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Simple Summary: In this study, nursery pigs and those from the beginning of the fattening period
with respiratory disorders were examined for nasal conchae atrophy by visual and automated scoring.
Detection rates of Bordetella (B.) bronchiseptica in the nose and in the lung were related to the determined
nasal lesion scores. In dead pigs submitted for necropsy, a routine bacteriological examination of the
lower respiratory tract was performed. Moreover, nasal cross sections were scored by visual inspection
and by automatic imaging based on artificial intelligence using the application AI DIAGNOS (HIPRA).
No Pasteurella (P.) multocida positive for the P. multocida toxin were found so all farms were negative for
progressive atrophic rhinitis. The findings suggest that B. bronchiseptica in the nose can facilitate lung
infections, as a higher number of pathogenic bacterial species was found when B. bronchiseptica was present
in the nose. However, no association was found in this study between B. bronchiseptica and non-toxigenic
P. multocida and nasal alterations. Nose health might be decisive for respiratory health. Study results
highlight the nose as an important reservoir for B. bronchiseptica and P. multocida.

Abstract: The nasal mucosa is a crucial filtering organ to prevent attachment and invasion of
pathogens. To assess nasal health in relation to lung health, transverse cross sections of the nasal
turbinates of 121 pigs suffering from respiratory disease and sent for diagnostic necropsy were scored
visually and by an artificial intelligence (AI) medical diagnostic application (AI DIAGNOS), resulting
in a high correlation of both scores (p < 0.001). Nasal samples of the diseased pigs were examined
only for Bordetella (B.) bronchiseptica (PCR and bacteriological culture) and Pasteurella (P.) multocida
(bacteriological culture). All pigs showed various degrees of inflammatory lung tissue alterations,
and 35.5% of the pigs had atrophy of the nasal turbinates with no relation to detection rates of B.
bronchiseptica (54.5%) and P. multocida (29.0%) in the nose. All P. multocida strains from nose samples
were negative for the toxA gene so non-progressive atrophic rhinitis was diagnosed. Pigs positive for
B. bronchiseptica in the nose were more often positive for B. bronchiseptica in the lung (p < 0.001) and
for other bacterial species in the lower respiratory tract (p = 0.005). The new diagnostic application
for scoring cross sections of nasal turbinates is a valuable tool for a fast and reproducible diagnostic.

Keywords: lung health; nasal lesion score; nose deformities; respiratory disease; swine; Bordetella
bronchiseptica; porcine respiratory disease complex

1. Introduction

Multifactorial respiratory disease in swine is characterized by farm-specific com-
binations of various biotic and abiotic factors including pathogens of major or minor
importance [1–5].
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Some authors classified the gram-negative bacterium Bordetella (B.) bronchiseptica as
a major pathogen together with porcine reproductive and respiratory syndrome virus
(PRRSV), Actinobacillus (A.) pleuropneumoniae, Mesomycoplasma (M.) hyopneumoniae, swine
influenza virus (SIV), pseudorabies virus, Actinobacillus (A.) suis, and Salmonella spp. [3],
while others addressed the porcine respiratory corona virus (PRCV), PRRSV, SIV, A. pleu-
ropneumoniae, porcine circovirus (PCV) 2, and M. hyopneumoniae as primary pathogens [4].
Primary pathogens can induce severe lung lesions just by their virulence properties in
contrast to opportunistic or secondary pathogens, which induce lung lesions if accompa-
nied by other co-infecting pathogens, harmful conditions, or immunosuppressive factors.
Secondary pathogens are often commensal colonizing bacteria in the upper respiratory
tract, especially in the nasal cavities or on the tonsils [3]. One reason why B. bronchiseptica
is regarded as a primary pathogen by some authors is that the dermonecrotic toxin causes
pneumonic lesions and nasal conchae atrophy accompanied by necrosis, accumulation of
inflammatory cells (neutrophils and macrophages), and bronchiolar epithelial hypertrophy
especially in young pigs [6]. Clinical symptoms of B. bronchiseptica infections mainly include
sneezing and coughing. Coinfections with B. bronchiseptica as a secondary pathogen mostly
cause more severe courses of disease than the monoinfection with the primary pathogen.
Mechanisms of infection and synergisms with other pathogens have been elucidated in
in vitro models [7–10].

In nursery and fattening pigs, B. bronchiseptica can be an opportunistic pathogen
contributing to respiratory disease, enhancing colonization with Streptococcus (S.) suis and
Glaesserella (G.) parasuis, promoting disease caused by S. suis, and interacting with PRRSV
and SIV to increase the severity of respiratory disease [5,7].

The first line of defense against airborne pathogens, particles, and gases causing respi-
ratory disease is the nose with the function of air warming, filtering, and mucosal immune
response [11]. In case of nasal conchae atrophy the filtering function is disturbed. The
detection of nasal conchae atrophy and subsequent examination for toxigenic P. multocida
expressing the P. multocida toxin (PMT) for exclusion of progressive atrophic rhinitis (PAR)
is an important diagnostic step. Examination for B. bronchiseptica as a cause for non progres-
sive atrophic rhinitis (NPAR) is also of high importance. The nasal turbinate deformations
in NPAR are reversible and milder in contrast to those in PAR [12]. For assessment of nasal
conchae atrophy in pigs in nasal cross sections a standardized scoring scheme exists [13,14],
which was a good starting point for development of an automatic assessment tool using
artificial intelligence (AI). The assessment of organ alterations with the help of AI in health-
care is still in its early stages also in human medicine. In so called supervised learning
algorithms deep learning models are trained on vast datasets of medical images, which
are annotated by medical experts to indicate the presence and severity of specific organ
changes [15]. By training the deep neuronal network with these annotated images, the
AI models can learn to identify patterns and features associated with different conditions.
When presented with a new image, a successfully trained network can then provide a
probability or classification of the organ’s health status. The acquisition of well-annotated
datasets is the most challenging part of training AI models. The selection of divers and
broad data for training is crucial to avoid overfitting of the AI models and help them to
generalize well on other datasets or populations [16].

