days, ambient temperature increased in parallel to the
duration of examination due to the presence of the
warm, living pigs and the examiner. The high impact
also of a relatively cold ambient temperature (6-15°C)
onto sensitivity and specificity of the method is reflected
in the results of IRT measurements in this trial.
Student´s t-test for independent samples as well as t-tests

for paired observations for the comparison of different
stages of infection were performed with those pigs, which
have been examined within an ambient temperature range
of 7-14°C on all examination days (Figures 1 and 2). A
significant difference between infected pigs and control
pigs was found for the left skin surface difference temp-
erature between lung ROI and abdominal ROI.
Differences in absolute skin surface temperatures be-

tween control pigs and infected pigs were significant
already prior to infection (Figure 1), which might be due
to the described order of examination. Control pigs were
examined always at first in a relatively cool environment
to avoid infection. A significant correlation was found
between ambient temperature and thoracal skin surface
temperatures (p < 0.01).
This obvious influence of ambient temperature onto the

thoracal skin surface temperature was statistically corrected
in an analysis of covariance. The corrected data revealed
diagnostic significance for the skin surface temperature
difference between abdominal and thoracal region on the
left body site in the height of the 10th thoracic vertebrae
(p < 0.01) during the acute stage of infection
As a result of this study, potential cut-offs were suggested,

which might allow a practical application of IRT by a spe-
cific preselection of pigs for further diagnostics although
the method is influenced by ambient temperature and other
internal factors.
During the acute stage of infection a cut off of 28°C of

absolute right thoracal temperature resulted in a specificity
of the method of 100% (95% confidence interval 69-100%)
and a sensitivity of 66% (95% confidence interval 51-79%)
as shown in Figure 3a. A cut off of 2°C temperature differ-
ence between thoracal and abdominal region on the left
body site resulted in a specificity of 100% (95% confidence
interval 69-100%) and a sensitivity of 32% (95% confidence
interval 19-47%) (Figure 3b).
Maximal abdominal temperatures continuously increased

with the days of examination in parallel to an increase in
the body weight.
At the chronic stage of infection the lung lesion score

was negatively correlated to body weight (rp = −0.5,
p < 0.01) and positively correlated to the clinical (rp = 0.5,
p < 0.01) and the CT score (rp = 0.8, p < 0.01). No correla-
tions were found between lung lesion and CT scores and
the temperature parameters measured by IRT.

Validity of lung biopsy
A.pp. could be reisolated from lung biopsies in twelve out
of 50 infected pigs. While the overall A.pp. detection rate
using this method in comparison to positive lung tissue
samples was 19-51% (CI 95%), all ten pigs with severe



Table 2 Correlations between dependent and independent variables on day 4 after infection

Influencing variables Dependent variables

Pearsson’s correlation coefficient, p- (probability) value, number of pigs

Temperature difference between
thoracal and abdominal region
on the left body site

Temperature difference between
thoracal and abdominal region
on the right body site

