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Editorial

Equine Respiratory Medicine and Cardiology

Luca Stucchi 1, Chiara Maria Lo Feudo 2,* and Francesco Ferrucci 2

1 Department of Veterinary Medicine, University of Sassari, Via Vienna 2, 07100 Sassari, Italy; lstucchi@uniss.it
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In the last few years, the attention regarding the health of the lungs and heart of equine
patients has been continuously growing. Indeed, if we search for studies categorized in the
PubMed database on the topic “equine respiratory medicine”, we can find that 980 articles
have been published in the last decade [1]. Interestingly, although the first description of
heaves as an “asthma-like” condition dates back to the 1960s [2], the recent revision of the
nomenclature for chronic inflammatory diseases affecting the equine lower airways [3]
brought about a rapid expansion of the knowledge about these conditions. Similarly, the
progressive increase in the life expectancy of horses led to a rise in the diagnosis of cardiac
problems. Consequently, the rapid advance of research in the cardiology field led to the
availability of new technologic tools, such as three-dimensional electro-anatomical mapping
of the equine heart [4]. These tools allow innovative diagnostic and therapeutic approaches
that, until a few years ago, were considered impossible. Finally, the growing awareness
and sensitivity of owners and trainers about the equine welfare played a fundamental role
in this positive and rapid evolution.

The content of this Special Issue aims to reflect the current direction of research,
dealing with a wider understanding of the pathophysiological mechanisms underlying
respiratory and cardiac diseases of horses, as well as the development of novel diagnostic
and therapeutic approaches that are essential to improve their management.

For instance, the review by Kozlowska et al. [5] highlights the relevance of new imag-
ing techniques, such as computer tomography and magnetic resonance, in the diagnosis of
upper respiratory tract diseases. Moreover, the authors explore the most recent advances
in lung function testing techniques, describing the usefulness of electrical impedance
tomography and the impulse oscillometry system (IOS). On this last topic, the original
article by Stucchi et al. [6] reports the data of IOS measurements in severely asthmatic
horses in different stages of the disease, describing for the first time the phenomenon of
the expiratory airflow limitation during the exacerbation phase. Mainguy-Seers et al. [7]
performed IOS measurements on asthmatic mares in their study, identifying a positive
effect of the luteal phase of the estrus cycle on lung function parameters and hypothesizing
a role of sex hormones in equine asthma pathophysiology.

Another key theme in the current literature is represented by the complex immuno-
logical pathways involved in equine asthma (EA). The review by Simões et al. [8] widely
explores the different phenotypes and endotypes of EA, and the current knowledge concern-
ing the cytokines, the inflammatory biomarkers, and the microbiome involved in the devel-
opment of the disease. The review by Klier et al. [9] proposes a novel immunomodulatory
treatment for EA, based on the inhalation of nanoparticulate cytosine–phosphate–guanine
oligodeoxynucleotides, which may also find application in asthmatic human patients. Fi-
nally, the paper by Basano et al. [10] reports for the first time a positive association between
the presence of giant multinucleated cells and mast cells in the broncho-alveolar lavage
fluid of EA-affected horses.

This Special Issue also investigates the different respiratory diseases commonly ob-
served in racehorses, such as dynamic upper airway obstructions (DUAOs), exercise-
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induced pulmonary hemorrhage (EIPH), and mild–moderate equine asthma (MEA). In
the first of their two retrospective studies, Lo Feudo et al. [11] identified no association
between the presence of DUAOs and lower airway inflammation in Thoroughbred and
Standardbred horses, suggesting that disorders of the upper and lower airways follow
independent pathological pathways. Moreover, while they did not detect a role of the
size of the epiglottis in the development of DUAOs, they reported an association between
its flaccid appearance observed during resting endoscopy and the development of dorsal
displacement of the soft palate during exercise. In the second article by Lo Feudo et al. [12],
the effects of EIPH on fitness parameters, measured through a standardized treadmill test,
of Standardbred trotters were investigated. The study concluded that EIPH does not affect
the athletic capacity of racehorses, and its role in decreased performance quality may follow
a different pathway. Furthermore, the prospective case–control study by Stucchi et al. [13]
evaluates the efficacy of the administration of a nutraceutical supplement, composed of
different herbal extracts with antioxidant properties, in Thoroughbred racehorses affected
by MEA. The results show a reduction in tracheal mucus accumulation and clinical score in
the treated patients.

Lastly, the focus of the paper of Marzok et al. [14] is a species that has gained more and
more popularity as a companion animal in recent years: the donkey. The authors studied
the reference values and repeatability of pulsed-wave Doppler echocardiographic variables,
improving the limited availability of data reported in the literature for these animals.

In conclusion, we believe that the papers published in this Special Issue could enrich
the current knowledge of equine cardio-respiratory medicine with innovative, interesting,
and useful data, and we hope that readers will be positively impressed.

Acknowledgments: The authors would like to thank all the colleagues who contributed with their
work to the realization of this Special Issue.

Conflicts of Interest: The authors declare no conflict of interest for this Editorial paper.
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Effect of the Administration of a Nutraceutical Supplement in
Racehorses with Lower Airway Inflammation

Luca Stucchi 1,*, Chiara Maria Lo Feudo 2, Giovanni Stancari 1, Bianca Conturba 1 and Francesco Ferrucci 2,*

1 Veterinary Teaching Hospital, Department of Veterinary Medicine and Animal Sciences, Università degli
Studi di Milano, 26900 Lodi, Italy

2 Equine Sports Medicine Laboratory “Franco Tradati”, Department of Veterinary Medicine and Animal
Sciences, Università degli Studi di Milano, 26900 Lodi, Italy

* Correspondence: luca.stucchi@unimi.it (L.S.); francesco.ferrucci@unimi.it (F.F.)

Simple Summary: The study of non-pharmacological products that could have a beneficial action on
the respiratory system of the horse may have a great impact on the welfare and performance of equine
athletes. As a matter of fact, young racehorses can be affected by a mild–moderate form of equine
asthma (MEA), that can reach a prevalence of 80%, and pharmacological treatments during racing
days are almost always forbidden. This study aimed to evaluate the efficacy of the administration
of a feed supplement, composed of several nutraceutical herbs, in the treatment of lower airway
inflammation. This product was administered to seven racehorses with MEA, while five horses
were used as control. After 21 days, horses treated with the supplement showed a lower degree of
clinical signs and lower mucus accumulation in the trachea, compared to controls. For this reason,
the supplement was shown to be effective in controlling lower airway inflammation, and its use as
an adjunctive treatment for MEA may deserve to be evaluated.

Abstract: Mild–moderate equine asthma (MEA) is a chronic inflammatory disorder of the lower
airways of the horse, characterized by tracheal mucus accumulation, cough and poor performance.
The therapeutic approach is based on pharmacological treatment and environmental management.
Moreover, the efficacy of the administration of antioxidant molecules has been reported. The aim
of the present study was to evaluate the effect of the administration of a commercial nutraceutical
supplement, composed of several herbal extracts, on lower airway inflammation in racehorses.
Twelve Thoroughbreds affected by MEA were selected. All horses underwent a clinical examination
with assignment of a clinical score, airway endoscopy and cytological examination of bronchoalveolar
lavage fluid. In seven horses, the supplement was administered for 21 days in association with
environmental changes, while in five horses only environmental changes were performed. All
procedures were repeated at the end of the study. Data concerning the clinical score, the endoscopic
scores and the cytology at the beginning and at the end of the study were statistically compared.
Data showed a significant reduction (p < 0.0156) of the clinical score and a significant reduction
(p < 0.0156) of the tracheal mucus score. The results showed the beneficial effect of the supplement
on mild–moderate lower airway inflammation, probably due to its antioxidant activity.

Keywords: equine asthma; racehorse; bronchoalveolar lavage; tracheal mucus; cough

1. Introduction

Young racehorses are often affected by an inflammatory disorder of the lower airways
that is characterized by the presence of cough, mucus accumulation in the trachea and
reduced athletic performance [1–3]. The diagnosis, that could be only presumptive on the
basis of clinical symptoms and airway endoscopy, relies on cytological examination of the
bronchoalveolar lavage fluid (BALf), where a pathological accumulation of neutrophils
and/or eosinophils and/or mast cells can be detected [2,4]. This condition, that may affect
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up to 80% of Thoroughbred racehorses in training, has been recently classified as a mild or
moderate form of equine asthma (MEA), due to its similarities with human asthma [5–8].
The treatment of this disease is based, similarly to human asthma, on the administration of
bronchodilators and corticosteroids, both systemic and by inhalation, in association with
changes in the environmental management, aimed to reduce the respirable dust [9–11].

Nevertheless, the presence of pharmacological molecules in the horse organism is for-
bidden during the racing day for most of the European Racing Association [12]. Therefore,
the research on non-pharmacological molecules that may have beneficial effects on the
respiratory system of the horse is of primary interest.

Recently, a complementary feed supplement has been introduced to the market, as
a nutraceutical support for the respiratory system of the horse. It contains maltodextrin,
calcium carbonate, Arthrospira platensis (12%) and fermented pineapple (5%), plus sev-
eral herbal extracts and antioxidant substances. This supplement aims to reduce airway
inflammation, primarily modulating the oxidative stress. In fact, it has been reported
that oxidative status plays a major role in sustaining equine asthma [13–15]; in particular,
neutrophils are responsible for the production of reactive oxidant species (ROS) and their
accumulation in the lower airway can result in a high level of oxidative stress, leading
to an increase in the inflammation [16,17]. Moreover, it has been demonstrated that the
administration of antioxidant substances such as Omega-3 fatty acids, in association with
environmental changes, was effective in reducing airway inflammation in horses affected
by equine asthma [18].

The hypothesis for this work was that the nutraceutical substances contained in the
supplement may have an effective anti-inflammatory action on the horses’ respiratory
system. Thus, the aim of the study was to evaluate the efficacy of the administration of
this supplement in the control of clinical symptoms, improvement of endoscopic findings
and reduction of inflammatory cells in the lower airways of Thoroughbred racehorses in
training affected by MEA.

2. Materials and Methods

2.1. Sample Selection

To perform the study, 12 client-owned Thoroughbred racehorses in training, referred
to the Equine Unit of the Veterinary Teaching Hospital (University of Milan, Italy), were
selected. Horses from three different training centers located in the North of Italy were
enrolled; the study was performed at the stables where the horses usually lived, from
May to September 2021. All horses were stabled in boxes bedded with straw, fed hay
and concentrate on the basis of their nutritional requirements, and trained once daily.
Horses with a history of decreased performance and symptoms consistent with MEA were
included. At the beginning of the study (T0), all horses underwent a clinical examination
with the attribution of an adapted clinical score: 1 point for the presence of cough, 1 point
for the presence of nasal discharge, from 0 to 2 points for respiratory rate increase and
from 0 to 3 points for the severity of the sounds at lung auscultation [19]. Then, all horses
underwent a diagnostic protocol that consisted of upper and lower airway endoscopy,
BALf collection and cytological examination of the BALf.

All procedures performed on the horses were approved by the University of Milan
Animal Welfare Organization (Protocol Number OPBA_39_2021) and included informed
owner consent.

2.2. Airway Endoscopy and Attribution of Endoscopic Scores

Horses were contained with a twitch and sedated with detomidine hydrochloride
(0.01 mg/kg IV; Domosedan; Vetoquinol, Italy). A flexible videoendoscope (EC-530WL-P,
Fujifilm, Tokyo, Japan) was passed through the left nostril, and the upper and lower tracts
of the respiratory system were visualized and recorded. Then, the recordings were blind
reviewed by an expert veterinarian (L.S.) who assigned a score from 0 to 4 for pharyngeal
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lymphoid hyperplasia (PLH) [20], from 0 to 5 for tracheal mucus accumulation [21] and
from 0 to 4 for the edema of the tracheal bifurcation [22].

2.3. BALf Collection and Cytological Examination

During the airway endoscopy, a BALf sample was obtained. To perform the BALf,
60 mL of a 0.5% lidocaine hydrochloride solution was sprayed at the level of the tracheal
bifurcation in order to inhibit the coughing reflex; then, the endoscope was passed into the
bronchial tree until it was wedged firmly within a segmental bronchus. Here, a 300 mL pre-
warmed sterile saline 0.9% was instilled, and the fluid was immediately aspirated. The BALf
sample was stored in sterile ethylenediaminetetraacetic acid (EDTA) tubes and processed
within 90 min. To perform the cytological examination, a few drops of pooled BALf were
cytocentrifugated (Rotofix 32, Hettich Cyto System, Tuttlingen, Germany) at 26 g for 5 min.
The slides were air dried, stained with May-Grünwald Giemsa and Perl’s Prussian blue,
and observed under a light microscope at 400× and 1000× for 400-cell leukocyte differential
counting [23]. In order to be included in the study, the cytological examination of BALf
had to be consistent with MEA, presenting a percentage of neutrophils > 5%, and/or mast
cells > 2% and/or eosinophils > 1% [24].

2.4. Treatment

Once the diagnosis of MEA was made, horses were divided casually by coin-flip into
two groups:

• The Treatment group, composed of 7 horses. Horses in this group underwent changes
in the management aimed to reduce respirable dust, i.e., bedding with wood shaving
and feeding wet hay [25]. Moreover, they were administered with the supplement
(BURAN Candioli, Acel Pharma s.r.l., Beinasco, Italy) at the dosage recommended by
the company (35 gr/daily, orally) for 21 days. The composition of the supplement is
displayed in Table 1.

• The Control group, composed of 5 horses, that underwent the same environmental
changes of the Treatment group, but did not receive the nutritional supplement.

Table 1. Herbal extracts and vitamins contained in the supplement.

Additives per kg

Allium sativum 37.500 mg
Glycyrrhiza glabra 27.500 mg
Thymus vulgaris 18.000 mg

Hedera helix 7.500 mg
Vitamin C 50.000 mg
Vitamin E 30.000 mg

No other changes of stabling, feeding or training were performed during the study.
After 21 days (T1), all horses underwent the same clinical protocol performed at T0, in-
cluding clinical examination and attribution of the clinical score, airway endoscopy with
attribution of endoscopic scores, and BALf cytology. The operator assigning scores (L.S.)
remained blinded to the group distribution.