So far most promising current applications in humans are cancer detection in histopathol-
ogy in various organs such as breast, lung and skin, as well as automation of radiology and
computer tomography reports on organ shape, size and texture [17].

In livestock medicine recent digital advances in sensor technology drive research on
implementation of AI for livestock monitoring with regard to detection of changes from
physiological conditions related to different stressors and early prediction of disease [18].
In contrast to that the assessment of macroscopic organ alterations by AI in veterinary
medicine is not implemented in practice so far. In this study the assessment of images of
porcine nasal cross sections was performed using the application (app) Artificial Intelli-
gence Diagnos (AI Diagnos, HIPRA, Amer, Spain) as a fully automated diagnostic system
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available for ios and android, which was developed to simplify, objectify and facilitate the
whole process of slaughterhouse assessment [19].

In this study an automatic scoring of images of nasal cross sections by the app AI
DIAGNOS was compared to a visual scoring of cross sections of nasal turbinates by a
specialist to assess nasal conchae atrophy in pigs with respiratory disease [19]. The further
aim of the study was to assess the impact of B. bronchiseptica in the upper and lower
respiratory tract as a predisposing factor of nasal lesions and coinfections, respectively.

2. Materials and Methods
2.1. Sample Collection

In total, 121 pigs from 64 different farms with respiratory disease problems were
included in the study within two periods covering a total of 11 sampling months (August
2022 to January 2023 and October 2023 to February 2024). Pigs were selected for further
diagnostics due to coughing and were sent for diagnostic necropsy to the Field Station for
Epidemiology of the University of Veterinary Medicine Hannover, Foundation, Hannover,
Germany. Body weights of the pigs ranged from 3.7 kg to 42 kg with an average weight
of 15.6 kg. The age of the pigs could not be deduced from the body weights because most
of the pigs might have wasted according to inflammatory lung alterations, which were
detected in all pigs at necropsy. All pigs originated either from nursery or early fattening
units.

A routine bacteriological examination of altered lung tissue of a lobar bronchus and
the lung periphery was performed in the microbiology laboratory of the Field Station for
Epidemiology of the University of Veterinary Medicine Hannover. Focus of the microbio-
logical examinations of the lower respiratory tract was on the pathogens B. bronchiseptica, P.
multocida, G. parasuis, S. suis, A. pleuropneumoniae, ß-hemolytic streptococci, and Escherichia
(E.) coli (Table 1).

Table 1. Inspected pathogens in this study.

Obtainment Site
Assay

Culture and Isolation PCR

Nose B. bronchiseptica
P. multocida

B. bronchiseptica
P. multocida (toxA gene)

Lower respiratory tract

B. bronchiseptica
P. multocida

S. suis
A. pleuropneumoniae

G. parasuis
ß-hemolytic streptococci

E. coli

-

The upper respiratory tract with focus on the nose was inspected in parallel by two
different techniques, an AI tool (AI DIAGNOS) and visual inspection [19].

After separating the head from the body, one ear was fixed with one hand so that the
scalp could be removed with a sharp knife starting from the cut edge on the neck. Skin
removal on the nose and upper jaw was the precondition for saw positioning with sawn
teeth already having an abutment in the bone. At the height of the first premolar tooth in the
upper jaw, where the dorsal and ventral conchae are most pronounced in healthy pigs, the
nose was cross-sectioned with an electric band saw [20]. Two sterile culture swabs without
transport medium (Culture swab without transport medium, Nerbe plus GmbH & Co. KG,
Winsen/Luhe, Germany) were used to sample the left and right ventral conchae of the
head-sided cross-section for further bacteriological and molecular biological examination
(Table 1) using each swab for both sides. The first nasal swab was used in parallel with the
lung tissue samples for cultural microbiological examination following routine methods
of the DIN EN ISO 17025 [21] accredited lab. The bacteriological examination of the nasal
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swab focused only on detection of B. bronchiseptica and P. multocida. The second nasal swab
was cryopreserved at −80 ◦C (Cryobank, Mast Group Ltd., Bootle, UK) until shipment in
a polystyrene box with cold packs for PCR diagnostic for B. bronchiseptica by an in-house
method at the HIPRA laboratories in Amer, Girona, Spain [22]. Nasal swab diagnostic only
aimed at detecting B. bronchiseptica and Pasteurella multocida and no other bacterial or viral
pathogens.

The nasal cross section was cleaned by flushing with tap water, and photographed
with a single lens reflex camera (DMC-FZ1000, Panasonic Holdings Corporation, Kadoma,
Japan). Afterwards, the nasal cross section was scored visually following a standardized
scoring scheme by the same experienced observer [13,14]. Automated scoring based on the
photos of the nasal cross sections was performed retrospectively using the AI DIAGNOS
app (version 3.3.0).

Metadata for every animal included in the study as weight and the farm of origin were
assigned to the visual and automatically generated scores as well as to the lab results.

2.2. Bacteriological Examination

For bacteriological examination, nasal swabs and lung tissue samples were fractionally
smeared on chocolate blood agar (NAD, Blood Agar no. 2, Becton, Dickinson and Company,
Sparks, NV, USA), CNA blood agar (Becton, Dickinson and Company), Gassner agar (Oxoid
Ltd., Hampshire, UK) and Columbia agar with 5% sheep blood (Becton, Dickinson and
Company). Incubation of inoculated agar plates (Colombia, Gassner, CNA) took place at
36 ◦C for 48 h under a standard atmosphere. An 8% CO2 atmosphere was used for the
incubation of the chocolate blood agar. The plates were examined twice, after a 24-h and
a 48-h incubation period. Further characterization of colonies was based on biochemical
characteristics. Colonies that looked like B. bronchiseptica (smooth, curved, and translucent)
were tested for oxidase and urease. Colonies similar to P. multocida (smooth, whitish,
with indole-like smell/odor) were tested for catalase and indole. In the case of positive
results for P. multocida, a modified real-time PCR was performed to detect the gene for the
dermonecrotic toxin of P. multocida (toxA gene) [23]. G. parasuis- and A. pleuropneumoniae-
like colonies (dewdrop-shaped, cream-colored) were tested for catalase and for the CAMP
phenomenon. Colonies similar to Streptococcus ssp. (smooth, flat, and translucent to whitish
with hemolysis) were tested for starch. Colonies typical of E. coli (grayish, wet, hemolytic)
were tested using lactose.