Left thoracal
temperature

Right thoracal
temperature

Infected Control Infected Control Infected Control Infected Control

Age (living days) 0.07 0.42 −0.04 0.72 −0.08 −0.38 −0.03 −0.33

0.63 0.23 0.78 0.02 0.58 0.28 0.85 0.36

47 10 47 10 47 10 47 10

Body weight (kg) −0.01 0.52 0.01 0.50 0.33 −0.18 0.35 0.05

0.96 0.12 0.93 0.14 0.02 0.62 0.01 0.89

47 10 47 10 47 10 47 10

Clinical score 0.06 0.28 −0.18 0.43 −0.54 −0.26 −0.51 0.06

0.67 0.43 0.22 0.22 <0.01 0.46 <0.01 0.87

47 10 47 10 47 10 47 10

Computed tomography score −0.13 0.41 −0.30 0.47 −0.12 0.18 −0.12 −0.23

0.40 0.23 0.04 0.17 0.43 0.62 0.42 0.53

46 10 46 10 46 10 46 10

Breathing frequency (per minute) −0.11 −0.08 −0.05 −0.20 0.29 0.44 0.27 0.14

0.45 0.82 0.76 0.58 0.05 0.21 0.07 0.70

46 10 46 10 46 10 46 10

Heart rate (per minute) 0.09 0.32 −0.03 0.09 0.07 −0.65 0.08 −0.45

0.54 0.36 0.86 0.81 0.64 0.04 0.60 0.19

46 10 46 10 46 10 46 10

Body temperature (rectal) 0.34 −0.35 0.38 −0.37 0.30 0.83 0.18 0.82

0.02 0.33 <0.01 0.29 0.05 <0.01 0.22 <0.01

46 10 46 10 46 10 46 10

Ambient temperature (°C) 0.03 −0.53 −0.00 −0.21 0.75 0.31 0.78 0.64

0.89 0.11 0.98 0.56 <0.01 0.38 <0.01 0.04

46 10 46 10 46 10 46 10

Abdominal temperature (left,°C) −0.01 −0.21 0.31 −0.28 0.96 0.75 0.94 0.89

0.93 0.56 0.04 0.44 <0.01 0.01 <0.01 <0.01

47 10 47 10 47 10 47 10

Abdominal temperature (right,°C) −0.10 −0.20 0.31 −0.04 0.93 0.58 0.94 0.94

0.52 0.58 0.04 0.92 <0.01 0.08 <0.01 <0.01

47 10 47 10 47 10 47 10

Lung lesion score −0.21 −0.43 −0.31 −0.45 −0.11 0.51 −0.11 0.38

0.15 0.22 0.04 0.19 0.48 0.13 0.48 0.27

Surface skin temperatures as well as temperature differences between thoracal and abdominal regions on the left and right body sites were influenced by several
internal and external factors. Pearsson’s Correlation Coefficients (upper lines) between dependent and influencing variables, their levels of significance (middle lines)
and the number of evaluated pigs (lower line) are shown. From 50 infected pigs three pigs had died prior to day 4 after infection.
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clinical symptoms, which had been sampled until day 4
after infection, had positive findings for A. pp. in bioptates
(69-100%, CI 95%).
Only two animals belonging to the four pigs with

the highest clinical score and showing also high lung
lesion scores were A.pp.-positive in lung biopsy samples
on day 21 after infection. Lung tissue samples of the
respective pigs were also highly positive. Lung tissue
samples of twenty-seven pigs were highly positive for
A.pp., while in five pigs only moderate and in four



Table 3 Correlations between dependent and independent variables on day 21 after infection

Influencing variables Dependent variables

Pearsson´s correlation coefficient, p- (probability) value, number of pigs

Temperature difference between
thoracal and abdominal region
on the left body site

Temperature difference between
thoracal and abdominal region
on the right body site