2.5. Statistical Analysis

Data were reported in an electronic sheet and analyzed using a commercially available
statistical software package (Prism Graphpad 9.1.0 for MacOs; San Diego, CA, USA). Data
distribution was evaluated for normality using a Shapiro–Wilk test. The values of age,
the clinical score, the endoscopic scores (PLH, tracheal mucus and edema of the tracheal
bifurcation), and the results of the differential cell count of the BALf at T0 were compared
between groups by means of unpaired t-test or Mann–Whitney test, on the basis of data
distribution. The clinical score, the endoscopic scores, and the cytological results of the
BALf obtained at T0 and T1 were compared within both groups by means of the paired
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t-test, if normally distributed, or Wilcoxon test, if not normally distributed. Statistical
significance was set at p < 0.05.

3. Results

Data are reported as mean ± standard deviation if normally distributed, or as median
and interquartile range (I.Q.R.) if not normally distributed.

3.1. Horses

The study population consisted of nine colts, two fillies and one gelding. The median
age of the Treatment group was 3, I.Q.R. 2–3, while the age of the Control group was 3,
I.Q.R. 2–4. The groups were age-matched as no statistical difference was found between
the ages of the groups.

3.2. Clinical Score

The results of clinical score in the two groups at T0 and T1 are reported in Table 2. A
significant difference was detected (p = 0.0189) for the clinical score between the two groups
at T0, with higher values in Treatment group. At T1, a significant difference (p = 0.0156)
(Figure 1) was found in the Treatment group, while no significant difference was observed
in the Control group.

Table 2. Results of the clinical score at T0 and T1 in the Treatment and Control groups.

T0 T1

TREATMENT Cough Nasal Respiratory Lung Cough Nasal Respiratory Lung

Discharge Rate Sound Discharge Rate Sound

Horse 1 0 0 1 2 0 0 1 0
Horse 2 0 0 0 2 0 0 0 0
Horse 3 1 1 1 0 1 0 1 0
Horse 4 0 1 1 2 0 0 1 0
Horse 5 1 0 1 2 0 0 1 2
Horse 6 1 0 1 2 0 0 1 2
Horse 7 0 0 1 2 0 0 1 0

CONTROL

Horse 1 0 0 0 0 0 0 0 0
Horse 2 0 0 0 1 0 0 0 0
Horse 3 0 0 0 2 0 0 0 0
Horse 4 0 0 1 0 1 0 0 2
Horse 5 0 0 1 2 1 0 1 2

Figure 1. Clinical score at T0 and T1 in the Treatment group (* = p<0.05).
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3.3. Endoscopic Score

The results of the endoscopic score at T0 and T1 in the Treatment and Control groups
are reported in Figure 2. No significant differences were observed between the two groups
at T0 for all the endoscopic scores. At T1, a significant difference (p = 0.0156) in the tracheal
mucus score was detected in the Treatment group, while no other differences were present
in either group for the other scores.

Figure 2. Results of the endoscopic scores at T0 and T1 in the two groups (* = p<0.05).

3.4. Cytological Examination of the BALf

At T0, the total nucleated cell (TNC) numbers were 489 ± 31 for the Treatment group
and 340 ± 168 for the Control Group, while at T1, they were 487 ± 24 and 332 ± 166,
respectively. A significant difference in TNC was present (p = 0.028) between the two
groups at T0. No significant differences were present between T0 and T1 in either group.

The results of the differential count of the inflammatory cells of the BALf at T0 and T1
are reported in Figure 3. At T0, no significant differences were present between the two
groups. At T1, no significant difference was found for all the cellular lines, either in the
Treatment or in the Control group.

Figure 3. Results of the differential count of the inflammatory cells of the BALf in the two groups at
T0 and T1.
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4. Discussion

The present study aimed to evaluate the effect of the administration of a nutraceutical
supplement on mild lower airway inflammation of racehorses. The study of nonphar-
macological products that could have a beneficial action on the respiratory system of the
horse may have a big impact on the equestrian world, as equine asthma is widely dis-
tributed in the horse population and the use of medications during competitions is almost
always forbidden.

The age of the horses involved in this study was very young, and this is in accordance
with the definition of MEA [2]; in fact, MEA can occur at any age, but is more commonly
reported in young horses [2]. As the percentage of neutrophils has been described to
increase [26] and that of eosinophils to decrease with age [22], it was important that the
groups were age matched. Concerning the sex, on the other hand, no data are available
regarding the prevalence of MEA in a particular gender. It must be noticed that most of
the horses in this study were colts, as is normal in a population of young Thoroughbreds
in training.

At the beginning of the study, the endoscopic scores and the cytological profile were
analogous in the Treatment group when compared to the Control group; moreover, both
groups underwent the same management modifications during the treatment period. This
choice was important, as it allowed us to standardize the study and to eliminate any
possible bias that could have interfered with the results. We decided to use this cut-off of
the BALf inflammatory cells for the diagnosis of MEA [24] as it can be considered the most
used and accurate in racehorses [4,5].

The clinical score at T0 was higher in the Treatment group than the Control group:
this could be due to the fact that MEA is a paucisymptomatic syndrome [2], and some
clinical symptoms such as cough or abnormal respiratory sound at rest might not have
been present. Nevertheless, it should be noticed that a lower score in the Control group at
T0 could have influenced the statistical results regarding the reduction of clinical signs.

Statistical analysis showed that, at T1, there was a significant reduction of the clinical
score and of the tracheal mucus score in the Treatment group, but not in the Control
group. These results suggest that the administration of the supplement was effective in the
reduction of clinical signs such as cough, nasal discharge or abnormal respiratory sound at
lung auscultation, probably due to a decreased mucus production that was confirmed by
tracheal endoscopy.

The mechanism underlying the efficacy of this product was not investigated in this
work, but some explanations may be hypothesized by investigating the properties of
some of its components. In fact, some papers showed the efficacy of Allium sativum in the
mitigation of inflammation and mucus production in a mouse model of human asthma [27],
and in the reduction of tracheal mucus in equine asthmatic patients [28]. Furthermore,
Thymus vulgaris showed effects in the modulation of mucus hypersecretion in vitro [29],
while Hedera helix seems to play an important role in reducing cough [30] and to have a
mucolytic activity similar to acetylcysteine [31] in human patients with bronchitis. Finally,
Glycyrrhiza glabra represents one of the most used and effective compounds for asthma in
Chinese traditional medicine, and it was effective in reducing ROS production, bronchial
inflammation, and mucus production in a murine model of human asthma [32,33].

Another explanation could be considered in the antioxidant effect of the supplement.
In fact, it contains, in association with antioxidant vitamins C and E, a high percentage of
Arthrospira platensis (12%), a herbal extract that has been proved to have an important scav-
enging activity against ROS [34], and has shown its protective effect on human bronchial
tissue [35]. It is recognized that neutrophilic accumulation in the airways leads to an
accumulation of ROS, resulting in an increase in mucus production and airway hyper-
reactivity [14]. In contrast, controlling the level of reactive species in the airways could
induce a reduction of mucus accumulation in the trachea and a mitigation of cough, as
observed in our study. Further studies regarding the oxidative status of the lung tissue after
the administration of this supplement are needed to confirm this mechanism. Moreover,
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recently it has been demonstrated that the presence of high oxidative stress in the airways
of the horse is one of the cause of the neutrophil corticosteroid insensitivity [17]; it could be
hypothesized that the administration of products with antioxidant properties in association
with standard therapies may be useful in the treatment of equine asthma.

Conversely, in our study we did not find any significant differences for PLH after the
treatment period, either in the Treatment or in the Control group; this could be explained
by the age of the population, as in young horses the presence of PLH is very common and
not associated with severity of lower airway inflammation [22,36]. In the same manner, the
absence of significant differences in the tracheal bifurcation edema score between T0 and
T1 in both groups can be explained by the fact that this finding is more common in older
horses affected by the severe form of equine asthma [22,37].

Concerning the cytological differential count of the BALf, no differences were found in
either group after the treatment period; this results means that the cytological characteristic
of the lower airway inflammation remained the same. However, it must be noticed that
also conventional bronchodilator and corticosteroid therapy, even if from a clinical and
mechanical point of view is rapidly effective, it determines a reduction of BALf neutrophilia
only after 8 weeks of treatment [38]. It has also been proven that the best management
modification to reduce lung inflammation is pasture [9], which unfortunately was not
possible in our study.

5. Conclusions

In conclusion, the administration of the feed supplement, which is the subject of the
present study, for 21 days, in association with some environmental changes, was effective
in reducing clinical score and tracheal mucus score in a population of 12 Thoroughbred
racehorses affected by MEA, but did not have any effect on BALf cytology. As MEA has a
negative impact on the athletic capacity of the horses, for the future, it would be interesting
to evaluate the effect of the administration of this product on performance parameters.
Moreover, as exercise-induced pulmonary hemorrhage is another respiratory condition
that is highly frequent in the racehorse population, it could be useful to also evaluate the
effect of this nutraceutical supplement for this disease.
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Simple Summary: Cardiovascular disease is underreported in donkeys, possibly related to their
limited athletic posture and frequent poor performance-related examinations. Reports on treatments
for cardiovascular disease are anecdotal in donkey. Normal echocardiographic parameters have been
reported in healthy donkeys. The aim of the present study was to establish the reference values and
repeatability for Pulsed Wave Doppler echocardiographic variables of the mitral valve, aortic valve
and myocardial performance. Two-dimensional Color flow mapping and spectral Doppler modes
were performed. For the mitral valve, the mean velocity, pressure gradient and duration of E-wave
were 57.7 ± 12.5 cm/s, 1.4 ± 0.7 mmHg and 0.4 ± 0.13 s, respectively. The results of the present
study provide the reference values of PW echocardiographic parameters measurements in normal
adult donkeys. Such reference values are helpful, especially when confronted with clinical cases with
cardiovascular disorders.

Abstract: In the present study, thirty clinically healthy donkeys were used to establish the refer-
ence values and repeatability for Pulsed Wave Doppler echocardiographic variables of the mitral
valve, aortic valve and myocardial performance. 2-dimensional Color flow mapping and spectral
Doppler modes were performed. For the mitral valve, the mean velocity, pressure gradient and
duration of E-wave were 57.7 ± 12.5 cm/s, 1.4 ± 0.7 mmHg and 0.4 ± 0.13 s, respectively. The
velocity, pressure gradient and duration of the A-wave were 32.3 ± 9.1 cm/s, 0.3 ± 0.04 mmHg and
0.3 ± 0.1 s, respectively. The mitral valve area, pressure half time, pulsatility index (PI), resistance
index (RI) and velocity time integral (VTI) were 1.8 ± 0.5 cm2, 66 ± 17 ms, 2.8 ± 1.4, 0.9 ± 0.03 and
19.1 ± 5.7 cm, respectively. For the aortic valve, the mean velocity was 64.9 ± 10.4 cm/s, pressure
gradient was 1.8 ± 0.4 mmHg, pulsatility index was 1.4 ± 0.3, resistance index was 0.9 ± 0.02, VTI
was 25.02 ± 6.2 cm, systolic/diastolic was 19 ± 4.7 and heart rate was 95.7 ± 28.9 per minute. For
Myocardial Performance Index (LV)–Tei Index, the mean ejection, isovolumic relaxation, isovolumic
contraction time and myocardial performance index were 0.24 ± 0.01, 0.14 ± 0.01, 0.14 ± 0.02 and
1.2 ± 0.1 s, respectively. The results of the present study provide the reference values of PW echocar-
diographic parameter measurements in normal adult donkeys. Such reference values are helpful,
especially when confronted with clinical cases with cardiovascular disorders.

Keywords: pulsed wave; echocardiography; donkeys; reference values

1. Introduction

Nowadays, donkeys are of high interest, both for clinicians and owners, due to
their inner working abilities and as companion animals. Thus, in recent years, people’s
awareness of the well-being and care of these animals has continued to increase, and the
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demand for professional veterinary services has increased. According to reports, there
are many differences between donkeys and horses. Therefore, clinical data, treatment and
diagnostic protocols from horse to donkey may lead to misdiagnosis and unnecessary or
inadequate treatment [1]. It was found that cardiovascular disease is underreported in
donkeys, possibly related to their limited athletic posture and frequent poor performance-
related examinations. Reports on treatments for cardiovascular disease are anecdotal in
donkeys [2]. Normal echocardiographic parameters have also been reported in healthy
donkeys [3]. Amory et al. [4] described normal values of echocardiographic dimensions
and functional indexes, as well as quantitative reference values for Doppler flow in healthy
donkeys. However, those references must be taken with restraint because marked variations
can be seen depending on the breed, body size, age, growth rate and training of the animal.

Pulsed wave (PW) Doppler uses short ultrasound bursts, which are transmitted to
a point (designated as “sample volume”) distant from the transducer [5]. PW Doppler
allows the calculation of blood flow velocity, direction and spectral characteristics from a
specified point in the heart or blood vessel, but the measurement of the maximum velocity
is limited as the pulse repetition frequency is limited [6]. Consequently, it is used for
the evaluation of hemodynamic abnormalities in the heart, myocardial and pericardial
disorders, transvalvular gradients, intracardiac pressures and shunts, diastolic and systolic
cardiac performance and severity of valvular lesions. In humans, assessment of ventricular
function can distinguish patients with normal LV function and LV dysfunction and provide
knowledge about the hemodynamic alterations as a side effect of the use of therapeutic
agents [7,8]. Blood flow velocity patterns are altered in human patients with cardiac
dysfunction and valvular regurgitation [9]. Mitral and aortic valve regurgitation can be
assessed by regurgitant volume or volumetric volume [10,11].

In humans and horses, the velocity time integral (VTI) is a hemodynamic echocardio-
graphic parameter measured from the Doppler spectrum across the valves through the left
ventricular outflow tract (LVOT) [12]. The area under the flow velocity curve represents
the distance of the blood volume passing through the valve [13]. Doppler echocardiog-
raphy has been used in the assessment of valvular regurgitation in horses with cardiac
murmurs [14–16]. Moreover, peak blood flow velocity in the mitral valve has been assessed
in healthy warm blood horses using PW Doppler echocardiography [17]. Furthermore,
Blissitt and Bonagura [18] measured peak velocity and deceleration time of mitral inflow
E-wave and peak velocity, peak acceleration, acceleration time and VTI of aortic outflow
using Doppler echocardiography in thoroughbred and thoroughbred cross horses.