All bacteriological examinations followed routine procedures of the accredited diag-
nostic lab.

2.3. Molecular Biological Detection by PCR

The extraction of B. bronchiseptica DNA was performed directly in accordance with the
HIPRA DIAGNOS laboratory in-house extraction protocol for nasal swabs.

A real-time B. bronchiseptica PCR targeting a 237 bp amplicon of the FlaA (flagellin)
gene was performed. This in-house PCR was developed and validated by HIPRA DIAG-
NOS laboratory in 2013. The cut-off of this PCR for B. bronchiseptica detection was at a cycle
threshold (ct) of 38.5, using a modified method based on the B. bronchiseptica PCR described
by Hozbora et al. (1999) where the reaction mixture contained 50 mM KCl, 10 mM Tris
hydrochloride (pH 8.4), 2.5 mM MgCl2, 1 mg gelatin per mL, 400 µM deoxyribonucleotide,
1 µM primer, and 0.5 U of Taq polymerase (Beckman Coulter, Inc., Fullerton, CA USA).
Amplification took place in 35 cycles with 1 min of denaturation at 94 ◦C, 15 s of annealing
at 53 ◦C, and 20 s at 72 ◦C [22].

The first step of DNA extraction from colony material of P. multocida from pure cultures
was the suspension of colony material in 500 µL Tris-EDTA buffer (TE Buffer (1×) pH 8.0
for molecular biology, Apollo Scientific Ltd., Stockport, UK), followed by centrifugation for
10 min at 20,000× g (Centrifuge 5424, Eppendorf SE, Hamburg, Germany). The supernatant
was discarded, and the pellet was resuspended by adding 500 µL of Lysis Buffer Tris-HCL
pH 8.5 in an Eppendorf Cup 2 mL (Safe-Lock Tubes 2.0 mL, Eppendorf SE). The samples
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were then shaken on a vortex, incubated for one hour at 60 ◦C, and for 15 min at 95 ◦C in a
thermal shaker (ThermoMixer C, Eppendorf SE). After centrifugation for 10 s at 6000× g,
the supernatant with the DNA extract was collected.

A DNA fragment coding for a part of the P. multocida toxin (PMT) was targeted by a
modified in-house real-time duplex PCR based on a method described by Scherrer et al. [23].
The master mix consisted of 6.25 µL ABI Universal Master Mix (TaqMan® Universal Master
Mix, Thermo Fisher Scientific, Inc., Waltham, MA, USA), 0.25 µL primer probe mix (primer
F and R concentrations 400 nM each (Metabion international AG, Planegg, Germany), probe
concentration of 200 nM (Metabion international AG)), 0.4 µL ABI IPC Master Mix, 0.1 µL
ABI IPC Template (TaqManTM Exogenous Internal Positive Control Reagents (VICTM

Probe, Thermo Fisher Scientific, Inc.)), and 4.25 µL H2O. To this, 1.25 µL DNA template
was added. The amplification protocol was 10 min at 95 ◦C and then 40 cycles for 15 s each
at 95 ◦C and for 60 s at 60 ◦C.

2.4. Nasal Lesion Scoring (NLS)

Nasal turbinates were scored visually in nasal cross sections during necropsy and
retrospectively by an independent scoring of the respective digital image of the nasal cross
section using the AI software in form of a user friendly application for a mobile phone (AI
DIAGNOS version 3.3.0). In this study, relevant nasal conchae atrophy was defined from a
score of ≥5 (moderate: NLS 5–8, severe: NLS 9–18) as published elsewhere [14].

Visual scoring was performed separately on each of the four scrolls of the ventral nasal
turbinates s and the nasal septum according to the criteria shown in Table 2.
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Table 2. Description of the Nasal Lesion Score, which is based on the Turbinate Atrophy Score and
the Nasal Septum Deviation Score.

Score Evaluation Macroscopic Abnormality of the Nose

Turbinate Atrophy Score:

0 No atrophy Scrolls completely present (Figure 1a,b)

1 Mild atrophy Absence of less than half of scrolls (Figure 2a,b)

2 Moderate atrophy Absence of more than half of scrolls(Figure 3a,b)

3 Severe atrophy Turbinate bone is straight without
scrolls(Figure 4a,b)

4 Very severe atrophy Complete absence of turbinate bone and
scrolls(e.g., ventral scroll Figure 5a,b)

Nasal Septum Deviation Score

0 Normal No distortion of the nasal septum (Figures 1–5)

1 Slight deviation Slight deviation of the nasal septum

2 Severe deviation Severe deviation of the nasal septum
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Combining all five scores in a summation score, the maximum reachable score was
18 [13]. Examples for different visual scores recorded by a skilled observer are shown in
Figures 1a, 2a, 3a, 4a and 5a.
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from the images, such as edges, corners, or textures, (iii) object identification within the
image, (iv) image segmentation into different regions and (v) interpretation by translation
into scores [19]. In a first step, a nose image passed through a filter (focus detector) with the
aim of differentiating the nose from the background. Subsequently, the processed image
was passed through an area of interest detector that identified each nasal scroll and the cen-
tral septum. These objects were passed through the final convolutional neuronal network
which was trained to predict the nasal lesion score based on the European Pharmacopeia
guidelines [13].

The system was trained using 5975 images photographed with a smartphone camera.
These images were manually annotated with a target score by five experts from different
countries based on the European Pharmacopea guidelines for atrophic rhinitis and fed into
the model as a training set [13]. This procedure enabled the trained model to automatically
recognize the different tissue areas in the uploaded pictures (examples in Figures 1b, 2b,
3b, 4b and 5b) and to score the respective lesions for each area in the image based on the
same scoring scheme used for visual scoring. The trained model prototype of the app was
provided by the manufacturer for validation in the first diagnostic field application in this
study. Retrospectively, the app produced scores were compared to the visual scores.