Left thoracal
temperature

Right thoracal
temperature

Infected Control Infected Control Infected Control Infected Control

Age (living days) −0.085 0.13 0.07 −0.03 0.13 0.36 0.18 0.44

0.60 0.72 0.67 0.93 0.44 0.31 0.29 0.20

40 10 40 10 40 10 40 10

Body weight (kg) −0.04 −0.29 0.15 −0.33 0.36 0.73 0.36 0.72

0.83 0.41 0.36 0.35 0.02 0.02 0.02 0.02

40 10 40 10 40 10 40 10

Clinical score −0.07 −0.30 −0.04 −0.18 −0.09 0.40 0.02 0.31

0.68 0.34 0.82 0.63 0.58 0.25 0.91 0.38

40 10 40 10 40 10 40 10

Computed tomography score −0.17 0.17 −0.11 0.14 −0.07 0.13 −0.04 0.12

0.30 0.65 0.50 0.69 0.68 0.72 0.81 0.74

39 10 39 10 39 10 39 10

Breathing frequency (per minute) 0.09 0.28 0.04 0.56 0.23 −0.13 0.16 −0.22

0.59 0.43 0.83 0.09 0.16 0.72 0.33 0.53

40 10 40 10 40 10 40 10

Heart rate (per minute) −0.02 0.18 0.00 0.41 0.36 −0.25 0.44 −0.30

0.91 0.62 0.99 0.24 0.02 0.49 <0.01 0.40

40 10 40 10 40 10 40 10

Body temperature (rectal) 0.28 0.15 0.43 −0.01 0.64 0.67 0.72 0.73

0.08 0.68 <0.01 0.98 <0.01 0.04 <0.01 0.02

40 10 40 10 40 10 40 10

Ambient temperature (°C) −0.24 0.02 0.13 0.07 0.72 0.07 0.59 0.09

0.14 0.96 0.43 0.86 <0.01 0.85 <0.01 0.80

40 10 40 10 40 10 40 10

Abdominal temperature (left,°C) 0.08 0.42 0.38 0.33 0.95 0.642 0.87 0.69

0.61 0.23 0.02 0.35 <0.01 0.04 <0.01 0.03

40 10 40 10 40 10 40 10

Abdominal temperature (right,°C) 0.05 −0.03 0.47 0.02 0.88 0.91 0.92 0.92

0.74 0.93 <0.01 0.97 <0.01 <0.01 <0.01 <0.01

40 10 40 10 40 10 40 10

Lung lesion score −0.20 −0.50 −0.09 −0.14 0.05 −0.12 0.10 −0.20

0.21 0.14 0.57 0.70 0.76 0.75 0.54 0.57

40 10 40 10 40 10 40 10

Surface skin temperatures as well as temperature differences between thoracal and abdominal regions on the left and right body sites were influenced by several
internal and external factors. Pearsson´s Correlation Coefficients (upper lines) between dependent and influencing variables, their levels of significance (middle lines)
and the number of evaluated pigs (lower line) are shown.
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pigs only low A.pp.-isolation rates were found (Figure 4).
A.pp. was not reisolated from lung tissue of 14 pigs.
A histological examination of lung tissue confirmed
pneumonia and pleuritis in 44 out of 50 infected pigs
(88%).
Discussion
The aim of this study was to evaluate IRT as an imaging
technique for the diagnostic of respiratory disease in swine.
During the trial in living pigs the diagnostic potential of
IRT was controlled by CT examination.



Figure 1 Absolute skin surface temperatures of the left and right thorax at different stages of infection. Asterics indicated significant
differences between groups (p≤ 0.05). Data of those pigs were evaluated which were measured in an ambient temperature range between 7-14°C.
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Planning of the study was directed by preliminary find-
ings supporting the hypothesis, that gross pathological
lung lesions can be successfully detected in pigs by IRT
and that the difference temperature between lung region
and abdominal region is smaller in pigs with lung al-
terations due to an inflammatory increase in lung
temperature [17]. Optimal ROIs for IRT on the pig
thorax had been previously specified by measurement
of tissue layer thicknesses in various anatomical positions
(data not shown).
Figure 2 Temperature differences between thoracal and abdominal R
differences between groups (p≤ 0.05). Data of those pigs were evaluated wh
In general, IRT is a simple and non-invasive method
to assess the surface temperature distribution of the
body [18]. An increase in temperature is a basic physical
reaction towards a harmful stimulus and is one sign of
inflammation besides swelling, pain and redness.
Also under physiological conditions skin temperature - as

the outer contact organ of the body with the environment -
is influenced by many external and internal factors, e.g.
sweat evaporation, vascular perfusion, local tissue metab-
olism and ambient temperature [19,20]. Anyhow, infrared
OIs at different stages of infection. Asterics indicated significant
ich were measured in an ambient temperature range between 7-14°C.



Figure 3 a, b: Receiver Operating Characteristics (ROC) –curves in the acute stage of infection. (a) absolute skin surface temperature of a
thoracal region in the height of the 7th thoracic vertebrae on the right body site (cut-off values in °C). (b) the difference between abdominal and
thoracal skin temperatures on the left body site (cut-off values in Δ°C). For every cut-off value the 100-specificity on the x-axe and the sensitivity
on the y-axe is shown.
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thermographical images captured under controlled
conditions might be interpretable to diagnose specific
pathological conditions and might be a helpful tool to
monitor specific body reactions towards stress, especially
thermal stress [21]. A satisfying reproducibility of IRT in a
temperature-controlled environment has been shown pre-
viously [21,22].
As hypothezised, mean absolute surface temperatures