In horses, the pressure gradient, which was calculated using a simplified Bernoulli
equation, is applied to insufficient valves, ventricular and atrial septal defects, and intrac-
ardiac pressure determination [19]. The pressure half time (PHT) is the time interval in
milliseconds between the maximal mitral gradient in early diastole and the time point
where the gradient is half the maximum initial value [20]. It is a simple Doppler method
used for assessing the MVA, severity of aortic regurgitation and pressure deceleration [21].

Till now, echocardiographic parameters, including pulsatility index (PI), resistance
index (RI) and myocardial performance index (MPI), which are used in human studies to
evaluate the cardiac performance, was not recorded in horses with cardiac disorders [22,23].
PI and RI are useful in the measurement of blood flow resistance [24]. The myocardial
performance index is an easily measured index used for the assessment of global heart
function, combining both systolic and diastolic cardiac performance [22].

Data regarding reference values of Doppler echocardiographic parameters in healthy
donkeys are scarce. Consequently, the current study was conducted to determine the
reference values and repeatability for PW Doppler echocardiographic variables of the
mitral valve, aortic valve and myocardial performance in normal donkeys.
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2. Materials and Methods

2.1. Experimental Animals

Thirty clinically healthy donkeys (Equus asinus) were used for this study. The age
of the donkeys was 5 to 9 years (7.2 ± 1.43), and their body weight was 100 to 220 Kg
(172 ± 40.49). None of the donkeys had cardiovascular disorders nor any evidence of other
systemic diseases based on clinical examination. All donkeys were free from significant
valvular regurgitation using Doppler echocardiography. All donkeys under investigation
were housed in straw-bedded boxes in the animal house of the veterinary teaching hospital,
Faculty of Veterinary Medicine, Mansoura University. All donkeys were fed twice per
day with 1.5 kg hay/100 kg B.W. and 1.5 kg concentrate with ad libitum water access at
least two weeks before the trials. This study was carried out at the Department of Internal
Medicine and Infectious Diseases, Faculty of Veterinary Medicine, Mansoura University,
Mansoura, Egypt. The study was approved by the Animal welfare and Ethics Committee,
Faculty of Veterinary Medicine, Mansoura University (approval no.R-136-2021).

2.2. Echocardiographic Examination

Transcutaneous echocardiographic examinations were performed according to the
standard methods described by Youssef et al. [25]. All echocardiographic procedures and
precautions were followed according to the recommendations of the American Society of
Echocardiography. The 2-dimensional (2-D), Colour flow mapping and spectral Doppler
modes were performed with a CHISON Digital Color Doppler Ultrasound System, iVis
60 EXPERT VET, (CHISON Medical Imaging Co., Ltd., Wuxi, China), using a 2–3.9 MHz
phased array transducer, with a maximal depth of 24.1 cm. During spectral Doppler
recording, the transducer was used in the high pulsed repetition frequency mode (HPRF)
using a frequency of 6 MHz. The velocity scale was set at 150 cm/s so that only one sample
volume was available for velocity recording. Flow velocities and time were displayed
graphically, and accurate velocity recordings were obtained when the Doppler ultrasound
beam was aligned parallel to the direction of flow according to [26]. Alignment with blood
flow was initially assessed using a 2-D ultrasound image. A color flow study was used as
a guide to determine the place of the sampling site in an area of maximal blood velocity.
PW Doppler measurements were conducted according to guidelines previously described
in [18,27]. For mitral inflow, a left parasternal long axis apical view of the left ventricular
inlet was used [27]. For aortic outflow, a left parasternal long axis view (5-chambered) of
the left ventricular outflow tract (LVOT) was used [27]. For a myocardial performance
index of the left ventricle (MPILV), the apical five-chamber view was used [28].

2.3. PW Doppler Measurements

For mitral inflow, the sample volume was placed on the ventricular side of the mitral
valve at the valve tips, with minor adjustments in transducer angles to obtain the flow
velocity (Figure 1a,b). The velocity was measured during the rapid filling phase of the
ventricle (E wave) and during the atrial contraction (A wave). Based on those, the dura-
tion of the E-wave and A-wave can be calculated. The pressure gradient was described
according to the method described by Weyman [29]. Mitral PHT was calculated using the
deceleration time, which is known as the time from the peak mitral velocity on the velocity
decline extrapolated to the baseline [20]. The MVA was measured from PHT using an
empirical formula as described in [30].

For aortic outflow, the sample volume was placed on the arterial side of the aortic
valve [27] to obtain the velocity of blood flow. The pressure gradient was described
according to Weyman 1994 [29].

PI and RI for mitral and aortic valves can be calculated according to standard meth-
ods [31,32]. The VTI under the velocity waveform was measured by tracing the modal
velocity, which was represented by the bright line in the spectral Doppler waveform
envelopes from the Doppler signal [33].
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(a) 

 
(b) 

Figure 1. (a) Left parasternal long axis view of the left ventricular inlet of mitral valve view in one of
the 30 normal adult donkeys. (b) Left parasternal long axis view (5-chambered) of left ventricular
outflow tract (LVOT) with the sample volume on the arterial side of the aortic valve in 30 normal
adult donkeys.
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For the myocardial performance index of the left ventricle (MPILV), the sample vol-
ume was placed at the tips of the mitral valve leaflets. The isovolumic contraction time
(ICT) interval was measured from the end to the onset of mitral inflow. Meanwhile, the
isovolumic relaxation time (IRT) interval was measured at the time between the onset and
the end of LV outflow when the sample volume was placed below the aortic valve. The
myocardial performance index was later calculated from the equation (ICT + IRT)/ET [28].

2.4. Repeatability

Each donkey was examined via echocardiography three times at one-week intervals
by the same observer. Each day, 3 PW echocardiographic measurements with a variance
<5% were recorded on 3 non-consecutive cardiac cycles. Measurements with a variance
>5% were discarded. Thus, by the end of the study, there were 9 PW echocardiographic
measurements for each donkey.

2.5. Statistical Analysis

Statistical analysis followed the American Society for Veterinary Clinical Pathology
(ASVCP) reference interval guidelines. Specifically, a histogram was used to illustrate the
reference values. The data of PW echocardiography were checked for normality by the
Kolmogorov–Smirnov normality test. The result revealed normally distributed data. The
summary statistics and the frequency distribution (mean ± SD, 95% CI, median, range,
and 10th, 25th, 75th, and 90th percentiles) of the PW echocardiographic measurements
for the mitral and aortic valve in all donkeys were reported. The reproducibility of the
PW echocardiographic measurements was assessed by calculation of the intra-assay and
interassay coefficient of variation (CVs). For each of the 3 days that data were collected, the
intra-assay CV was calculated by dividing the SD of the measurements for that day by the
mean of the measurements for that day. For each donkey, the interassay CV was calculated
for each of the 3 measurements (1, 2, and 3) of PW echocardiographic measurements
obtained on each data collection day by dividing the SD for that particular measurement
by the mean for that particular measurement. To assess the variation in the intra-assay
CV among days and the interassay CV% among reads, repeated measures ANOVA was
performed. Mauchly’s sphericity test was used to detect the significant variations. When
there was a significant result, one-way ANOVA with post-hoc Duncan multiple comparison
tests were used to detect the specific variations. For all analyses, values of p < 0.05 were
considered significant. All statistical procedures were performed with a commercially
available software program (Graph Pad prism, San Diego, CA, USA).

3. Results

Frequency distribution for echocardiographic parameters of the mitral valve, aor-
tic valve and myocardial Performance Index (LV)—Tei Index evaluated by PW Doppler
echocardiography in healthy donkeys (Equus asinus) were summarized (Tables 1–3).

For echocardiographic parameters of the mitral valve, aortic valve and myocardial
Performance Index (LV)—Tei Index evaluated by PW Doppler echocardiography in healthy
donkeys (Equus asinus) were summarized (Tables 4–6).

The intra-assay and interassay coefficient of variation (CVs) of the mitral valve in
healthy donkeys using PW Doppler echocardiography were summarized (Tables 7 and 8).

The intra-assay and interassay CVs of the aortic valve in healthy donkeys using PW
Doppler echocardiography were summarized (Tables 9 and 10).

The intra-assay and interassay CVs of myocardial Performance Index (LV)–Tei Index in
healthy donkeys using PW Doppler echocardiography were summarized (Tables 11 and 12).
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Table 1. Frequency distribution of pulsed wave doppler echocardiographic measurements of mitral
valve in normal donkeys.

Variables
Highest Frequency Lowest Frequency

Value No (270) (%) Value No (270) (%)

V E wave (cm/s) ≥12–14 66 (24.4%) ≥42–46 3 (1.1%)
PG E wave (mmHg) ≥15–25 63 (23.3%) ≥85–95 3 (1.1%)

Dur E wave (s) ≥15–25 62 (22.9%) ≥60–75 12 (4.4%)
V A wave (cm/s) ≥22–26 51 (18.9%) ≥40–46 3 (1.1%)

PG A wave (mmHg) ≥50–60 48 (17.8%) ≥80–90 3 (1.1%)
Dur A wave (s) ≥15–25 69 (25.6%) ≥60–70 9 (3.3%)
MV area (cm2) ≥30–50 72 (26.7%) ≥100–120 3 (1.1%)

PHT (ms) ≥30–50 72 (26.7%) ≥100–120 9 (3.3%)
PI ≥15–25 75 (27.8%) ≥80–95 6 (2.2%)
RI ≥1.5–2.5 77 (28.5%) ≥3–4 7 (2.5%)

VTI (cm) ≥10–14 39 (14.4%) ≥34–38 9 (3.3%)
S/D ≥10–25 66 (24.4%) ≥60–70 3 (1.1%)

V E wave: Velocity E wave; PG E wave: pressure gradient E wave; Dur E wave: duration E wave; VA wave:
Velocity A wave; PG A wave: pressure gradient A wave; Dur A wave: duration A wave; MV area: mitral
valve area; PHT: pressure half time; PI: pulsatility index; RI: resistance index; VTI: velocity time integral; S/D:
systolic/diastolic.

Table 2. Frequency distribution of PW doppler echocardiographic measurements of aortic valve in
normal donkeys.

Variables
Highest Frequency Lowest Frequency

Value No (270) (%) Value No (270) (%)

V (cm/s) ≥12–16 60 (22.2%) ≥15–17 6 (2.2%)
PG (mmHg) ≥15–25 88 (32.5%) ≥60–65 7 (2.5%)
PI ≥15–25 72 (26.6%) ≥50–60 3 (1.1%)
RI ≥0.5–1.5 99 (36.6%) ≥5.5–6 3 (1.1%)
VTI (cm) ≥15–25 59 (21.8%) ≥55–65 3 (1.1%)
S/D ≥0–20 72 (26.6%) ≥90–100 3 (1.1%)

V: Velocity; PG: pressure gradient; PI: pulsatility index; RI: resistance index; VTI: velocity time integral; S/D:
systolic/diastolic.

Table 3. Frequency distribution of PW doppler echocardiographic measurements of myocardial
performance index (LV)—Tei Index valve in normal donkeys.

Variables
Highest Frequency Lowest Frequency

Value No (270) (%) Value No (270) (%)

ET (s) ≥15–25 75 (27.8%) ≥45–50 9 (3.3%)
IRT (s) ≥25–35 57 (21.1%) ≥70–85 15 (5.5%)
ICT (s) ≥30–40 78 (28.9%) ≥0–10 3 (1.1%)
MPI ≥6–10 63 (23.3%) ≥24–28 12 (4.4%)

ET: ejection time; IRT: isovolumic relaxation time; ICT: isovolumic contraction time; MPI: myocardial perfor-
mance index.

Table 4. Summary statistics of PW doppler echocardiographic measurements of mitral valve in
normal donkeys.

Variables Mean ± SD 95% CI Median (Range)
Percentile

10% 25% 75% 90%

V E wave (cm/s) 57.7 ± 12.4 56.2–59.2 53.4 (40.9–98.5) 45.1 50.6 62.4 76.7
PG E wave (mmHg) 1.4 ± 0.7 1.3–1.5 1.1 (0.7–3.9) 0.8 1.03 1.6 2.4
Dur E wave (s) 0.4 ± 0.14 0.3–0.4 0.4 (0.2–0.9) 0.2 0.3 0.4 0.5
V A wave (cm/s) 32.3 ± 9.1 31.2–33.4 31.6 (16.7–61.7) 22.2 24.9 37.5 42.3
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Table 4. Cont.

Variables Mean ± SD 95% CI Median (Range)
Percentile

10% 25% 75% 90%

PG A wave (mmHg) 0.5 ± 0.3 0.4–0.5 0.4 (0.1–1.5) 0.2 0.3 0.6 0.7
Dur A wave (s) 0.3 ± 0.1 0.2–0.3 0.3 (0.1–0.6) 0.1 0.2 0.3 0.4
MV area (cm2) 2.4 ± 1.5 2.2–2.6 1.9 (0.5–7.9) 0.7 1.4 2.9 4.3
PHT (ms) 91.3 ± 24.9 88.3–94.2 102.6 (27.6–125.3) 51.3 75.7 109.8 116.1
1.4 (0.01–2) 1.3–1.4 1.4 ± 0.4 PI 1.2 1.6 1.8
0.96 (0.8–1.1) 0.94–0.96 0.9 ± 0.03 RI 0.9 1 1.1
18.8 (9.9–36.5) 18.5–19.8 19.1 ± 5.7 VTI (cm) 15.1 22.4 26.5
22.5 (9.1–37.5) 21.9–23.7 22.8 ± 7.5 S/D 16 28.5 33.9

V E wave: Velocity E wave; PG E wave: pressure gradient E wave; Dur E wave: duration E wave; VA wave:
Velocity A wave; PG A wave: pressure gradient A wave; Dur A wave: duration A wave; MV area: mitral
valve area; PHT: pressure half time; PI: pulsatility index; RI: resistance index; VTI: velocity time integral; S/D:
systolic/diastolic.

Table 5. Summary statistics of PW Doppler echocardiographic measurements of aortic valve in
normal donkeys.