Figures 1–5: Photos of the nasal cross sections from five of the 121 examined pigs;
(a) visual scoring (b) automated scoring; boxes in (b) = regions of interest created by the app
for scoring; vl = ventral left; dl = dorsal left; vr = ventral right; dr = dorsal right; S = nasal
septum. The numbers next to the evaluated anatomical parts represent the respective scores
for this part. The total nasal lesion score (NLS) defined either visually (a) or automatically
by the app (b) is depicted beyond the respective photo.

2.5. Data Management and Statistical Evaluation

All data were recorded in Excel, version 2016 (Microsoft Corporation, Albuquerque,
NM, USA). Data analyses were performed with statistical software R (version 4.3.1, R
Core Team, 2023). Associations between positive findings for B. bronchiseptica and nasal
scores were analyzed by linear regressions. Ordinal and not normally distributed data were
compared by the Mann-Whitney U test. The correlation between visual and automated
NLS was tested by Spearman’s rank correlation tests. Proportions in different groups were
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compared by the Fisher’s exact test. The level of significance for all statistical models was
p = 0.05.

3. Results
3.1. Pathological and Bacteriological Findings

Piglet body weights were in the range of 3.7 kg to 42 kg (mean ± standard deviation:
15.6 ± 9.1 kg), while information about the age was not available.

Due to bacterial overgrowth, 14 nasal swab samples could not be evaluated by bacteri-
ological culture, while PCR was successful with all samples. B. bronchiseptica was detected
in 66 of 121 nasal swabs (54.5%) by PCR and in 25/107 (23.4%) by bacteriological exami-
nation (Table 3). In total, pigs from 64 farms were examined and pigs from 39 farms were
tested positive for B. bronchiseptica by PCR in the nose (60.9% positive farms). Parallel
bacteriological culture of nasal swabs for P. multocida resulted in 29.0% (31/107) positive
pigs. Of pigs positive by PCR for B. bronchiseptica in nasal swabs, 26.3% (15/57) were also
positive for P. multocida. In total, 32% of the pigs negative for B. bronchiseptica in nasal swabs
were positive for P. multocida (16/50). All P. multocida isolates were negative for the PMT.

Table 3. B. bronchiseptica and P. multocida detection rates in nasal swabs.

B. bronchiseptica PCR

Positive (n = 66) Negative (n = 55)

No culture possible due to overgrowth 7.4% (9/121) 4.1% (5/121)

Culture+
P. multocida and B. bronchiseptica 7.5% (8/107) -

Culture+
B. bronchiseptica 15.9% (17/107) -

Culture+
P. multocida 6.5% (7/107) 15.0% (16/107)

Culture−
B. bronchiseptica and P. multocida 23.4% (25/107) 31.8% (34/107)

In total, 121 swabs were tested by PCR, while bacterial culturing was only possible in
107 swabs due to overgrowth with unspecific bacterial flora. The cut-off cycle threshold (ct)
for a positive PCR result of B. bronchiseptica was ct < 38.5.

In 109/121 pigs (90.1%) a catarrhal purulent bronchopneumonia, in six pigs (5.0%) a
purulent pneumonia with lung abscesses, and in six pigs (5%) a hemorrhagic necrotizing
pneumonia were diagnosed. Pleuritis characterized by fibrinous plaques on the serosal
surface, or pleural adhesions was detected in 51/121 of the pigs (42.1%).

In 30/109 pigs (27.5%) with catarrhalic purulent bronchopneumonia, no pathogenic
bacteria were isolated.

Independent of the character of pneumonia, the most common pathogens in the
respiratory tract were S. suis (33/121, 27.3%), G. parasuis (30/121, 24.8%), B. bronchiseptica
(27/121, 22.3%), and A. pleuropneumoniae (13/121, 10.7%), as shown in Figure 6. Coinfecting
agents in the respiratory tract were evaluated in lungs positive for B. bronchiseptica (n = 27),
resulting in S. suis (6/27; 22.2%), G. parasuis (5/27; 18.5%), A. pleuropneumoniae (4/27; 14.8%),
E. coli (3/27; 11.1%), and ß-hemolytic streptococci (2/27; 7.4%). In 10/121 (8.3%) pigs only,
B.bronchiseptica was cultured from lung tissue.
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A significantly higher number of a few specific pathogenic bacterial species in the
lower respiratory tract was found in pigs positive for B. bronchiseptica in the nose (p = 0.005)
(Figure 7).
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Figure 7. Number of pathogenic bacterial species in the lower respiratory tract in pigs positive and
negative for B. bronchiseptica in the nose by PCR (n = 121).

Pigs PCR-positive for B. bronchiseptica in the nose were significantly more often positive
for B. bronchiseptica in the lower respiratory tract (p < 0.001, Figure 8). Of 66 pigs PCR-
positive for B. bronchiseptica in the nose, 25 pigs were positive for B. bronchiseptica in the
lower respiratory tract (37.9%).
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Figure 8. Detection of B. bronchiseptica in the nose and the lower respiratory tract (n = 121).

3.2. Association of Nasal Lesion Scores and B. bronchiseptica

No association of nasal lesion scores and detection rates for B. bronchiseptica by PCR
in noses was found. In total, 43/121 pigs (35.5%) showed nasal conchae atrophy (NLS
5–18). In these pigs, 58.1% (25/43) were positive for B. bronchiseptica in the nose. No nasal
alterations (NLS = 0) were detected in 8.3% (10/121) of the pigs, while mild alterations
(NLS 1–4) were found in 56.2% of the pigs (68/121). In the group of pigs with no or mild
nasal lesions (NLS ≤ 4), B. bronchiseptica was detected in 52.6% of the pigs (41/78). The
difference in B. bronchiseptica detection rates in pigs with low (NLS ≤ 4) and high NLS
(5–18) was not significant (p = 0.95) (Figure 9).
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Figure 9. Association between B. bronchiseptica and severity of nasal turbinate lesions (n = 121);
blue (negative for B. bronchiseptica in nose) and orange boxes (positive for B. bronchiseptica in nose)
represent the interquartile data of the nasal lesion score (50% between 25% and 75% quartiles). The
lines inside the boxes indicate the median. The upper and lower fences are defined as first and third
quartile (represented by the lower/upper edge of the box) with minus/plus 1.5 times the interquartile
range (IQR) indicating outliers (dots outside the boxes).