of the thorax were rising after aerosol challenge during
the acute stage of infection (day 4), when highest values
were recorded. This temperature increase reflects inflam-
matory mechanisms in the lung (influx of exsudates,
immune cell migration into tissue) as well as systemic
Figure 4 Comparison of A.pp. reisolation from lung tissue bioptates a
reactions (increased body temperature, heart rate, changed
respiratory rate). In contrast to that, prior to infection,
absolute surface temperatures were lower. Surface tem-
peratures during the chronic stage of infection were
slightly higher than those measured prior to infection
but lower than in the acute stage of infection. The chronic
stage of A.pp.-infection is characterized by sequestrated
necrotic lung tissue, which is surrounded by a fibrotic
capsule. In these altered lung areas neither tissue venti-
lation, nor blood circulation occur. Obviously these chronic
inflammatory processes led not to an increased tissue blood
perfusion accompanied by an increase in temperature
which can be detected from the outside by IRT. Local
nd lung samples from necropsied pigs.
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temperatures in lung tissue sequesters might be lower
than in non-affected lung areas.
Using difference temperatures (Δϑ) between the lung

ROI and the abdominal ROI as an allocation base for
the detection of inflammatory lung disorders, sensitivity
and specificity of the method should be further im-
proved for routine measurements under practical condi-
tions. The hypothesis was that Δϑ was highest prior to
infection, due to physiological ventilation of lung tissue
with cool air. During the acute stage of infection, when
lung tissue was heated due to inflammation, Δϑ was sup-
posed to decrease. In contrast to that, in patient animals
Δϑ was not significantly different between the examin-
ation prior to infection and after infection. A significant
difference was found between day 4 and 21 after infec-
tion with a higher difference temperature in the chronic
stage of infection.
The high significant difference between lower absolute

right lung ROI temperatures prior to infection in com-
parison to higher temperatures on day 21 after infection
was found in all group constellations of patients. In
parallel a higher difference temperature between lung and
abdominal ROI was observed on day 21 after infection,
which was contradictory to the hypothesis. This might be
due to a steeper temperature increase of the abdominal
ROIs on both body sites, which was obviously not propor-
tional to a temperature increase of the lung ROIs.
The statistical comparison of patient animals with con-

trol animals showed, that infected pigs have disease-
dependent thoracal surface temperature changes during
the acute stage of infection, while no difference was
found between both groups on day 21 after infection.
In the chronic stage of infection, three weeks later,

abdominal ROI temperature significantly increased from
day 4 to day 21 after infection in control pigs and to a
much lesser extent in the patient pigs. Briefly, in healthy
pigs a higher growth-dependent increase in abdominal
than in lung temperature can be assumed. Additionally,
differences in abdominal temperatures might be also due
to differences in digestive activities. Feed depriviation
before examination was at least 12 hours in all animals.
Nevertheless, severity of disease affected the appetite of the
pigs, so that individual differences in feed consumption
occurred during the trial. Some animals still had intestinal
contents during examination. The localization of intestine
and liver tissue might also be an influencing factor onto
thoracal temperatures. The left lung ROI was located at
the height of the 10th vertebra where liver tissue was
underlying. Filling of the stomach can dislocate the liver
in a more cranial position close to the lung. Liver tissue is
known to be approximately 1-2°C warmer than the body
core temperature [23].
The chronological order of the examination of piglets

is assumed to be also a factor influencing the thoracal
surface. To avoid contamination of the healthy control pigs
with A.pp., they were always examined at first. For this rea-
son the cooled chamber was warmer when patients were
examined (ambient temperature during examination of
control pigs: 8.47 ± 1.57°C and of infected pigs: 11.97 ±
1.23°C). As previously published, ambient temperature
strongly affects the results of IRT measurements, although
optimal ambient temperatures for IRT have been reported
to be <18°C, which was realized in this study [24].
Not only the effect of ambient temperature on IRT

measurement results might limit the application of this
method on farms, but also the relative long time until an
adequate IRT picture can be produced (approximately
30 seconds in anaesthetized pigs). Anatomical landmarks
should be visible in the picture, so that the correct ROIs
can be positioned for later temperature evaluation. Non-
anaesthetized pigs are moving continuously, which will
impair the quality of pictures. For this reason further
technical improvement of IRT cameras will be necessary
to pave the way for this technique for practical usage.
For the use of IRT adequate facilities and a profound