Variables Mean ± SD 95% CI Median (Range)
Percentile

10% 25% 75% 90%

V (cm/s) 64.9 ± 10.4 63.8–66.2 64.9 (42.3–86.7) 49.4 58.6 71.6 79.7
PG (mmHg) 1.7 ± 0.5 1.7–1.8 1.7 (0.7–3) 0.9 1.4 2.1 2.5
PI 1.4 ± 0.3 1.3–1.4 1.4 (0.5–1.9) 0.96 1.2 1.6 1.7
RI 0.9 ± 0.02 0.95–0.96 0.95 (0.9–1.02) 0.92 0.94 0.96 0.98
VTI (cm) 25.02 ± 6.2 24.3–25.8 26.3 (11.8–38.02) 15.7 20.3 29.9 32.7
S/D 23.6 ± 12.04 22.2–25.1 21.3 (6.7–86) 13.2 17.3 25.5 36

V: Velocity; PG: pressure gradient; PI: pulsatility index; RI: resistance index; VTI: velocity time integral; S/D:
systolic/diastolic.

Table 6. Summary statistics of PW Doppler echocardiographic measurements of myocardial perfor-
mance index (LV)—Tei Index in normal donkeys.

Variables Mean ± SD 95% CI Median (Range)
Percentile

10% 25% 75% 90%

ET (s) 0.4 ± 0.1 0.4 ± 0.1 0.4 (0.2–0.6) 0.2 0.3 0.4 0.5
IRT (s) 0.3 ± 0.2 0.3 ± 0.2 0.3 (0.1–0.8) 0.1 0.2 0.4 0.5
ICT (s) 0.3 ± 0.1 0.3 ± 0.1 0.3 (0.1–0.7) 0.1 0.2 0.4 0.5
MPI 1.7 ± 0.7 1.7 ± 0.7 1.7 (0.6–3.3) 0.9 1.3 2.1 2.9

ET: ejection time; IRT: isovolumic relaxation time; ICT: isovolumic contraction time; MPI: myocardial perfor-
mance index.

Table 7. Intra-assay CVs of pulsed wave doppler echocardiographic measurements of mitral valve in
normal donkeys.

Variables Mean ± SD 95% CI Median (Range)
Percentile

10% 25% 75% 90%

V E wave (cm/s) 13.01 ± 9.5 11.1–14.9 12.6 (0.8–45.8) 2.8 4.9 16.4 22.9
PG E wave (mmHg) 25.9 ± 18.9 21.9–29.8 24.3 (1.9–90.7) 5.6 9.9 32.2 47.2
Dur E wave (s) 24.8 ± 17.2 21.1–28.4 20.02 (0.8–71.4) 3.1 13.6 31.4 50.8
V A wave (cm/s) 20.9 ± 8.3 19.2–22.7 21.2 (5.1–35.2) 7.7 14.9 25.7 31.1
PG A wave (mmHg) 40.6 ± 15.9 37.3–43.9 41.9 (9.5–69.1) 14.6 28.4 52.8 62.5
Dur A wave (s) 27.8 ± 15.5 24.6–31.1 23.8 (3.7–69.6) 10.3 16.5 40.7 44.8
MV area (cm2) 46.3 ± 25.3 41.1–51.6 43.8 (9.4–119.6) 17.7 26.4 57.8 87.9
PHT (ms) 49. 1 ± 24.2 43.9–54.1 47.1 (9.9–91.4) 18.1 25.7 68.3 84.5
PI 23.1 ± 19.1 19.1–27.1 15.3 (3.2–85.6) 6.7 12.1 28.1 50.2
RI 1.8 ± 1.5 1.4–2.1 1.5 (0.1- 6.6) 0.6 0.61 2.2 5.3
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Table 7. Cont.

Variables Mean ± SD 95% CI Median (Range)
Percentile

10% 25% 75% 90%

VTI (cm) 21.2 ± 11.2 18.9–23.6 19.6 (5.7–45.4) 7.2 11.6 25.3 42.5
S/D 32.8 ± 19.5 28.8–36.9 28.6 (2.2–89.8) 14.9 20.9 37.3 62.1

V E wave: Velocity E wave; PG E wave: pressure gradient E wave; Dur E wave: duration E wave; VA wave:
Velocity A wave; PG A wave: pressure gradient A wave; Dur A wave: duration A wave; MV area: mitral
valve area; PHT: pressure half time; PI: pulsatility index; RI: resistance index; VTI: velocity time integral; S/D:
systolic/diastolic.

Table 8. Interassay CVs of PW doppler echocardiographic measurements of mitral valve in normal
donkeys.

Variables Mean ± SD 95% CI Median (Range)
Percentile

10% 25% 75% 90%

V E wave (cm/s) 13.5 ± 7.1 11.9–14.9 13.1 (1.5–30.1) 3.2 7.9 16.8 22.7
PG E wave (mmHg) 26.5 ± 13.5 23.7–29.3 26.7 (3.2–53.9) 6.2 15.8 34.2 46.1
Dur E wave (s) 27.6 ± 17.6 23.9–31.3 24.6 (5.7–67.1) 6.7 12.9 37.7 57.3
V A wave (cm/s) 19.9 ± 9.6 17.9–21.9 20.9 (4.5–44.8) 5.8 13.2 26.4 31.2
PG A wave (mmHg) 38.7 ± 18.5 34.8–42.5 42.3 (9.2–87.9) 11.5 26.2 48.8 60.9
Dur A wave (s) 28.3 ± 15.3 25.1–31.5 21.8 (11.4–65.2) 12.9 18.3 37.6 56.4
MV area (cm2) 48.1 ± 26.4 42.5–53.6 39.4 (6.9–93.5) 15.1 26.4 68.5 91.02
PHT (ms) 51.4 ± 30.8 44.9–57.8 44.8 (6.9–110.7) 13.9 27.6 79.9 97.8
PI 22.7 ± 17.8 18.9–26.4 21.2 (4.7–92.6) 6.5 11.1 27.4 33.8
RI 2.3 ± 1.8 1.8–2.1 1.7 (0.6–6.9) 0.6 1.1 2.6 6.5
VTI (cm) 21.9 ± 8.5 20.2–23.7 23.8 (6.9–34.9) 11.3 15.3 28.5 31.7
S/D 36.1 ± 20.6 31.7–40.4 34.1 (5.8–91.9) 11.1 23.9 41.1 76.4

V E wave: Velocity E wave; PG E wave: pressure gradient E wave; Dur E wave: duration E wave; VA wave:
Velocity A wave; PG A wave: pressure gradient A wave; Dur A wave: duration A wave; MV area: mitral
valve area; PHT: pressure half time; PI: pulsatility index; RI: resistance index; VTI: velocity time integral; S/D:
systolic/diastolic.

Table 9. Intra-assay CVs of PW doppler echocardiographic measurements of aortic valve in nor-
mal donkeys.

Variables Mean ± SD 95% CI Median (Range)
Percentile

10% 25% 75% 90%

V (cm/s) 11.6 ± 6.9 10.2–13.1 10.4 (1.3–29.7) 2.6 5.6 15.7 20.9
PG (mmHg) 23.04 ± 13.6 20.6–25.5 20.9 (2.7–59.3) 5.3 13.7 30.2 39.9
PI 17.1 ± 11.5 14.7–19.5 14.9 (3.4–45.2) 3.9 7.2 25.2 37.2
RI 1.9 ± 1.3 1.7–2.3 1.6 (0.6–5.4) 0.6 1.1 3.1 3.9
VTI (cm) 19.2 ± 13.1 16.4–21.9 15.1 (1.2–60.4) 4.7 10.2 30.5 34.1
S/D 32.6 ± 21.6 28.1–37.1 31.2 (5.5–81.8) 7.4 15.2 40.3 66.3

V: velocity; PG: pressure gradient; PI: pulsatility index; RI: resistance index; VTI: velocity time integral; S/D:
systolic/diastolic.

Table 10. Interassay CVs of PW doppler echocardiographic measurements of aortic valve in nor-
mal donkeys.

Variables Mean ± SD 95% CI Median (Range)
Percentile

10% 25% 75% 90%

V (cm/s) 13.6 ± 6.9 12.2–15.1 13.7 (0.9–31.4) 4.9 8.3 17.7 24.1
PG (mmHg) 26.9 ± 13.3 24.2–29.8 26.7 (2.04–63.9) 9.7 17.4 33.5 46.9
PI 20.6 ± 11.6 18.3–23.1 18.5 (3.6–59.7) 6.1 13.8 28.6 35.3
RI 2.03 ± 1.3 1.7–2.3 1.6 (0.6–6.5) 0.6 1.1 2.5 3.9
VTI (cm) 22.9 ± 13.1 20.2–25.7 18.6 (6.9–47.9) 7.6 13.3 32.6 43.9
S/D 35.6 ± 22.1 31.1–40.2 31.2 (7.6–93.1) 12.1 19.4 51.5 72.2

V: velocity; PG: pressure gradient; PI: pulsatility index; RI: resistance index; VTI: velocity time integral; S/D:
systolic/diastolic.
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Table 11. Intra-assay CVs of PW doppler echocardiographic measurements of myocardial perfor-
mance index (LV)—Tei Index in normal donkeys.

Variables Mean ± SD 95% CI Median (Range)
Percentile

10% 25% 75% 90%

ET (s) 19.5 ± 8.4 17.7–21.2 19.4 (4.8–34.5) 9.3 10.8 23.8 33.6
IRT (s) 44.3 ± 19.5 40.3–48.4 40.4 (24.5–80.9) 24.8 27.8 56.8 80.1
ICT (s) 38.7 ± 11.3 36.3–40.9 37.7 (25.01–63.9) 25.9 29.1 43.8 56.7
MPI 30.2 ± 14.7 33.2–37.6 33.2 (5.92–54.4) 13.6 18.6 40.8 53.9

ET: ejection time; IRT: isovolumic relaxation time; ICT: isovolumic contraction time; MPI: myocardial perfor-
mance index.

Table 12. Interassay CVs of PW doppler echocardiographic measurements of myocardial performance
index (LV)–Tei Index in normal donkeys.

Variables Mean ± SD 95% CI Median (Range)
Percentile

10% 25% 75% 90%

ET (s) 28.03 ± 12.8 25.4–30.7 28.2 (5.3–49.8) 8.2 21.1 39.4 42.9
IRT (s) 38.7 ± 17.6 35.01–42.4 38.3 (10.9–66.8) 14.9 20.3 53.8 63.4
ICT (s) 37.4 ± 17.3 33.9–42.9 36.7 (3.5–71.1) 14.5 22.1 47.8 65.5
MPI 36.4± 15.6 35.6–46.2 38.7 (9.2–66.01) 12.3 24.5 48.6 57.03

ET: ejection time; IRT: isovolumic relaxation time; ICT: isovolumic contraction time; MPI: myocardial perfor-
mance index.

4. Discussion

PW Doppler is used in combination with the 2D image to assess flow velocities within
discrete regions of the heart and great vessels, which are used to evaluate the cardiac
performance [21]. In the current study, E-wave was higher than A-wave for the mitral
inflow during filling of the left ventricle in healthy donkeys. The same results were recorded
in normal thoroughbred and thoroughbred cross horses [18], normal dogs [34] and normal
human subjects [35].

PW Doppler evaluates the mitral velocity, which provides intuition into the dynamics
of LV filling and helps to evaluate the diastolic function [36]. Furthermore, the evaluation
of transmitral velocity, together with tricuspid and hepatic vein velocities, is useful when
evaluating cardiac tamponade and constrictive pericarditis [37].

The ventricular filling results from isovolumic relaxation, ventricular compliance,
filling pressures from the left atrium to left ventricle, pericardial restraint, ventricular
interaction and atrial function, and it may be influenced by afterload and contractility [7].
Consequently, changes in the ventricular relaxation affect early filling of the left ventricular
chamber, while changes in ventricular compliance affect late diastolic filling of the ventricle
with a resultant increase of E-wave [38]. Moreover, E-wave velocity is increased with
increased left atrial pressure, decreased left ventricular pressure associating the increased
rate of ventricular relaxation, and decreased MVA [39]. Meanwhile, the early ventricular
filling is decreased in cases of decreased atrial pressure, decreased rate of ventricular relax-
ation, increased ventricular compliance and increased MVA with a subsequent decrease of
transmitral E-wave amplitude, which resulted in increased A-wave velocity as late diastole
contributes more to total left ventricular filling [39]. Thus, changes in the velocity occur
with alterations in the left atrial and left ventricular diastolic pressures [40].

The pressure gradient of the E-wave is higher than the A-wave of the mitral inflow
during filling of the left ventricle in healthy donkeys. In equine, the pressure gradient
is a reflection of normal intra-cardiac pressure and pathological increased pressure [41].
The pressure gradient quantifies the severity of stenotic lesions and can differentiate the
unknown pressure from the known pressure. The pressure gradient will be increased in the
presence of conduct-type lesions as tunnel sub-valvular stenosis and in cases of decreased
blood viscosity. In contrast, the increased blood viscosity may underestimate the pressure
gradient [42].
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In the current study, the velocity of the aortic outflow is 64.9 ± 10.4 during the
first third of systole in healthy donkeys. The aortic flow pattern is found in normal
thoroughbred and thoroughbred cross horses (0.937 ± 0.094) [18], in normal adult Turkmen
horses (101.948 ± 15.341) [43], in clinically normal dogs (106.0 ± 21.0) [34] and in human
(92 ± 11) [44]. This is probably due to differences in alignment with aortic flow in donkeys.
However, this may represent a species variation in actual flow velocities.

The flow velocity of aortic flow is affected by heart rate. A faster heart rate will
increase peak and mean velocity [42]. The velocity of blood flow depends on the blood
volume moving through the vessels or orifice. When there is a high blood flow [18],
severe valvular insufficiency or stenosis, a coexisting shunt, anemia and/or sepsis [45], the
pressure gradient will be inaccurate.

In the current study, the MVA equals 2.4 ± 1.5 cm2, and the PHT equals 135 ± 93.9 ms
in healthy donkeys. However, in humans, the MVA is found to be 4.0–6.0, and the PHT is
40–70 ms [20].

The Doppler study can be used to calculate pressure half-time (PHT), which is defined
as the time required for the pressure gradient across an obstruction to decrease to half of its
maximal value. Thus, PHT increases as the severity of stenosis increases.