3.3. Comparison of Visual Scores for Nasal Turbinate Alterations with Automated Scores Generated
by AI DIAGNOS

All 121 nasal cross sections received one visual and one automated score between
0 and 18. The automated NLS were in the range of 0–12 (median 3), and the visual NLS



Animals 2024, 14, 3113 11 of 15

in the range of 0–15 (median 4). The automated scores were significantly correlated with
the visual scores (Spearman’s rank correlation coefficient rs = 0.61; p < 0.001), as shown in
Figure 10.
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4. Discussion

B. bronchiseptica can either be isolated in the upper respiratory tract of healthy pigs [24]
or can cause specific disease pattern [25]. Translocation of B. bronchiseptica colonizing the
nasal mucosa into the lower respiratory tract can be assumed.

In this study, pigs from 25 farms were negatively tested for B. bronchiseptica in the
nose. The sample size of pigs per farm was not adequate to state that a farm was free of B.
bronchiseptica. Due to the fact that B. bronchiseptica is a nasal colonizer in healthy pigs, it can
be assumed that all farms were positive.

B. bronchiseptica and P. multocida can colonize healthy pigs without causing rhinitis [24],
but B. bronchiseptica in particular can be a precursor for other pathogens and, as our study
shows, potentiate the presence of other pathogens (Figure 7). A significantly higher number
of pathogenic bacterial species in the lower respiratory tract was found in pigs positive
for B. bronchiseptica in the nose. This supports previously published observations that B.
bronchiseptica in the upper respiratory tract can disrupt the nasal microbiome and lead to an
increased abundance of other bacteria, especially with potential contribution to respiratory
disease [26].

S. suis, G. parasuis, B. bronchiseptica, and A. pleuropneumoniae were most frequently
detected bacterial pathogens in lung tissue of pigs with respiratory disease in this study.
Synergistic effects between B. bronchiseptica and most of these bacteria have been previously
described [7,27,28]. Further interactions between B. bronchiseptica and other bacterial
pathogens as e.g., Mesomycoplasma (M.) hyorhinis and viral pathogens as SIV or PRCV have
been published previously but were not investigated in this study [9,10,29–31].

Unexspectedly more than one third of pigs showed nasal lesions in this study, although
all P. multocida isolates lacked the toxA gene and no correlation of B. bronchiseptica and P.
multocida with macroscopic nasal lesions was found (Figure 9).

In previous studies using the same scoring scheme, nasal atrophy was related to
weight and daily weight gain. Pigs with moderate (5–8) and severe (9–18) NLS showed
reduced growth rates and finally lower slaughter weights than healthy pigs with NLS
0–4 [14]. In contrast to our study, in the cited study the examined pigs were suffering from
PAR due to infection with B. bronchiseptica and toxigenic P. multocida strains with PMT. In
our study, examined pigs with NLS ≥ 5 were negative for the PMT and therefore NPAR
was diagnosed.

The question whether NPAR also leads to reduced growth could not be answered in
our study because one weak point were the lacking metadata on age of the examined pigs.
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Farmers sent pigs for necropsy without reporting or even knowing the correct age of the
animals. Underweight pigs were often kept longer in a respective unit and housed with pigs
of younger age-groups. Finally, a relation between the severity of the NLS to the age of the
examined pigs was not possible, as only the weight was known. Under field conditions with
various biotic and abiotic factors, the process of nasal turbinate atrophy might start after
weaning in the immunological gap when maternal antibodies have decreased and active
humoral immune responses are still underdeveloped [32,33]. Nasal mucosal inflammation
is reported to be more common in young pigs [32], possibly because the epithelial and
immunological barrier of the nasal mucosa as well as the protective microbiota are less
developed than in older pigs [34].

A second weak point of this study is that histological examination of the nasal mucosa
as the gold diagnostic standard was not performed. In addition to histological evidence of
rhinitis, an involvement of cytomegalovirus could have been diagnosed by pathognomonic
intranuclear inclusion bodies [35]. On the other hand, interpretation of mostly unspecific
histological findings in mucosal sites with an interface with the environment is difficult,
which was shown for porcine tonsils with immune cell aggregates and bacterial colonization
already in healthy pigs [36]. It can be assumed that histological examination of the nose
in this study would have meant no substantial gain in information because nasal conchae
atrophy was already visible macroscopically. An exception is the lacking diagnostic for
cytomegalovirus, which could have been done histologically but also by PCR.

This reveals the third weak point of this study; no bacteria other than B. bronchiseptica
and P. multocida and no viral pathogens were targeted in the diagnostic from the nasal
swabs. The diagnostic of other pathogens potentially involved in atrophy in the nasal
conchae and the combination of pathogens would have been of interest. On the other hand,
several recent studies of the nasal microbiota revealed that not only the detection of single
pathogenic species but also the microbiota might be decisive for nasal alterations [34].

Different methods for visual scoring of the nasal turbinates and quantification of the
grade of atrophy have been elaborated, which are all based on subjective assessment [37,38].
Therefore, results of nasal scorings performed by different observers should be compared
with caution [39].