knowledge of the anatomy and physiology of the exam-
ined species and the pathophysiology of the disease which
should be examined might be important to avoid misdiag-
nosis. Because mostly several different bacterial and viral
pathogens are involved in porcine respiratory diseases,
also lung alterations will be a combination of different
gross pathological findings. A detection of these inconsist-
ent inflammatory findings might be even more difficult
than those findings reported after experimental mono-
infection in this study. Also under standardized external
conditions, IRT is error-prone due to several influencing
endogenous factors whose impact cannot adequately be
corrected. IRT is not sensitive enough to assess the preva-
lence of pigs with lung alterations in a herd. But, using a
cut off with a high specificity as suggested in this study,
IRT might be a promising tool to detect pigs without clin-
ical symptoms but with lung alterations. Using this 2-step
diagnostic approach would enable a more targeted and
cost-effective diagnostic of respiratory disease.
Bacteriological examination of lung tissue bioptates of

infected pigs resulted in A.pp. reisolation in 24% of all
animals. All animals with severe clinical symptoms, which
were euthanized during the first days after infection, had
positive findings for A. pp. in bioptates. Only 5% of pigs
were detected positive by lung bioptates on day 21 after
infection. For this reason, lung biopsy can be assessed to
be a diagnostic option for A. pp. detection only during
the acute stage of infection. Biopsy of the lung is highly
invasive and can cause further problems as bleeding and
sudden death.
It can be concluded, that the assessment of IRT for

the diagnostic of lung alterations requires a comparison
of infected and non-infected pigs of the same age and
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under same ambient temperature conditions. The interpret-
ation of findings is complicated by a non-proportional,
partly growth-dependent change in surface temperature of
different body regions.
In this study, most appropriate surface temperature

parameters for the diagnostic of the lung health status of
pigs are the absolute temperature of the right thoracal
region in the height of the 7th thoracic vertebra as well as
the temperature difference between thoracal and abdom-
inal region on the left body site on the height of the 10th
thoracic vertebra.
With a next generation of IRT cameras both localiza-

tions should be further evaluated for their diagnostic
significance in non-anaesthetized piglets with and with-
out lung diseases and under moderate ambient temperature
conditions.

Conclusion
Using IRT lung alternations are better detectable in the
acute stage of infection 4 days after infection than in the
chronic stage of infection 21 days after infection. The
method is interfering with external and internal factors
which have to be regarded during the examination and
analysis. Especially the effect of ambient temperature on
skin surface temperatures visualized in IR-images always
has to be considered. The assessment of IRT requires a
comparison of infected and non-infected pigs of the same
age and under same ambient temperature conditions. The
application of this tool in the field might be restricted
to a selection of pigs for further diagnostic with adequate
specificity.

Methods
Animals
A total of 60 clinically healthy male castrated pigs (German
Landrace) in the age of four weeks were used in this
study. All pigs were bred and raised in a closed breeding
herd of high health status that is routinely tested negative
for A. pp., Porcine Reproductive and Respiratory Syndrome
Virus (PRRSV), toxigenic Pasteurella multocida, endo- and
ectoparasites.
To guarantee the health status of the pigs, all pigs used

in this study were checked for antibodies against A. pp.
using an Apx-II-Enzyme-linked immunosorbant assay
(ELISA) after arrival [25]. Animals were housed and
cared under standardized conditions according to the
Directive of the European Convention for the Protection
of Vertebrae Animals Used for Experimental and Other
Scientific Purposes (European Treaty Series, nos. 123
[http://conventions.coe.int/treaty/EN/treaties/html/123.
htm] and 170 [http://conventions.coe.int/treaty/EN/treat-
ies/html/170.htm]) at the Institute for Microbiology, Uni-
versity of Veterinary Medicine Hannover, Germany. The
study was approved from the local permitting authorities
in the Lower Saxony State Office for Consumer Protection
and Food Safety and in accordance with the requirements
of the national animal welfare law (approval number: 33.9-
42502-12/0835). Precautions aimed at avoiding unnecessary
suffering were taken at all stages of the experiment.
Animals were randomised in two control groups of