Overestimation of the MVA occurs when PHT is shortened by concomitant significant
aortic insufficiency, decreased ventricular compliance and atrial septal defect [21]. PHT is
useful in the detection of mitral stenosis with coexistent mitral regurgitation [21].

In patients with aortic regurgitation, the Doppler velocity becomes significantly shorter
<250 ms because of the rapid increase in left ventricular diastolic pressure and decrease
in aortic pressure. Furthermore, it may be affected by severe diastolic dysfunction with
marked elevation of left ventricular diastolic pressure without severe aortic regurgita-
tion [30].

In the current study, PI was 1.4 ± 0.4, RI was 0.9 ± 0.03 for the mitral valve, the PI was
1.4 ± 0.3 and RI was 0.9 ± 0.02 for the aortic valve in healthy donkeys. Normal values for
the PI and RI are 1.36–1.56 and 0.6–0.8, respectively.

PI is equal to the difference between the peak systolic velocity and the minimum
diastolic velocity divided by the mean velocity during the cardiac cycle. The value of
PI decreases with distance from the heart [46]. The two indices, pulsatility index and
resistance index, measure the resistance of blood flow. Furthermore, they are affected by
input pressure waveform pulsatility, impedance and resistance changes [24].

In the current study, the VTI is 19.1 ± 5.7 cm for mitral inflow and equals 25.02 ± 6.2
for aortic outflow in healthy donkeys. The VTI is found to be 25.369 ± 3.209 cm in normal
horses for aortic flow [18], 0.146 ± 0.029 cm in dog for aortic outflow [34] and 25.1 ± 3.4 cm
in humans for aortic flow [47]. Left ventricular outflow tract velocity time integral (LVOT
VTI) is a measure of cardiac systolic function and cardiac output. Heart failure patients
with low cardiac output are known to have poor cardiovascular outcomes. Thus, extremely
low LVOT VTI may predict heart failure patients at highest risk for mortality [12].

In the present study, Myocardial Performance Index (LV)–Tei Index was 1.7 ± 0.7,
isovolumic contraction time was 0.3 ± 0.1, isovolumic relaxation time was 0.3 ± 0.1, and
ejection time was 0.4 ± 0.1. The MPI was found to be 0.52 ± 0.12 in dog [48] and in human
(0.39 ± 0.05) [22]. Systolic dysfunction prolongs pre-ejection (ICT) and a shortening of
the ejection time (ET). Both systolic and diastolic dysfunction results in abnormality in
myocardial relaxation, which prolongs the relaxation period (IRT) [22].

The Myocardial Performance Index (LV)–Tei Index is independent of heart rate, ar-
terial blood pressure, ventricular geometry, atrioventricular valve regurgitation, loading
condition as afterload and preload, and can be used to evaluate the function of both the LV
and the RV [49]. The Myocardial Performance Index (LV)–Tei Index have strong prognostic
value in severe cardiac diseases such as cardiac amyloidosis (0.54 ± 0.16), dilated car-
diomyopathy (0.59 ± 0.10), ischemic heart diseases (0.85 ± 0.32), pulmonary hypertension
(0.93 ± 0.34), congestive heart failure (0.37 ± 0.05), valvular diseases (0.6 ± 0.2), myocardial
infarction, congenital heart diseases (0.35 ± 0.03) and cardiotoxicity (0.45 ± 0.06) [50].
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5. Conclusions

Results of the present study provided an initial reference for PW (PW) Doppler echocar-
diographic variables of the mitral valve, aortic valve and myocardial performance in don-
keys, which will be beneficial for clinicians who perform cardiac examinations in these
animals. The intra-assay and interassay CVs for the mitral valve, aortic valve measurements
and myocardial performance indicated that the technique is a feasible and precise method
for determining cardiac measurements and functions in donkeys.
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Simple Summary: Severe equine asthma is the most common globally widespread non-infectious
equine respiratory disease (together with its mild and moderate form), which is associated with
exposure to hay dust and mold spores, has certain similarities to human asthma, and continues to
represent a therapeutic problem. Immunomodulatory DNA sequences (CpG) bound to nanoparticles
were successfully administered by inhalation to severe asthmatic horses in several studies. It was
possible to demonstrate a significant, sustained, one-to-eight-week improvement in important clinical
parameters: partial oxygen pressure in the blood, quantity and viscosity of tracheal mucus secretion in
the airways, and the amount of inflammatory cells in the respiratory tracts of severe asthmatic horses.
The immunotherapy with CpG is performed independent of specific allergens. At an immunological
level, the treatment leads to decreases in allergic and inflammatory parameters. This innovative
therapeutic concept thus opens new perspectives in severe equine asthma treatment and possibly
also in human asthma treatment.

Abstract: Severe equine asthma is the most common globally widespread non-infectious equine
respiratory disease (together with its mild and moderate form), which is associated with exposure
to hay dust and mold spores, has certain similarities to human asthma, and continues to represent
a therapeutic problem. Immunomodulatory CpG-ODN, bound to gelatin nanoparticles as a drug
delivery system, were successfully administered by inhalation to severe equine asthmatic patients in
several studies. It was possible to demonstrate a significant, sustained, and allergen-independent
one-to-eight-week improvement in key clinical parameters: the arterial partial pressure of oxygen, the
quantity and viscosity of tracheal mucus, and neutrophilic inflammatory cells in the respiratory tracts
of the severe equine asthmatic subjects. At the immunological level, an upregulation of the regulatory
antiallergic and anti-inflammatory cytokine IL-10 as well as a downregulation of the proallergic IL-4
and proinflammatory IFN-γ in the respiratory tracts of the severe equine asthmatic patients were
identified in the treatment groups. CD4+ T lymphocytes in the respiratory tracts of the asthmatic
horses were demonstrated to downregulate the mRNA expression of Tbet and IL-8. Concentrations
of matrix metalloproteinase-2 and -9 and tissue inhibitors of metalloproteinase-2 were significantly
decreased directly after the treatment as well as six weeks post-treatment. This innovative therapeutic
concept thus opens new perspectives in the treatment of severe equine asthma and possibly also that
of human asthma.

Keywords: asthma; immunotherapy; allergy; nanoparticle; CpG
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1. Introduction

The global prevalence and morbidity of human asthma has increased significantly
in the last four decades [1]. The prevalence increases by 50% every decade [1]. This has
been evident in humans [1]. Severe equine asthma has become the most common non-
infectious, chronic, obstructive, inflammatory airway disease in industrialized countries
in the northern hemisphere, together with its mild and moderate form, formerly known
as inflammatory airway disease (IAD). Severe equine asthma has also been known as
recurrent airway obstruction (RAO) (until 2016 when “equine asthma” became the officially
accepted term), heaves, chronic obstructive bronchitis/bronchiolitis (COB), and chronic
obstructive pulmonary disease (COPD) of the horse (the term is now considered to be
obsolete due to pathogenetic differences to human COPD, such as exposure to smoke and
minimal reversibility) [2–4]. Early descriptions of the clinical presentation of severe equine
asthma with the characteristic “heave line” in horses with obstructive pulmonary issues
appear in ancient Greek texts by Aristotle from 333 BC [2,5]. In 1656, Markham described
heaves in association with housing horses in stables [5]. The first scientific representation
in modern times of heaves as an asthma-like syndrome in horses took place in 1964 [2,6].

This overreaction of the airways, which, depending on the reference, has an occurrence
in local latitudes between 10 and 20% [7] or maybe even higher [8,9] of adult horses, starting
at about 7 years old (reviewed by [2–4]) or maybe even earlier [9], with no breed or sex
predisposition [2], and possesses certain similarities to human asthma [2,4,10,11]. There are
many different human asthma phenotypes, and not all share similarities with severe equine
asthma [11]. The most common human asthma phenotypes are allergic (extrinsic) and
non-allergic asthma, late-onset asthma, asthma with fixed airflow limitation, and asthma in
obese patients [11]. The first three show a good accordance with severe equine asthma [11].
Severe equine asthma has therefore been proposed as an ideal model for the human severe
allergic, non-allergic, and late-onset asthma phenotypes [11,12]. Severe equine and human
asthma are both characterized by reversible airway obstruction with bronchoconstriction,
increased mucus production, airway hyperresponsiveness, and pulmonary remodeling [12].
The pulmonary remodeling features in severe equine asthma closely resemble those of
human asthma and make this naturally occurring animal model unique [12]. According to
Bond et al. [11], the allergic phenotype is characterized by an allergenic trigger (e.g., molds)
associated with clinical signs and pathology (increased neutrophil % in BAL and increased
respiratory effort at rest), multiple hypersensitivities in some families of horses (insect
bite hypersensitivity, urticaria, and increased parasite resistance), and a good response to
inhaled corticosteroids. An association exists between IL-4Rα and severe equine asthma,
where IL-4Rα upregulates IL-4 expression during disease exacerbation, which promotes
isotype switching from IgM to IgE and results in increased IgE in BAL from horses with
severe equine asthma. The non-allergic phenotype is characterized by a neutrophilic or
paucigranulocytic BAL (in severe cases where BAL return is low), chronic innate immune
activation, and the chronic activation of peripheral neutrophils, and it often responds
less well to inhaled corticosteroids. The late-onset phenotype is characterized by decreased
baseline pulmonary function during disease exacerbation, occurs in mature/older animals,
and can require higher doses of corticosteroids for control [11]. Hulliger et al. [13] revealed
a strong similarity on the transcriptomic level between severe equine asthma and severe
neutrophilic asthma in humans, potentially through affecting Th17 cell differentiation.
This study also showed that several dysregulated miRNAs and mRNAs are involved in
airway remodeling [13].

1.1. Pathophysiology of Severe Equine Asthma

The pathophysiology of severe equine asthma involves recurring, reversible, cholin-
ergic bronchospasms with air trapping, hyperresponsiveness, or hyperreactivity of the
airways, hypercrinia and dyscrinia (dysfunctional sol and gel layer of the physiological
airway epithelial secretion) with dysfunctional mucociliary clearance, a decrease in the
club/Clara cells (physiological secretory cells), goblet cell metaplasia and hyperplasia, and
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mucosal edema [2]. A significant luminal migration of primarily neutrophilic granulocytes
is observed in the airways as well as submucosal and peribronchial lymphocytic infiltra-
tion, partially with mast cells, plasma cells, and eosinophilic granulocytes [2]. This can
lead to airway remodeling with hyperplasia and hypertrophy of the smooth muscles and
subepithelial and interstitial fibrosis [2]. Clinical signs include cough, exercise intolerance,
recurrent seromucosal up to mucopurulent nasal discharge, and depending on the exacer-
bation phase, severe respiratory distress and significant dyspnea at rest (elevated resting
respiratory rate, increased abdominal lift, nasal flaring, intercostal breathing, biphasic
exhalation, and protrusion of the anus during exhalation) [2,9–11]. On the immunological
level, there are conflicting study findings and opinions, so some authors consider the
reaction a type I IgE-mediated immediate reaction [14–16], while others deem this unlikely
since the bronchospasm following allergen exposure is delayed, IgE cannot be regularly
demonstrated [17,18], and mast cells usually play a subordinate role [17]. The delayed
neutrophilic inflammatory reaction could possibly be indicative of a type III Arthus im-
mune complex reaction [2,19,20]. A cell-mediated delayed type IV immune reaction is also
plausible [19], which these authors consider the most likely explanation. According to
Fey [9], not further specified nonspecific immune/defense reactions could also play a role.
The existence of different phenotypes and endotypes within severe equine asthma, similar
to human asthma, is probable [10,11].

Numerous studies on the role of cytokines indicate an excessive expression of proal-
lergic Th2 cytokines in the lungs of asthmatic horses [20–22]. Others have additionally
demonstrated increased Th1 cytokines in asthmatic horses [23,24], which points to the
involvement of the proinflammatory track in the pathogenesis of severe equine asthma and
contradicts the possibility of a sole Th2 overreaction. Despite this, it is assumed that severe
equine asthma involves a dysfunctional Th1/Th2 balance, with a shift to an excessive Th2
response [25]. Other studies have additionally demonstrated the involvement of the proin-
flammatory and chemotactic IL-17 from Th17 cells in the pathogenic mechanism of severe
equine asthma [26,27]. Transcriptomic data derived from bronchial epithelium (in vivo)
stimulated with hay dust extract to identify differentially expressed genes and pathways
in severe equine asthma indicate that the most upregulated genes are those involved in
immune cell trafficking, neutrophil chemotaxis, immune and inflammatory responses, cell
cycle regulation, and apoptosis (reviewed by [11]). The most upregulated chemokine was
CXCL13, a B-cell chemoattractant predominantly produced by Th17 (reviewed by [11]).
CXCL13 has been shown to be upregulated 8-fold in BALF from human asthmatics com-
pared to controls (reviewed by [11]). The treatment of a sensitized murine asthma model
with an anti-CXCL13 antibody reduces inflammatory cell recruitment, bronchial-associated
lymphoid tissue formation, and airway inflammation [11].

There is a genetic association between severe equine asthma and microsatellite markers
with the IL-4 receptor α-chain (IL-4Rα) gene on equine chromosome 13 [11]. The IL-4Rα
gene is associated with the development of asthma, skin allergies, and parasite defense in
humans [11]. Severe equine asthma is associated with multiple hypersensitivities, including
insect bite hypersensitivity, urticaria, and increased parasite resistance in one high-incidence
family [11]. Besides a genetic predisposition with higher familial incidence [28–31], the
high prevalence of severe equine asthma is primarily attributed to the widespread stabling
of horses, with permanent exposure to antigens [2,3]. The disease is chronic and is currently
not curable (with the exception of the mild and moderate form of equine asthma, previously
termed “inflammatory airway disease” (IAD)) [2]. The consistent avoidance of antigens is
the foundation for the management of the disease and is essential for sustained therapeutic
success in the sense of achieving clinical remission [2,9]. A large number of potentially
proinflammatory particles have been identified in stall dust, such as bacterial endotoxins,
over 50 different species of mold, peptidoglycans, proteases, microbial toxins, storage mites,
organic plant particles, and inorganic dust as well as harmful gases and ammonia that
contribute to the detrimental effect [32,33]. A subtype of severe equine asthma, summer
pasture-associated severe equine asthma—severe equine pasture asthma (EPA) or its former
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term summer pasture-associated obstructive pulmonary disease (SPAOPD)—is clinically
identical but occurs during the summer months (sometimes also in spring and autumn), as
it is caused by seasonal pollen in pastures [3].