In order to increase objectivity in the analysis of the nasal cross sections and to en-
able permanent availability of all past evaluations of the images, a new app prototype
based on AI algorithms was tested in this study (AI DIAGNOS). A summary of the user
experience gained in this study is as follows: (i) the smart phone photo quality must be
adequate (sharpness, lightness, distance), which means that photos should have at least
5–6 megapixels, which is in the range of the last five conventional smartphone genera-
tions [40], (ii) the cut to produce the nasal cross section must follow a perpendicular line,
(iii) the nasal cross section is not frayed and blood- or mucus free. These preconditions
mean additional work load for the observer before using the app. As shown in Figures 3b
and 5b, boxes of interest created by the app do not always correspond to the anatomical
region of interest. In Figure 3b, the clearly defined dorsal recessus of the conchae in an
intense reddish color were selected by the app instead of the dorsal conchae, and a wrong
score of 0 was assigned. In Figure 5b, complete atrophy of the ventral turbinates of the
ventral conchae is shown and the app was unable to determine the correct region of interest
due to lacking anatomical structures. As a result, both frames on the left side overlapped
each other, leading to false automatic scoring. The degree of correlation between visual and
automated NLS reflected by the Spearman rank correlation coefficient (rs = 0.61), as shown
in Figure 10 is negatively influenced by outlier NLS pairs due to incorrectly placed frames
during automated scoring. This resulted in high deviations between both scores. This
situation can be deduced from visualized results in Figure 10, where automated scoring
resulted in NLS 0 and visual scoring in a high score (e.g., NLS 9). In most NLS pairs, only
slight deviations were observed so the Spearman rank correlation coefficient still reflects a
high correlation between both scores.
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The future goal is that app-based automatic scoring becomes less biased among
different observers. The observers can already benefit from this advantage if the frames are
moved manually to the correct positions prior to evaluation. This app is already available
and can already be used on a large scale so herds can be classified according to nasal health
checks at necropsy or the slaughterhouse.

5. Conclusions

Assessment of nasal conchae atrophy by a new app based on artificial intelligence used
in this study was successful in comparison to visual scoring. To avoid misplacement of the
frame to the region of interest by the app, further model learnig on object identification
and image segmentation should be performed. In this study, a high percentage of pigs
(35.5%) with respiratory symptoms showed atrophy of the nasal conchae. Detection rates
of B. bronchiseptica and P. multocida were not related to the nasal lesion scores, so that their
impact as predisposing factors could not be shown in this study. B. bronchiseptica in the
nose was associated with the presence of B. bronchiseptica in the lower respiratory tract and
also with the number of pathogenic bacterial species in the lung. We can conclude that B.
bronchiseptica increased the coinfections in the examined pigs and that nasal health has a
major impact on respiratory health in general.

Author Contributions: H.L.: performance of study, data curation, writing—original draft; S.T.:
lab diagnostic support, methodology, validation, K.G.: necropsy and sampling; K.S.: necropsies
and sampling, review and editing; J.M., I.G., A.P.F., I.B. and K.M.T.: methodology, lab diagnostics,
statistical evaluation, I.H.-P.: conceptualization, supervision, revision of manuscript. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received funding from HIPRA, 17170 Amer, Girona, Spain, for diagnostic
measures in pigs.

Institutional Review Board Statement: The animal study protocol was approved by the Animal
Welfare Officer of the University of Veterinary Medicine Hannover within the Institutional Review
Board of the animal welfare office at the Institute of Animal Hygiene, Animal Welfare and Farm
Animal Behaviour (protocol code: TVO-2022-V-94).

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated and analyzed during this study are available from
the corresponding author upon reasonable request.

Acknowledgments: The authors would like to acknowledge the support of colleagues at the Field
Station for Epidemiology, Bakum.

Conflicts of Interest: Author Joaquín Miguel, Irene Galé, Alba Puigredon, Isaac Ballarà and Krista
Marie Tenbrink were employed by the company HIPRA. The remaining authors declare that the
research was conducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References
1. Harms, P.A.; Halbur, P.G.; Sorden, S.D. Three cases of porcine respiratory disease complex associated with porcine circovirus type

2 infection. J. Swine Health Prod. 2002, 10, 27–30. [CrossRef] [PubMed]
2. Georgoulakis, I.E.; Petridou, E.; Filiousis, G.; Alexopoulos, C.; Kyriakis, S.C.; Papatsas, I. Meloxicam as adjunctive therapy in

treatment and control of porcine respiratory disease complex in growing pigs. J. Swine Health Prod. 2006, 14, 253–257. [CrossRef]
[PubMed]

3. Opriessnig, T.; Giménez-Lirola, L.G.; Halbur, P.G. Polymicrobial respiratory disease in pigs. Anim. Health Res. Rev. 2011, 12,
133–148. [CrossRef]

4. Sarli, G.; D’Annunzio, G.; Gobbo, F.; Benazzi, C.; Ostanello, F. The role of pathology in the diagnosis of swine respiratory disease.
Vet. Sci. 2021, 8, 256. [CrossRef]

5. Saade, G.; Deblanc, C.; Bougon, J.; Marois-Créhan, C.; Fablet, C.; Auray, G.; Belloc, C.; Leblanc-Maridor, M.; Gagnon, C.A.; Zhu, J.;
et al. Coinfections and their molecular consequences in the porcine respiratory tract. Vet. Res. 2020, 51, 18–19. [CrossRef]

6. Sakano, T.; Okada, M.; Taneda, A.; Ono, M.; Sato, S. Experimental atrophic rhinitis in 2 and 4 month old pigs infected sequentially
with Bordetella bronchiseptica and toxigenic type D Pasteurella multocida. Vet. Microbiol. 1992, 31, 197–206. [CrossRef]

https://doi.org/10.54846/jshap/327
https://www.ncbi.nlm.nih.gov/pubmed/39452455
https://doi.org/10.54846/jshap/471
https://www.ncbi.nlm.nih.gov/pubmed/39453063
https://doi.org/10.1017/S1466252311000120
https://doi.org/10.3390/vetsci8110256
https://doi.org/10.1186/s13567-020-00807-8
https://doi.org/10.1016/0378-1135(92)90078-8


Animals 2024, 14, 3113 14 of 15

7. Vötsch, D.; Willenborg, M.; Baumgärtner, W.; Rohde, M.; Valentin-Weigand, P. Bordetella bronchiseptica promotes adherence,
colonization, and cytotoxicity of Streptococcus suis in a porcine precision-cut lung slice model. Virulence 2021, 12, 84–95. [CrossRef]