five and five challenge groups of ten.
Twice a day (8 am and 5 pm) a commercial weaner pig

diet (Deuka Primo, Deutsche Tiernahrung Cremer GmbH
& Co. KG, Bremen, Germany) was fed with exception of
the examination days and the day of infection, when pigs
were fed in the evening after the manipulations, to lower
the risk of a circuit failure under anaesthesia and to
minimize the effect of digestion onto the body surface
temperature. Water was given ad libitum.
Experimental setup
Because of the high number of animals, which could not
be examined within one trial due to logistic reasons, two
sequential trials following the same protocol during the
examination period of 28 days were performed. In the
first trial 30 animals and in the second trial 20 animals
were challenged with A. pp., while 5 pigs served as a
mock-infected control group during each trial. In total,
in this study data of 50 pigs challenged with A.pp. and
10 control pigs were evaluated. A clinical examination of
all pigs with special emphasis onto gastrointestinal and
respiratory signs, locomotory disorders, skin alterations
and behaviour was performed daily in all pigs resulting in
daily clinical scores. The first CT and IRT examination as
well as blood sampling were performed in the first week,
when all pigs had been assessed as healthy.
As soon as deep anaesthesia was achieved by 15 mg keta-

mine (Ursotamin®, Serumwerk-Bernburg AG, Bernburg,
Germany)/kg body weight (bw) intramuscularly (i.m.)
and 2 mg azaperon (Stresnil®, Janssen-Cilag GmbH, Baar,
Switzerland) /kg bw i.m., pigs were at first examined by
computed tomography followed by a cooling down of
15 minutes in a cooling chamber (6-15°C) and then IRT
examination of the thorax. Subsequently pigs were brought
back to their stables and monitored until they awoke. A
few days after the first examinations, aerosol challenge
was performed on day 0 of the infection experiment.
The second examination was performed according to the

same protocol on the fourth day after aerosol challenge
during the acute stage of infection and the third examin-
ation on day 21 after infection during the chronic stage of
infection. After the last examination, lung biopsies were
sampled under deep anaesthesia and pigs were then eutha-
nized (60 mg pentobarbital (Euthadorm®, CP-Pharma,
Burgdorf, Germany)/ kg bw intravenously) and necropsied
to assess gross pathological lung alterations and to take
further diagnostic samples.

http://conventions.coe.int/treaty/EN/treaties/html/123.htm
http://conventions.coe.int/treaty/EN/treaties/html/123.htm
http://conventions.coe.int/treaty/EN/treaties/html/170.htm
http://conventions.coe.int/treaty/EN/treaties/html/170.htm
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Aerosol challenge
Aerosol challenge was performed as previously described
[26,27] using an A.pp. bioptype 1 serotype 2 strain for
infection, which has been isolated from a naturally
infected pig in Germany (lab identification number
C3656/0271/11, Institute of Microbiology, University of
Veterinary Medicine, Hannover, Germany).
Briefly, groups of five pigs were infected simultaneously

in an aerosol chamber. Within 2 minutes at a pressure
of 2 bar 13 ml of the diluted culture (containing 3 ×
107 – 8 × 109 bacteria) were nebulized in the chamber
resulting in approximately 1 × 102 colony forming units
(cfu) of A.pp. per litre aerosol. Subsequently pigs were
exposed for 10 minutes to the aerosol in the closed
chamber. Challenge doses were confirmed retrospectively
by overnight culture of several dilutions of the bacterial
inoculum and determination of the cfu.
For the mock challenge of control pigs 13 ml of a

154 mM sterile NaCl solution was nebulized in the aero-
sol chamber.