1.2. Diagnosis of Severe Equine Asthma

The diagnosis of severe equine asthma is made based on anamnesis, thorough clinical
examination, and additional tests such as bronchoscopy, bronchoalveolar lavage fluid
cytology, and additional tests for the evaluation of lung function and arterial blood gas
parameters, if available (reviewed by [4,34]). A reliable evaluation and grading of the
disease status of severe equine asthma, including coughing, nasal discharge, respiratory
rate at rest and during exercise, and the performance and willingness of the horses to
work, can be achieved via the standardized HOARSI questionnaire (Horse Owner Assessed
Respiratory Signs Index) with four grades [35]. It is important to exclude other clinically
similar diseases of the airways with mainly infectious and rarely vascular, neoplastic, toxic,
or metabolic backgrounds. In addition, it is necessary to distinguish the severe form from
mild to moderate equine asthma, which can be challenging if severe equine asthma is in
partial clinical remission [4]. Mild to moderate equine asthma (formerly termed inflam-
matory airway disease, IAD) can occur at any age (usually in young and middle-aged
horses) [4]. Affected horses have no increased respiratory effort at rest; clinical signs per-
sist for more than 3 weeks, including poor performance and occasional coughing, and
often improve spontaneously or with treatment; and recurrence is rare [4]. The diagno-
sis is confirmed via endoscopy, with excess mucus evident in the tracheobronchial tree
(score ≥ 2 with larger but non-confluent blobs for racehorses and ≥3 with confluent
or stream-forming mucus for sport/pleasure horses). Regardless of the technique used
concerning the instilled volume of fluid, site of sampling, selection of aliquot, and/or
sample preparation, BALF cytology values of >10% neutrophils, >5% mast cells, and >5%
eosinophils are consistent with mild to moderate equine asthma (references for healthy
controls are: neutrophils ≤ 5%, eosinophils ≤ 1%, and metachromatic cells ≤ 2% with
250 mL instilled volume) [4]. Neutrophils above 25% and a mucus score of >2/5 within
the trachea are consistent with severe equine asthma [4]. In mild to moderate equine
asthma, there is no evidence of airflow limitation based on the esophageal balloon catheter
technique (DPmax < 10 cm H2O), but with more sensitive methods it is possible to detect
airflow limitation and even airway hyperresponsiveness [4]. A moldy hay provocation
test can be used in a research setting to discriminate between mild/moderate and severe
equine asthma (in remission) based on the development of respiratory effort at rest, but it
is not recommended for diagnosis in clinical practice [4]. The analysis of metabolomics in
the exhaled breath condensate, such as methanol and ethanol, could offer new diagnostic
perspectives in the future for severe equine asthma comparable to those in human medicine
(reviewed by [34]).

1.3. Treatment Options for Severe Equine Asthma

The cornerstone of the treatment of severe equine asthma is the imperative improve-
ment in stabling conditions with steamed or soaked hay (avoiding dry hay), packaged
shavings as bedding (avoiding straw), or permanent outdoor living and the avoidance of
potentially triggering antigens, which is, in many cases, very difficult. Additional medical
treatment concentrates on improving the clinical symptoms of airway inflammation, bron-
choconstriction, and mucus accumulation. The route of administration can be systemic
and/or inhalative. Inhalative corticosteroids (ciclesonide, fluticasone, budesonide, and
beclomethasone) or systemic corticosteroids (prednisolone and dexamethasone) can be ad-
ministered to improve clinical signs. In a large, prospective, multicenter, placebo-controlled,
double-blinded, clinical trial with 224 horses with severe equine asthma, using a soft mist in-
haler and a ten-day (5 d twice daily and 5 d once daily) inhalation treatment, Pirie et al. [36]
demonstrated that ciclesonide is efficacious in the treatment of severe equine asthma, with
at least a 30% or greater reduction in the weighted clinical score of 73% of the horses in the
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ciclesonide group and 43% of the horses in the placebo group. The reduction in the mean
weighted clinical score (severe: 15–23 points; moderate: 11–15 points; mild: 5–10 points)
after 10 days of treatment was 7.2 ± 4.8 in the ciclesonide-treated group, compared to
3.8 ± 4.4 in the placebo group. The reduction in the weighted clinical score (82% sensitivity
and 70% specificity [37]) after ciclesonide administration was greater in horses with severe
clinical signs compared with horses with moderate clinical signs [36]. Owners recognized
an improved quality of life after 10 days of treatment in 69% of ciclesonide-treated horses,
compared to 43% of placebo-treated horses [36]. Few systemic and local adverse events
of ciclesonide were observed [36]. No lung function testing or lower airway cytology of
BALF or mucus scoring via endoscopy were performed in this study [36]. Lavoie et al. [37]
showed that dexamethasone per os (0.066 mg/kg once daily for 14 d) and inhalative ci-
clesonide (twice daily for 14 d) significantly improved lung function, and dexamethasone
was superior to ciclesonide. The effect was lost 7 days post-treatment for both [37]. Usually,
clinical signs reappear quickly after treatment cessation if the environment is not improved
concurrently [38]. Beclomethasone [39–41] and fluticasone [42–45] have been shown to
be efficacious in controlling airway obstruction in severe equine asthma, although the
magnitude of the response was higher with systemically administered dexamethasone
than with inhaled beclomethasone [46]. While improving clinical signs and lung function,
corticosteroids have generally been found to be only mildly to not effective in controlling
the neutrophilic inflammation in equine asthma (reviewed by [38,40,47,48]), unless com-
bined with antigen avoidance [24,45]. The poor response of neutrophilic inflammation
to corticosteroids is not limited to horses, as similar findings have also been reported in
human patients with neutrophilic asthma [49]. The improvement in lung function via
ciclesonide was lost one week after the discontinuation of the therapy, but the weighted
clinical score improvement remained significant up to one week post-treatment [36].

Bronchoconstriction can be improved medically via systemic bronchodilators (clen-
buterol and butylscopolamine) or inhalative bronchodilators (salbutamol, salmeterol, and
ipratropium bromide) [2–4,50]. Finally, expectorants (dembrexine and acetylcysteine) or
inhaled saline (isotonic or hypertonic) can be administered to improve the liquefaction and
transport of mucus, and mild exercise can also be beneficial. Expectorants are certainly less
important than the aforementioned strategies in controlling inflammation and bronchocon-
striction. Allergen-specific immunotherapy could potentially become an interesting and
promising therapy approach in the future for some cases of allergic severe equine asthma.
However, to the best of the authors’ knowledge, the current scientific literature scarcely
includes any reports of allergen-specific immunotherapy as a successful treatment option
for severe equine asthma, likely due to the multifactorial nature, the different phenotypes
of the disease, and the diagnostic limitations of the currently commercially available al-
lergy tests. The question arises whether it is possible to affect the pathophysiology on the
immunological level and prevent or reduce the occurrence of a hypersensitivity reaction.

1.4. Th1/Th2 Balance

The Th1/Th2 balance in the body is vital to the homeostasis of the immune re-
sponse [51], and a shift towards an excessive Th2 response can result in allergic dis-
ease [51,52]. Physiologically, Th2 cells play an essential role in fighting extracellular par-
asites such as intestinal helminths [53]. This path is oriented towards the mucosa of the
gastrointestinal and respiratory tracts, where contact with the external world occurs [53].
These surfaces are predisposed to the parasitic invasions against which IgE defends [53].
Antigen-presenting cells (APCs) at these barriers to the external world are programmed to
the Th2 response [53]. Natural infections by bacteria and viruses result in a cell-mediated
proinflammatory Th1 immune response by the immune system [51]. In contrast, an allergy-
favoring humoral Th2 response is dominant in the neonatal immune system [51]. It is
suspected that the decline of infectious diseases during the immune system’s early phase of
development could be a cause of the increased incidence of allergies [54–56]. Contact with
microbial pathogens during this developmental phase appears to have a significant effect
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on the imprinting of the immune system [54,56]. Certain studies have shown that children
who grow up on farms and have regular contact with animals develop fewer allergies
than children in cities [54,56]. The interaction between the environment, the microbiome,
and the immune system is probably far more complicated. The number of recent studies
analyzing the microbiome of the gut and lung of healthy and severe asthma-affected horses
is increasing, offering new insights and perspectives in the treatment and understanding
of the pathophysiology of severe equine asthma [57,58]. The immunological interaction
between the gut and lungs, termed the gut–lung axis, has been intensely studied in humans
and provides new insights into how metabolites produced in the gut influence the immune
system in the lungs (reviewed by [34]).

1.5. Toll-Like Receptors

The intracellular recognition of the CpG motif occurs via toll-like receptor 9 (TLR9),
one of the most important pathogen recognition receptors of the innate immune system [59]
and an evolutionarily highly conserved type I transmembrane protein [60]. To date, ten
different TLR classes are known in humans, and thirteen are known in vertebrates [61]. Due
to individual ligand specificity, each receptor class only recognizes certain binding partners.
TLRs can differentiate between “endogenous” and “foreign” and only react to a pathogen-
associated molecular pattern (PAMP) during an infection [62,63]. The majority of TLRs
(TLR1, TLR2, TLR4, TLR5, TLR6, and TLR11) are located on the cell surface [64], while TLR3,
TLR7, TLR8, and TLR9 are localized intracellularly within endosomes [62]. The ligand
binding here occurs in the acidic environment of the endosomes, which is a prerequisite
for the cellular activity, the dimerization of the TLRs, and their stabilization [63]. TLR9 is
specialized to single-stranded CpG DNA [63]. In equine lungs, Schneberger et al. [65] could
identify TLR9 in intravascular macrophages, alveolar macrophages, bronchial epithelial
cells, capillary endothelial cells of the lungs, type II epithelial cells of the alveolar septa,
and neutrophilic granulocytes. Via lipopolysaccharide (LPS) treatment, the level of TLR9
expression as well as the number of TLR9-positive cells could be significantly increased [65].
Cytosine methylation, as it most commonly exists in the mammal genome, or an inversion
of the cytosine–guanine dinucleotides (GC) inhibit TLR9 activation [59]. The differentiation
between endogenous and foreign DNA is dependent both on the low CpG content and
the high rate of cytosine methylation [66] as well as on the protection of the endosomal
localization of TLR9 against constant activation by endogenous DNA [67,68].

The nucleotide sugar backbone is of particular importance for TLR9 activation [63].
The synthetic ODN possesses a modified sugar backbone (phosphorothioate), in contrast
to the naturally occurring ODN (phosphodiester) [63], and therefore possesses a receptor
affinity 100 times stronger than the natural phosphodiester [63].

1.6. CpG-ODN

Unmethylated cytosine–phosphate–guanine oligodeoxynucleotides (CpG-ODN) occur
primarily in prokaryotic DNA and stimulate the eukaryotic immune system [51,64,69,70]. In
mammalian DNA these motifs are quite rare (suppressed) and they are usually methylated
(shut down) [70]. These CpG-ODN motifs are able to downregulate excessive allergic
immune reactions [51,64,69–71]. The use of synthetic CpG-ODN mimics the effect of a
bacterial or viral infection and makes use of the body’s own immune system. Thus, CpG-
ODN represents a large therapeutic potential for allergic diseases [64]. Gelatin nanoparticles
(GNP), as a molecular transport system, protect CpG-ODN from premature degradation
by ubiquitous nucleases and simultaneously improve the cellular absorption of the DNA
molecules in the target cells of the immune system [72]. First, a CpG motif effective for use
in equine bronchoalveolar cells (BAL cells) was identified in an in vitro study on the basis
of existing sequence-dependent species specificity [73,74]. Second, the extent to which a
specific immunomodulatory effect of the administered CpG-ODN can be demonstrated
in equine BAL cells was determined [73,74]. The ability of GNP to serve as an effective
molecular transport system for CpG-ODN in equine BAL cells was confirmed [74]. The
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previously identified CpG-ODN sequence was administered in subsequent in vivo studies
to horses with severe equine asthma and was thereby examined for its local and systemic
tolerability and its therapeutic effect on clinical and immunological parameters [75–79].

1.7. Immunology of CpG-ODN

Natural bacterial and viral infections train the immune system toward a cell-mediated
proinflammatory Th1 immune response [51]. The contact with microbial pathogens, or syn-
thetic CpG-ODN, leads to the differentiation of naive CD4+ T-helper cells into a specialized
subclass of Th1 lymphocytes (Figure 1) [70]. These, in turn, release the proinflammatory cy-
tokines IL-12 and IL-18, which mediate an increase in IFN-γ [70]. This central Th1 cytokine
has an inhibitory effect on allergy-mediating Th2 cytokines such as IL-4, IL-5, and IL-13
(Figure 1) [64]. This differentiation in favor of Th1 cells (Th1 shift) is largely dependent
on the synthesis of IL-12 [70]. Of particular importance in this immunologic event is the
activation of regulatory T cells (Treg) by CpG-ODN [80,81]. This leads to the production of
IL-10, which causes a peripheral T-cell tolerance, possesses anti-inflammatory as well as an-
tiallergic effects [82], and inhibits Th1 cytokines (IFN-γ) as well as Th2 cytokines (IL-4) [83].
It is therefore of particular interest in the study of excessive allergic and inflammatory
diseases such as severe equine asthma. The CpG sequences activate the transcription of the
cells within 15 min [84], inducing the production of T-helper 1 (Th1) cytokines by antigen-
presenting cells (APC) (Figure 1) [84]. In addition, this causes an increased expression
of the major histocompatibility complex (MHC I and II) and costimulatory molecules by
APC [69]. T cells can only recognize antigens in their processed form in the presence of
endogenous molecules (MHC restriction). If, upon contact with an antigen, CD4+ T-helper
cells are subjected to a cytokine milieu of IL-4 by APC, the Th2 lineage is stimulated, which
as a result, leads to IgE production by the activated B lymphocytes [85]. Furthermore,
B-cell activation, independent of T cells, occurs through toll-like receptor 9 (TLR9) [64].
The B lymphocytes, as part of the APC, differentiate themselves in short-lived plasma and
memory cells. The memory cells, upon new contact with antigens, increase the production
of antibodies by eight to ten times [53].