8. Brockmeier, S.L.; Register, K.B. Effect of temperature modulation and bvg mutation of Bordetella bronchiseptica on adhesion,
intracellular survival and cytotoxicity for swine alveolar macrophages. Vet. Microbiol. 2000, 73, 1–12. [CrossRef]

9. Brockmeier, S.L.; Lager, K.; Morrow, W. Coinfection of pigs with porcine respiratory coronavirus and Bordetella bronchiseptica. Vet.
Microbiol. 2008, 128, 36–47. [CrossRef]

10. Loving, C.L.; Brockmeier, S.L.; Vincent, A.L.; Palmer, M.V.; Sacco, R.E.; Nicholson, T.L. Influenza virus coinfection with Bordetella
bronchiseptica enhances bacterial colonization and host responses exacerbating pulmonary lesions. Microb. Pathog. 2010, 49,
237–245. [CrossRef]

11. Krejci, J.; Nechvatalova, K.; Blahutkova, M.; Faldyna, M. The respiratory tract in pigs and its immune system: A review. Vet. Med.
2013, 58, 206–220. [CrossRef]

12. Yaeger, M.J.; Van Alstine, W.G. Respiratory system. In Diseases of Swin, 11th ed.; Zimmerman, J.J., Karriker, L.A., Ramirez, A.,
Schwartz, K.J., Stevenson, G.W., Zhang, J., Eds.; Wiley: Hoboken, NJ, USA, 2019. [CrossRef]

13. European Department for the Quality of Medicines. European Pharmacopoeia 10.0. 2020. Available online: https://www.edqm.
eu/en/ (accessed on 15 November 2023).

14. Donkó, T.; Kovács, M.; Magyar, T. Association of growth performance with atrophic rhinitis and pneumonia detected at slaughter
in a conventional pig herd in Hungary. Acta. Vet. Hung. 2005, 53, 287–298. [CrossRef] [PubMed]

15. Litjens, G.; Kooi, T.; Bejnordi, B.E.; Setio, A.A.A.; Ciompi, F.; Ghafoorian, M.; van der Laak, J.A.W.M.; van Ginneken, B.; Sánchez,
C.I. A survey on deep learning in medical image analysis. Med. Image Anal. 2017, 42, 60–88. [CrossRef] [PubMed]

16. Barragán-Montero, A.; Javaid, U.; Valdés, G.; Nguyen, D.; Desbordes, P.; Macq, B.; Willems, S.; Vandewinckele, L.; Holmström,
M.; Löfman, F.; et al. Artificial intelligence and machine learning for medical imaging: A technology review. Phys. Med. 2021, 83,
242–256. [CrossRef]

17. Lee, L.I.T.; Kanthasamy, S.; Ayyalaraju, R.S.; Ganatra, R. The Current State of Artificial Intelligence in Medical Imaging and
Nuclear Medicine. BJR Open 2019, 1, 20190037. [CrossRef]

18. Fuentes, S.; Gonzalez Viejo, C.; Tongson, E.; Dunshea, F.R. The livestock farming digital transformation: Implementation of new
and emerging technologies using artificial intelligence. Anim. Health Res. Rev. 2022, 23, 59–71. [CrossRef]

19. Jorda, R.; Ballara, I.; Munoz, P.; Gale, I.; Bernal, N. Artificial intelligence as a new method of assessing enzootic pneumonia and
atrophic rhinitis lesions. In Proceedings of the 26th International Pig Veterinary Society Congress, Rio de Janeiro, Brazil, 21–24
June 2022.

20. Martineau-Doizé, M.; Larivière, S.; Lafontaine, M.; Guertin, S. Atrophic rhinitis caused by Pasteurella multocida Type D: Morpho-
metric analysis. Can. J. Vet. Res. 1991, 55, 224–228.

21. DIN EN ISO 17025:2018-03; General Requirements for the Competence of Testing and Calibration Laboratories (ISO/IEC
17025:2017). German Institute for Standardization: Berlin, Germany, 2017.

22. Hozbora, D.; Fouqueb, F.; Guisob, N. Detection of Bordetella bronchiseptica by the polymerase chain reaction. Microbiol. Res. 1999,
150, 333–341. [CrossRef]

23. Scherrer, S.; Frei, D.; Wittenbrink, M.M. A novel quantitative real-time polymerase chain reaction method for detecting toxigenic
Pasteurella multocida in nasal swabs from swine. Acta. Vet. Scand. 2016, 58, 83. [CrossRef]

24. Lariviere, S.; Leblanc, L.; Mittal, K.R.; Martineau, G.P. Comparison of isolation methods for the recovery of Bordetella bronchiseptica
and Pasteurella multocida from the nasal cavities of piglets. J. Clin. Microbiol. 1993, 31, 364–367. [CrossRef]

25. Hau, S.; Brockmeier, S.L. Bordetella bronchiseptica and respiratory disease in swine: An overview. Swine Tech. Artic. 2019, 1–18.
Available online: https://static-web.hipra.com/2022-01/bordetella-bronchiseptica-atrophic-rhinitis-swine_compressed.pdf
(accessed on 7 June 2023).