Clinical examination
Clinical scoring and the classification of disease severity
were performed according to Hoeltig et al. [28] with the
exception of pulse oxymetry. Animals were monitored
daily for clinical signs of disease assessing the following
parameters: breathing noise, type of respiration, breath-
ing rate, coughing, skin colour, posture, behaviour, feed
intake, body temperature, and symptoms of gastrointestinal
disorders as vomiting or diarrhoea. Cumulative clinical
scores were calculated for each pig as a sum of daily clinical
scores from day of arrival to infection (day 0), from day 0
to 4 and from day 0 to 21. Disease classifications by clinical
scores on day 0 and 4 were: not affected (0–0.70), slightly
affected (0.71-7.13), moderately affected (7.14-13.56) and
severely affected (>13.56). Disease classifications by clinical
scores on day 21 were: not affected (0–2.00), slightly
affected (2.01-34.7), moderately affected (34.71-67.3)
and severely affected (>67.3).

CT examination
CT examination of the pig thorax has been described in
detail by Brauer et al. [6]. Briefly, anaesthezised pigs were
positioned symmetrically in sternal recumbency. From the
cranial thoracic aperture to the caudal end of the lung
the thorax was scanned by a third generation single-
slice CT scanner (Philips Tomoscan M, Philips Medical
Systems, Germany) with defined settings for scanogram
and volume scan (tube voltage 120 kV, current 40 mA,
slice thickness 7 mm, reconstruction interval 5 mm, pitch
1.5). CT scores (CTS) for each animal were calculated as
previously described by Brauer et al. [6] taking morpho-
logical alterations and their distribution pattern, as well as
absorption densities into account. Disease classification by
CTS was: not affected (0–0.23), slightly affected (0.24-
1.70), moderately affected (1.71-2.22) and severely affected
(>2.23).

Infrared thermographical examination
Anaesthetized pigs were positioned in sternal recumbency
on a plastic tray and metal markers were fixed at the 5th,
7th, 10th and 13th thoracic vertebrae left and right beside
the spine to serve as anatomical landmarks. Pigs were left
for acclimatization in a cooling chamber (average ambient
temperature of 11.27 ± 2.29°C) for 15 minutes. Prior to
and after this acclimatisation period heart frequency,
respiratory rate, and body temperature were recorded.
IRT images were made from the left and right side of the
body in a constant distance, right-angled to the thorax with
an IR camera (VarioCAM hr Inspec, Infratec, Dresden,
Germany) after the acclimatization period. Presetting of
the camera was a premium mode with a camera-internal
repeated calibration prior to IRT imaging [11]. Thus, a
continuous balancing of inhomogeneities in the microbol-
ometer array was possible. An emissivity of 0.96, which is
a good assumption for skin with little hair, was presetted
[29]. Picture matrix was 384 x 288 pixels and the thermi-
cal resolution was 50 mK. Additionally, a reference body
with constant room temperature placed next to the pig
was recorded on each image as an internal standard.
Room temperature was recorded prior to every single
examination. For analysis of IR images a standard Win-
dows PC and an image analysis software package (Irbis3,
InfraTec GmbH, Dresden, Germany) were used.
Two certain ROIs, one on the right side of the thorax

in the height of the 7th thoracic vertebra (R7vLr) and
one on the left side of the thorax in the height of the
10th thoracic vertebra (R10vLl) were chosen as measure-
ment localizations, because outer tissue layers (skin, fat,
muscle) were thin at these anatomical positions (data
not shown). These two ROIs were selected to evaluate
thoracal surface temperatures in each pig at three exam-
ination days: prior to infection, when pigs were healthy,
on day 4 after infection during the acute stage of disease
and on day 21 after infection during the chronic stage of
infection, when pigs did not show respiratory clinical
signs any longer.
To transform real anatomical positions into two dimen-

sional IR images, visible markers were positioned onto the
pig. These metal markers served as anatomical landmarks
and specific orientation points (OP) to reconstruct the
exact positions of the 5th, 7th, 10th or 13th thoracic verte-
bra (TV) in the IR images.
Two additional ROIs were positioned in the abdominal

region in order to cover as much as possible of the ab-
dominal area (Abd1, Abd2). Abd1 touched tangentially the
dorsal and ventral bodyline as well as the orientation point
in the height of the 13th thoracic vertebra (OP13). Abd2
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was positioned adjacent to Abd1 tangentially to the dorsal
and ventral bodyline covering the remaining caudal part
of the abdomen (Figure 5). Maximal abdominal surface
temperatures (ϑMax) and standard deviations were recorded.
The ROI of the reference body (Ref) with a radius of
18 pixels was representative for the ambient temperature
measured onto the surface of a black reference body.
Mean (ϑM) temperature of the lung ROIs and the ROI

of the reference body were documented.
Difference temperatures between mean lung ROI temper-

ature and maximal abdominal ROI temperatures (Abd1 or
Abd2) were calculated according to the following equation.