1.8. Molecular Signal Transduction of the CpG-ODN

CpG-ODN are taken up via endocytosis and transported to the endosomal com-
partments of the cells through acidic vesicles (Figure 2) [64,71]. The intracellular signal
transduction of the CpG-ODN occurs through a dimerization of the receptor molecules [71]
with an allosteric conformational change in the cytoplasmic domain that leads to the re-
cruitment of signal adaptor molecules (MyD88) and signal transduction molecules such
as the IL-1 receptor-associated kinase (IRAK) and the mitogen-activated protein kinase
(MAPK) as well as IFN regulatory factors (Figure 2) [71]. This signal cascade leads to the
activation of the transcription factor nuclear factor-κB (NF-κB), with subsequent cytokine
production (Figure 2) [71]. One of the central transcription factors of the CpG effect is Tbet
(Th1-specific T-box transcription factor) [71]. This inhibits the Th2-associated antibody
isotypes and increases the Th1-associated antibody isotypes [71]. The regulatory cytokine
IL-10, in a negative feedback loop through the upregulation of CpG activity, leads to a
downregulation of the CpG effects [71].

1.9. Nanoparticulate Transport Systems of CpG-ODN

CpG-ODN can be successfully transferred to target cells with the aid of various de-
livery systems [72,86]. This improves the cellular uptake of the CpG-ODN, while steric
shielding protects the CpG-ODN molecules from premature degradation by endogenous
nucleases and results in a sustained enhancement of the immunostimulatory effect of
the CpG-ODN [72]. However, free CpG-ODN display problems in their cellular uptake,
stability, and specificity for target cells [72]. When packaged in nanoparticulate delivery
systems, this leads to a local lymphatic uptake without systemic circulation [72,87,88] and
increases the local rate of phagocytosis, through which CpG-ODN reaches TLR9 in the
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endosomes directly [87]. The CpG-ODN A class consists of a central palindromic sequence
and poly guanine tails on both ends as well as a mixed phosphorothioate and phospho-
diester sugar backbone, contrasting with the CpG-ODN B class’s pure phosphorothioate
backbone and the C class’s mixture of both classes with an effect on IFN-α, IL-6, and IgM
production [89]. The CpG-ODN A class is quickly degraded in vivo by ubiquitous DNases
but can be protected against degradation by steric shielding on gelatin nanoparticles or
by packaging it in virus-like particles (VLP) [86]. Unpackaged CpG-ODN, on the other
hand, spread throughout the organism, and under certain circumstances can lead to shock
reactions or splenomegaly [90,91]. Lipid nanoparticles have been proven to be an effective
delivery system for CpG-ODN [86]. The packaging of CpG-ODN in nanoparticles leads to
enhanced effectiveness, a longer life span, a passive accumulation at the site of the disease
incidence, and a reservoir effect of the CpG-ODN with delayed release [86]. Colloid particle
formulations move in the same proportions as microorganisms and are therefore better
phagocytosed through corresponding defense cells [72].

 

Figure 1. Schematic drawing of the CpG-induced immunological mechanism. The influence of
CpG-GNP on the innate and acquired immune system is depicted with particular consideration of
the T-helper-cell subsets. After recognition by dendritic cells and macrophages or B lymphocytes
upon antigen contact, naive Th0 cells differentiate into Th1, Th2, Th17, or Treg in the appropriate
cytokine patterns (Th1 lineage: IL-12 and IFN-γ; Th2 lineage: IL-4, IL-5, and IL-13; Treg lineage: IL-10
and TGF-β; Th17 lineage: IL-17 and IL-23). Depending on the path taken, stimulation (arrow up) or
inhibition (arrow down or minus sign) results. This influences immunoglobulin class switching (to
IgG or IgE) by plasma cells, the competitive inhibition of IgE by IgG on mast cells, the prevention of
cross-linking upon recurrent allergen contact, and no degranulation of the effector cells (mast cells,
eosinophils, and basophils). The regulating influence on the oxidative burst and tissue injury in the
respiratory tract is caused by migrating neutrophils through the activation of Treg and the regulation
of excessive Th1 and Th17 immune responses. (Figure modified according to [73]).
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Figure 2. Schematic drawing of TLR9-mediated signal transduction and the intracellular uptake of
the pathogens or CpG-GNP over receptor-mediated endocytosis and translocation in endosomes.
Recognition by pathogen recognition receptor TLR9 (toll-like receptor 9) triggers a signal cascade over
MyD88 (myeloid differentiation primary response gene 88), IRAK (IL-1-receptor-associate kinase),
TRAF 6 (TNF receptor-associated factor 6), and IRF 7 (interferon-regulatory factor 7) or IRAK and
MAPK (mitogen-activated protein kinase), with the resulting activation of transcription factor NF-κB
(nuclear factor-κB). The induction of the transcription of genes encoding specific cytokines leads to
the subsequent protein biosynthesis of the cytokines. (Figure modified according to [73]).

1.10. Gelatin Nanoparticles

Zwiorek et al. [72] established a new delivery system with gelatin nanoparticles (GNP)
out of type A porcine gelatin (175 Bloom) combined with cholamine with a pH-independent
cationic surface via a quaternary amino group. The loading of the cationic GNP with neg-
atively charged CpG-ODN occurs through electrostatic attraction. The optimal load of
GNP is a ratio of 1:20 (5%). At higher loads, the GNP may lose their stability and display a
tendency to aggregate, most likely due to their neutral surfaces [72]. The gelatin nanoparti-
cles themselves are immunologically inert, which is a condition for repeated application
in the organism and conjugation with immunomodulatory substances [72]. GNP poly-
mers display excellent biodegradability and very good biological compatibility [72,88,92].
The functional groups on the nanoparticles can be conjugated with ligands, making them
suitable as a delivery system for pharmacological substances [72].

The aerodynamic stability of GNP after nebulization has been proven [92,93].
Fuchs et al. [94] extensively investigated various nebulizer systems, the appropriate mea-
surements of the particle sizes after nebulization, and other studies on the alveolar mobility
of the nebulized particles and the in vitro cytokine expression of nebulized particles in
cell cultures of equine BAL cells. With an active vibrating mesh nebulizer (AeroNeb Go
micropump nebulizer, Aerogen, Galway, Ireland) the second-stage particle deposition in an
impinger was up to 65.68 ± 11.2% of the nebulized dose [94]. The higher the viscosity of
the dispersion and the lower the surface tension of the particle-comprising droplets to be
nebulized, the smaller the nebulized particles become [40,94]. This is of great significance
for alveolar mobility (1–5 μm particle size window). The ideal load has been determined
to be 30 μg CpG-ODN per 600 μg GNP (5%) [72]. Phagocytosis has been identified as
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the main uptake mechanism in the target cells. Zwiorek et al. [72] could demonstrate
in vitro that positively charged particles, in contrast to neutral and negatively charged
formulations, are better phagocytosed through DC and macrophages. GNP-bound CpG-
ODN stimulate a cytokine response that is two to three times greater than the response to
unbound CpG-ODN [72]. CpG-GNP leads to an upregulation of the expression of MCH II
and CD86 surface molecules [72]. CpG-GNP increases the immunogenicity of additionally
transported antigens and enhances the activation and imprinting of T cells by DC [72]. This
is significant for a combined application with potential allergens in specific immunother-
apy (SIT). The phagocytosis of larger particles (>200 nm) results in a longer retention
in endosomal vesicles and positively influences the induction of cytokine synthesis [72].
Unloaded GNP displayed no induction of cytokine expression, meaning that they were
immunologically inert. Particles with greater diameters (300 nm) were superior to the
smaller particles (150 nm) in reference to cytokine induction (IL-12 production was three
times greater) [72]. At no point in vitro or in vivo were any toxic effects observed. None of
the mice treated with CpG-ODN/GNP displayed detectable levels of antibodies against
GNP after three weeks. Zwiorek et al. [72] therefore concluded that no direct immune
response to the protein matrix of the delivery system occurs.

1.11. CpG-ODN as an Adjuvant

Many commercial vaccines have used aluminum hydroxide (alum) as an adjuvant for
decades. It, however, blocks the activation of CD8+ cytotoxic T lymphocytes [84]. Most ad-
juvants only enhance the Th2 response without stimulating the cellular immune response,
with the exception of the Bacillus Calmette-Guérin (BCG) adjuvant, which also activates the
Th1 lineage [84]. CpG-ODN activate both the humoral as well as the cell-mediated im-
mune responses [95]. In contrast to other adjuvants in vaccines, such as Freund’s adjuvant,
CpG-ODN display no sterile abscess formation, regardless of the administration route [84].
Ziegler and colleagues [96] compared two TLR agonists, monophosphoryl lipid A (MPLA)
and a C-class CpG-ODN, in vitro with equine PBMCs from healthy and insect bite hyper-
sensitivity (IBH)-affected horses. MPLA induced IL-10 secretion in all horses, with and
without Culicoides allergens, while suppressing the antigen-induced production of IFN-γ,
IL-4, and IL-17. CpG-ODN significantly increased IFN-α, IFN-γ, and IL-4 production.
MPLA was seen as a promising adjuvant candidate for allergen-specific immunotherapy
(ASIT) in horses, while C-class CpG-ODN was considered to be an unsuitable adjuvant
for ASIT because of the induction of IFN-γ and IFN-α and thus may be a useful adjuvant
in combination with vaccines for equine infectious or neoplastic diseases [96]. Ziegler
et al. [97] showed in vitro that the addition of an adjuvant (MPLA or CpG-ODN) to equine
PBMCs obtained from healthy and IBH-affected horses further enhanced the effect of den-
dritic cell-binding peptides by significantly increasing the production of IFN-γ, IL-4, IL-10,
and IFN-α (CpG-ODN) and IL-10 (MPLA) while simultaneously suppressing IFN-γ, IL-4,
and IL-17 production (MPLA). The combination with MPLA seems to be a promising option
for improving ASIT efficacy in horses, while the combination with CpG-ODN increases the
effector immune response to recombinant antigens [97].

Nearly all vaccine studies on CpG-ODN to date have used B classes as adjuvants due
to their specific stimulatory effect on B lymphocytes [71]. The synergistic effects between
TLR9 and B-cell receptors result in an activation of the humoral immune response, which
leads to the stimulation of antigen-specific B cells, inhibits B-cell apoptosis, and increases
the survival rate and IgG class switching [71]. No other vaccine adjuvant effects a Th1
immune response as strong as that of CpG-ODN [71]. The mucosal administration activates
local and systemic humoral and cellular immune responses and thus imparts superior
protection against infection [71]. Vaccine studies have demonstrated that the low protective
antibody concentrations after vaccination in HIV infections can be significantly increased
through the combination with CpG-B (CpG 7909) [71]. Some RNA viruses display CpG
suppression in their genomes and thus evade recognition by the immune system [98]. This
is the case with HIV, which displays clear CpG suppression [98]. The introduction of CpG
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motifs in the HIV genome demonstrated a clear inhibition of the gene expression of the
human immunodeficiency virus [98].

In the vaccination against hepatitis B, the seroprotective antibody level with the com-
bined CpG-ODN B administration increased dramatically (100%) and more quickly and
was also sustained for a longer period of time (over 3.5 years) (reviewed by [71]). In an
anthrax vaccine study, CpG-ODN reached the toxin neutralization level at half the number
of days (22 days) in comparison to the control group (including an antibody titer with an
8× increase) (reviewed by [71]). In mice, vaccine doses could be decreased by up to 99% in
combination with a CpG-ODN adjuvant [71]. A reduction in the vaccine dose is especially
relevant to influenza vaccines in order to enable adequate production of the vaccines [71].
A tenth of the normal influenza vaccine dose, in combination with CpG-ODN, is suffi-
cient to obtain an equal antigen-specific IFN-γ level (reviewed by [71]). The prophylactic
administration of CpG-ODN in mice led to transient protection against a wide range of
viral, bacterial, and parasitic pathogens such as Bacillus anthracis, Listeria monocytogenes, the
Ebola virus, and the vaccinia virus (reviewed by [71]). Depending on the route of adminis-
tration (oral, inhalative, or by injection), this protection upon one-time administration of
CpG-ODN ranges from one day to two weeks [71].

The direct combination of CpG-ODN with certain allergens leads to an antigen-specific
Th1 immune response and simultaneously to the suppression of Th2-mediated allergic
asthma [89]. The combination with allergens as a specific immunotherapy is used to
combat the major human allergen Ambrosia artemisiifolia [61]. A conjugation of the CpG-
ODN to specific antigens enhances the uptake of antigens and reduces the necessary
antigen quantity [71].

In the horse, CpG-ODN has been administered as a vaccine adjuvant for equine
influenza and Rhodococcus vaccines [99,100]. Furthermore, CpG-ODN has been successfully
administered in vivo in a pilot study on canine atopic dermatitis in combination with
liposomes and specific allergens, resulting in a significant improvement in the pruritus [101]
and in a study on canine atopic dermatitis without the addition of allergens with gelatin
nanoparticles as the drug delivery system [102]. In both studies, the CpG-GNP treatment
resulted in a significant decrease in IL-4 mRNA expression in the blood [101,102]. The
clinical improvement was determined to be similar to that of specific immunotherapy [102].
An in vivo study on allergic rhinitis and asthma (phase I and IIa) in humans demonstrated
the tolerability and clinical effectiveness of CpG-ODN administered in combination with
allergens [89]. CpG-ODN have also been used in human tumor therapy. Several clinical
studies reviewed by Adamus and Kortylewski [103] with TLR9 agonists as a monotherapy
have demonstrated the very good tolerability and security of CpG-ODN.

1.12. Inhalative Nanoparticulate CpG Immunotherapy of Horses with Severe Equine Asthma

Because no other comparable studies on this specific subject have been performed by
other groups, the authors must note here that independent replication was not possible,
and the risk of author bias in the available data cannot be excluded.