26. Nielsen, D.W.; Hau, S.J.; Mou, K.T.; Alt, D.P.; Brockmeier, S.L. Shifts in the swine nasal microbiota following Bordetella bronchiseptica
challenge in a longitudinal study. Front. Microbiol. 2023, 14, 1–10. [CrossRef] [PubMed]

27. Hau, S.J.; Nielsen, D.W.; Brockmeier, S.L. Prior infection with Bordetella bronchiseptica enhanced colonization but not disease with
Streptococcus suis. Vet. Microbiol. 2023, 1–7. [CrossRef] [PubMed]

28. Brockmeier, S.L. Prior infection with Bordetella bronchiseptica increases nasal colonization by Haemophilus parasuis in swine. Vet.
Microbiol. 2004, 99, 75–78. [CrossRef]

29. Goiš, M.; Kuksa, F.; Sisák, F. Experimental infection of gnotobiotic piglets with Mycoplasma hyorhinis and Bordetella bronchiseptica.
Zentralblatt Fur Vet. Reihe B. 1977, 24, 89–96. [CrossRef]

30. Kowalczyk, A.; Pomorska-Mól, M.; Kwit, K.; Pejsak, Z.; Rachubik, J.; Markowska-Daniel, I. Cytokine and chemokine mRNA
expression profiles in BALF cells isolated from pigs single infected or co-infected with swine influenza virus and Bordetella
bronchiseptica. Vet. Microbiol. 2014, 170, 206–212. [CrossRef]

31. Brockmeier, S.L.; Palmer, M.V.; Bolin, S.R.; Rimler, R.B. Effects of intranasal inoculation of porcine reproductive and respiratory
syndrome virus, Bordetella bronchiseptica, or a combination of both organisms in pigs. Am. J. Vet. Res. 2000, 61, 892–899. [CrossRef]

32. Rutter, J. Atrophic rhinitis in swine. Adv. Vet. Sci. Comp. Med. 1985, 29, 239–279.
33. Bailey, M.; Haverson, K.; Inman, C.; Harris, C.; Jones, P.; Corfield, G.; Miller, B.; Stokes, C. The development of the mucosal

immune system pre- and post-weaning: Balancing regulatory and effector function. Proc. Nutr. Soc. 2005, 64, 451–457. [CrossRef]

https://doi.org/10.1080/21505594.2020.1858604
https://doi.org/10.1016/S0378-1135(99)00201-1
https://doi.org/10.1016/j.vetmic.2007.09.025
https://doi.org/10.1016/j.micpath.2010.06.004
https://doi.org/10.17221/6759-VETMED
https://doi.org/10.1002/9781119350927.ch21
https://www.edqm.eu/en/
https://www.edqm.eu/en/
https://doi.org/10.1556/avet.53.2005.3.2
https://www.ncbi.nlm.nih.gov/pubmed/16156124
https://doi.org/10.1016/j.media.2017.07.005
https://www.ncbi.nlm.nih.gov/pubmed/28778026
https://doi.org/10.1016/j.ejmp.2021.04.016
https://doi.org/10.1259/bjro.20190037
https://doi.org/10.1017/S1466252321000177
https://doi.org/10.1016/S0923-2508(99)80059-X
https://doi.org/10.1186/s13028-016-0267-7
https://doi.org/10.1128/jcm.31.2.364-367.1993
https://static-web.hipra.com/2022-01/bordetella-bronchiseptica-atrophic-rhinitis-swine_compressed.pdf
https://doi.org/10.3389/fmicb.2023.1260465
https://www.ncbi.nlm.nih.gov/pubmed/37840723
https://doi.org/10.1016/j.vetmic.2023.109841
https://www.ncbi.nlm.nih.gov/pubmed/37542929
https://doi.org/10.1016/j.vetmic.2003.08.013
https://doi.org/10.1111/j.1439-0450.1977.tb00978.x
https://doi.org/10.1016/j.vetmic.2014.02.012
https://doi.org/10.2460/ajvr.2000.61.892
https://doi.org/10.1079/PNS2005452


Animals 2024, 14, 3113 15 of 15

34. Li, Y.; Yang, C.; Jiang, Y.; Wang, X.; Yuan, C.; Qi, J.; Yang, Q. Characteristics of the nasal mucosa of commercial pigs during normal
development. Vet. Res. 2023, 54, 37. [CrossRef]

35. Collett, M.G.; Roberts, D.C. Cytomegalovirus infection in a pig in South Africa. J. S. Afr. Vet. Ass. 2002, 73, 44–46. [CrossRef]
36. Horter, D.C.; Yoon, K.J.; Zimmerman, J.J. A review of porcine tonsils in immunity and disease. Anim. Health Res. Rev. 2003, 4,

143–155. [CrossRef] [PubMed]
37. Bäckström, L.; Hoefling, D.; Morkoc, A.; Vinson, R.; Smith, A.R. Atrophic Rhinits Swine I: Clinical Signs, slaughter Lesions, daily

weight gain, disease transmission. In Proceedings of the 26th International Pig Veterinary Society Congress, Mexico City, Mecico,
26–31 July 1982; p. 116.

38. Straw, B.E.; Leman, A.D.; Robinson, R.A. Pneumonia and atrophic rhinitis in pigs from a test station--a follow-up study. J. Am.
Vet. Med. Assoc. 1984, 185, 1544–1546. [PubMed]

39. D’Allaire, S.; Bigras-Poulin, M.; Paradis, M. Evaluation of rhinitis atrophicans: Are the results repeatable? In Proceedings of the
10th International Pig Veterinary Society Congress, Rio de Janeiro, Brazil, 14–17 August 1988.

40. Wiedenmann, C.J.; Böhringer, D.; Reinhard, T.; Wacker, K. Corneal endothelial cell photography: Comparison of smartphones.
Ophthalmologe 2023, 120, 382–389. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1186/s13567-023-01164-y
https://doi.org/10.4102/jsava.v73i1.548
https://doi.org/10.1079/AHRR200358
https://www.ncbi.nlm.nih.gov/pubmed/15134296
https://www.ncbi.nlm.nih.gov/pubmed/6511627
https://doi.org/10.1007/s00347-022-01742-z
https://www.ncbi.nlm.nih.gov/pubmed/36301370

	Introduction 
	Materials and Methods 
	Sample Collection 
	Bacteriological Examination 
	Molecular Biological Detection by PCR 
	Nasal Lesion Scoring (NLS) 
	Data Management and Statistical Evaluation 

	Results 
	Pathological and Bacteriological Findings 
	Association of Nasal Lesion Scores and B. bronchiseptica 
	Comparison of Visual Scores for Nasal Turbinate Alterations with Automated Scores Generated by AI DIAGNOS 

	Discussion 
	Conclusions 
	References