ΔϑRx ¼ ϑmaxAbd1; Abd2−ϑmeanRx

Measured absolute skin surface temperatures were cor-
rected by the measurement error determined using the
reference body as an allocation base.

Pathological, bacteriological and histological examination
Prior to euthanasia, those areas on the thoracal surface,
which were obviously warmer than the surrounding
tissue, were detected immediately by IRT imaging and
directed lung biopsy was performed. If no warm areas
could be detected by eye, lung biopsy was performed
on the right side of the thorax between the fifth and
the seventh rib. Lung tissue bioptates were divided and
provided for histological and microbiological examinations.
After lung biopsy, control pigs and infected pigs were

euthanized and necropsied. Macroscopic lung alterations
were quantified according to the Lung Lesion Score (LLS)
proposed by Hannan et al. [30] and specified in the
Figure 5 IR image of a highly infected pig in sternal recumbency with
colour range: SW-VarioCam, temperature range = 23–34°C, picture matrix: 384
vertebra (TV), 7.TV = vertical line of the 7.TV,10.TV = vertical line of the 10.TV, 13
Abd2 = abdominal ROIs, R7vL = lung ROI of the 7.TV.
European Pharmacopoeia for vaccine development [31].
Briefly, lung tissue alterations assessed by visual inspec-
tion and palpation were recorded in a schematic map
of the porcine lung consisting of 74 triangles (7 triangles
for cardial and apical lobes each, 8 triangles for the
accessory lobe, 19 triangles for each of the diaphragmatic
lobes). The quotient of altered triangles and whole trian-
gles of each lobe was multiplied by 5, so that each lobe
could reach a maximum score of five and the whole lung
a maximum lung lesion score of 35. The classification of
the score was: not affected (0), slightly affected (0.1-5.0),
moderately affected (5.1-10.0) and severely affected
(>10.0). In addition, a score according to the Slaughter-
house Pleurisy Evaluation System (S.P.E.S.) was used, which
allows a rapid and efficient quantification of pleuritis [32].
Altered lung tissue as well as lung bioptates were culti-

vated on selective meat and blood agar to reisolate A.pp.
or to confirm, that control pigs stayed A.pp.-negative until
the end of the study [33]. Bacterial species diagnostic was
confirmed by PCR for the ApxIIA gene and by urease
activity [34,35].

Statistical analysis
Statistical analyses of data were performed using SAS®
software, Version 9.3 (SAS Institute Inc., Cary, NC, USA).
Right and left thoracal temperatures as well as the differ-
ence temperatures between thoracal and abdominal regions
on the right and left body site were compared using stu-
dent`s t-test for independent samples (2-sample-t-test) for
group comparisons and t-test for dependent samples
(1-sample-t-test for differences) for paired samples during
the course of infection. Data were normally distributed.
ROIs and reference lines. Day 4 after infection, right view. TA = 13.6°C,
x 288 pixel, emissivity of 0.96. 5.TV = vertical line of the 5th thoracic
.TV = vertical line of the 13.TV, Ref = ROI of the reference body, Abd1 and
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The Pearson´s correlation coefficients were calculated
between these four dependent variables and various
parameters as shown in Tables 2 and 3. The Spearman´
s correlation coefficient was calculated for the S.P.E.S.
and LLS scores. Multiple regression analysis was per-
formed for the four diagnostic parameters, absolute left
and right thoracal surface temperatures and left and right
difference temperatures between thoracal and abdominal
surfaces with various influencing variables as body weight,
ambient temperature, body core temperature, right and
left abdominal temperature, heart rate and breathing
frequency (Tables 2 and 3). An analysis of covariance
was performed to correct for the influence of ambient
temperature onto the targeted variables.
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