1.12.1. In Vitro Trials

The goal of an in vitro study on inhalative nanoparticulate CpG immunotherapy was
to identify the optimal stimulatory CpG sequence for horses in consideration of the species
specificity of the CpG motifs in equine bronchoalveolar lavage (BAL) cells with regard to an
immunomodulatory effect (Th2/Th1 shift) [74]. Gelatin nanoparticles (GNP) were used as
the drug delivery system. BAL cells were obtained from horses with severe equine asthma
and healthy horses and subsequently incubated with five different CpG-ODN sequences
(classes A, B, and C) and an ODN sequence without a CpG motif. The cytokine release of
IL-4, IL-10, and IFN-γ was then determined via quantitative equine capture ELISA (R&D
systems, Minneapolis, MN, USA) in order to detect an allergy-mediated Th2 immune
response (IL-4) and/or a proinflammatory Th1 response (IFN-γ). Due to its specific anti-
inflammatory and antiallergic effects, IL-10 was considered a positive regulatory cytokine
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in the pathophysiology of severe equine asthma. The results in the asthmatic horses
revealed both a significant upregulation of IL-10 and IFN-γ as well as a downregulation
of IL-4 [74]. The cell cultures of the healthy horses had a significantly greater cytokine
release in response to the administered stimuli in contrast to the cell cultures of the horses
with severe equine asthma. In the comparison of all five CpG sequences, the A class 2216
displayed the strongest immunomodulatory effect on equine BALF cells [74], and for that
reason, it was selected for the follow-up clinical studies.

1.12.2. In Vivo Trials

In the following in vivo trial, the previously identified sequence was administered via
inhalation to healthy and asthmatic horses [73,75]. Without altering external environmental
factors, a significant improvement in the examined parameters (neutrophil percentage in
tracheobronchial secretion (TBS), arterial oxygen pressure, tracheal mucus, and respiratory
rate) was evident after three and five inhalations. However, the percentage of neutrophils
within the trachea does not correlate well in all cases with the percentage of neutrophils within
the lungs gained via BAL. Consequently, the reduction in neutrophils within the trachea does
not necessarily allow a direct conclusion regarding the neutrophils within the lungs. The
inhalations were administered every second day (once daily for ca. 10 min) (Figure 3).

 

Figure 3. Inhalation device. Combination of “AeroNeb Go micropump nebulizer” (Aerogen, Galway,
Ireland) and “equine haler” (Equine HealthCare Aps, Hoersholm, Denmark) for in vivo inhalation
studies on horses.

In addition, the BAL cells obtained after inhalation displayed a significantly higher
stimulation potential (increased IL-10 release and decreased IL-4 release in vitro in contrast
to before the inhalation) [73,75]. Consequently, it was concluded that the inhalation treat-
ment leads to an alteration of the cell population in vivo and results in the upregulation of
Treg cells (increased IL-10 production). The upregulation of IL-10 and IFN-γ in the BAL
could also be determined in vivo after the inhalation treatment [75].

The clinical and immunological parameters of the GNP-bound CpG-ODN formu-
lations were examined further in the subsequent double-blind, placebo-controlled, and
prospective randomized clinical phase I and IIa field study [76]. In the study, 24 horses
with severe equine asthma received inhalative treatment (verum group n = 16; placebo
group n = 8) five times with an interval of two days and were examined before and im-
mediately after treatment cessation as well as four weeks after the treatment’s conclusion.
The CpG-GNP treatment achieved a 4-week persistent and significant improvement in
70% of the examined parameters, including breathing type, auscultation, alveolar–arterial
oxygen gradient (AaDO2) (calculated according to the current atmospheric pressure and the
measured blood gas values PaO2 and PaCO2 (AaDO2 = (atmospheric pressure − 47 mmHg)
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× 0.2095 − PaCO2 − PaO2)) [78], the neutrophil percentage in the tracheobronchial se-
cretion, and the amount and viscosity of tracheal mucus as well as the nasal discharge
of the horses in their accustomed environmental conditions with sustained exposure to
allergens [76]. The positive results of this exploratory field study revealed new possibili-
ties beyond the conventional symptomatic treatments and could therefore also serve as a
potential therapy model for human asthma.

A further study investigated whether two additional specific allergens in the sense of an
allergen-specific immunotherapy (ASIT) (according to the results of a functional in vitro test on
each horse) could enhance the immunomodulatory capacity of the CpG-GNP formulation in
horses with severe equine asthma both in regards to a strengthened immunological response as
well as a longer sustained effect in contrast to monotherapy with CpG-ODN [78]. Furthermore,
the study investigated whether a longer inhalation therapy (seven inhalations in comparison
to five) could achieve a superior therapy effect that was sustained longer or was stronger in
comparison to the earlier study [76]. Twenty horses with severe equine asthma were divided
into two groups. Based on a functional in vitro test, eleven horses were administered two
specific allergens (Artu Biologicals, Europe B.V., Lelystad, the Netherlands) in increasing concen-
trations (beginning with 0.6 mL and increasing to 1.2 mL) every second day for a total of seven
administrations in addition to CpG-GNP. The treatment with solely CpG-GNP (n = 9 severe
equine asthma horses), as well as in combination with relevant allergens (n = 11), resulted in no
significant improvement in the parameters of respiratory rate, breathing type, nasal discharge,
and the quantity and viscosity of tracheal mucus six weeks after the inhalation treatment [78].
There were no significant differences between the two treatment groups in either the clinical
parameters or the cytokine profiles in tracheal wash sampling (IL-10, IFN-γ, and IL-17). The
IL-4 concentrations decreased significantly in both groups. An allergen-independent CpG-GNP
immunotherapy therefore has great potential as a treatment for equine and possibly also human
asthma. An additional allergen component did not achieve any significant advantage.

In severe equine asthma, increased matrix metalloproteinase (MMP) expression con-
tributes to pathological pulmonary tissue damage, while tissue inhibitors of metallopro-
teinases (TIMPs) combat MMP overexpression and pulmonary fibrosis (reviewed by [79]).
Barton et al. [79] showed that CpG-GNP inhalation presents a possible effective therapy
that can work against the imbalance in MMP and TIMP expression in pulmonary tissue in
severe equine asthma. Matrix metalloproteinases (MMP-2/MMP-9) and tissue inhibitors
of metalloproteinase (TIMP-1/TIMP-2) concentrations were determined in tracheal wash
sampling by equine ELISAs before and two and six weeks after CpG-GNP inhalation [79].
MMP-2, MMP-9, and TIMP-2 concentrations were significantly decreased directly after the
treatment as well as six weeks post-treatment [79]. The imbalance in the elastolytic activity
appears to be improved by the CpG-GNP inhalation for at least six weeks after treatment,
which could possibly reduce the remodeling of the extracellular matrix [79]. The CpG-GNP
inhalation could therefore represent an effective therapy for the prevention of pulmonary
fibrosis in severe equine asthma [79].

Finally, a prospective, randomized, double-blind clinical field study examined
29 horses with severe equine asthma to explore the dose-dependent effect (the single
dose of 187 μg CpG from the previous studies and the double dose of 374 μg CpG) of the
inhalative immunotherapy with CpG-GNP, a repeated inhalation treatment in the sense of
a booster effect (10 inhalations every second day in comparison to 5 and 7 in the former
studies), and a later follow-up examination after a period of 8 weeks (in comparison to
4 and 6 weeks) without further treatment or changes in environmental factors [77]. Here, the
therapy concept was compared with a traditional inhalative treatment with beclomethasone
(once-daily inhalation with 1600 μg beclomethasone over 10 days). No significant difference
could be found between the two CpG-GNP doses (single and double doses) [77]. With
regard to a sustained effect over 8 weeks, the CpG-GNP treatment proved advantageous
compared to the beclomethasone inhalation in the parameters of respiratory rate, the quan-
tity and viscosity of tracheal secretion, and neutrophils in the BAL [77]. The single-dose
CpG-GNP resulted in a significant improvement in 82% of the examined parameters, while
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the double-dose CpG-GNP resulted in a significant improvement in 72% of the parameters
examined directly after the inhalation regimen [77]. With regard to a persistent effect over
8 weeks, the single-dose CpG-GNP showed a significant improvement in 100% of the
parameters in comparison to the initial values, and the double-dose CpG-GNP showed
a significant improvement in 67% of the parameters [77]. Regarding the immunological
parameters in the bronchoalveolar lavage, significant decreases in IL-4 and IFN-γ were
evident with the single-dose CpG-GNP treatment [77]. CD4+ T lymphocytes gained via
BAL were demonstrated to significantly downregulate mRNA expression (realtime PCR) of
Tbet and IL-8 8 weeks after CpG-GNP administration in comparison to baseline values [77].
The double dose did not present any advantage in comparison to the original single dose.
On the immunological level, an anti-inflammatory and immunomodulatory effect away
from a Th2-dominated immune response was detected.

The referenced studies investigated the first inhalative nanoparticulate equine immunother-
apy (Figure 4) [73,75–79]. Beyond the conventional therapy approaches through symptomatic
treatment and allergen avoidance, this treatment method opens a new innovative therapy
strategy on the immunomodulatory level for severe equine asthma. Especially noteworthy
is the comparatively low number of inhalations (10 × q48h) and the sustained significant
improvement over at least eight weeks for all examined clinical, endoscopic, and cytological
parameters [77]. The clinical effectiveness could thus be proven in several clinical field studies.
The proof of concept (IIa) was verified [76], and the dose (IIb) was determined [77].

This nanoparticulate immunotherapy is independent of specific allergens [78]. In
this way, the difficulty of identifying clinically relevant allergens in cases of severe equine
asthma can be avoided. This difficulty lies in the multifactorial genesis of severe equine
asthma, the existence of different phenotypes, and the diagnostic limitations of com-
mercially available allergy tests [104]. However, White et al. [105] recently developed a
microarray platform to detect allergen-specific equine IgE in the serum of severe equine
asthma-affected horses against a wide range of presumed allergenic proteins. The mi-
croarray revealed an abundance of novel pollen, bacteria, mold, and arthropod proteins,
which could play a role in the etiology of severe equine asthma [105]. Furthermore, an IgE
latex protein antibody was identified, which showed an association with severe equine
asthma-affected horses [105], as this protein is ubiquitous to the horses’ environments in
riding surfaces and race tracks [105]. This could potentially open new perspectives in future
diagnosis and therapy. As anticipated and in agreement with previous studies [72], the
pure GNP application (as a placebo control) showed no clinical or immunological effect in
the examined parameters [75,76]. All of the patients involved in the field studies remained
in their customary housing conditions (home stables) and were examined without any
change in their customary bedding, feed (hay), and exercise in order to accurately test the
inhalative CpG-GNP treatment under natural environmental conditions.

The inhalation interval of two days was selected due to the known half-life of CpG-
ODN in vivo being up to 48 h [106] and therefore has an advantage over the otherwise
necessary once to twice daily administration of inhalative corticosteroids and bronchodila-
tors [2,4]. In order to ensure a safe application of this formulation, possible local and
systemic inflammatory reactions or side effects were documented with the help of a modi-
fied scoring system according to the Veterinary Cooperative Oncology Group-Common
Terminology Criteria of Adverse Events (VCOG-CTCAE) V1.0 [73,75,76]. None of the
studies revealed any local (e.g., irritation, redness, follicular hyperplasia, increased mucus
production, and cough) or systemic signs of inflammation (e.g., fever, including fibrogen
tests and differential blood counts) or any other side effects as a result of the CpG-GNP
inhalation treatment. The inhalation enables noninvasive administration with the lowest
possible stress and physical impact on the animal and, in comparison to other systemic
administration routes (e.g., intralymphatic and subcutaneous [89,102]), has a direct effect
on the local pulmonary immune system as well as fewer systemic interactions and thus
proves itself to be an ongoing, target-organ-specific, and promising therapeutic approach.
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Figure 4. Comparison of the results of the three studies with placebo, beclomethasone, allergen and CpG-
GNP, and CpG-GNP inhalation in reference to clinical, endoscopic, cytological, and laboratory parameters:
Calculated values (means ± SDs) of p < 0.05 represented as *; p < 0.001 as **; p < 0.0001 as ***. Increase or
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decrease in respiratory rate, breathing type, nasal flaring, auscultatory findings of the lungs, indirect
measurement of pulmonary pressure, partial oxygen pressure, AaDO2, neutrophilic granulocytes in
the BAL, nasal discharge, quantity and viscosity of secretion in the endoscopy between first (I), second
(II), and third (III) examination with placebo (white bar, n = 8 severe equine asthma-affected horses;
GNP and highly purified water; five inhalations, 48 h dosing interval), beclomethasone (light gray
bar, n = 9 severe equine asthma-affected horses, seven inhalations, 48 h dosing interval, CpG-GNP
with two specific allergens chosen according to an allergy test), and CpG-GNP (dark gray bar, n = 11
severe equine asthma-affected horses, 10 inhalations, 48 h dosing interval, normal single dose of 187
ug CpG). The time of the third examination (follow-up without further treatment or improvements in
stabling during this time) was dependent on the respective study: with placebo, after 4 weeks [76];
allergen and CpG-GNP after 6 weeks [78]; CpG-GNP after 8 weeks [77].

The partially varying initial values of the groups occurred despite random assign-
ment [76,78] and stratified randomization [77]. Due to the heterogenous groups of horses
(different stables, stages, and durations of the disease), the character of the study as a
field study and the comparatively low number of horses in the individual groups, espe-
cially in the placebo group (this, due to the animal welfare aspect, was unavoidable), the
starting points of the horses could not be identical. In the placebo group, the differences
are especially apparent in the initial values of nasal discharge, breathing type, and the
quantity and viscosity of tracheal mucus (four of the ten parameters examined), and in
the allergen group, differences are most apparent in neutrophils and viscosity, which were
lower than in the other groups, and made the comparison between the groups difficult.
The tracheobronchial neutrophil percentage does not correlate well in all cases with the
BAL neutrophil percentage, which makes the comparison of some of the results with other
studies difficult and does not necessarily allow a direct conclusion about the neutrophil
percentage in the lungs. Recently, however, a study comparing tracheal wash and BAL
samples in 145 horses, together with endoscopy and mucus findings, found that only 17.5%
of horses would have been classified differently if the other method would have been used
(reviewed by [10,107]).

The direct comparison of the inhalative beclomethasone application in the study [77]
is also problematic, since although the total number of inhalations (10×) is identical to the
CpG-GNP application, the interval is different (once daily for the beclomethasone group vs.
every second day for the CpG-GNP group) due to their different effect durations. This
creates a differing duration of administration (10 days vs. 20 days) and allows no direct
comparison between inhalative beclomethasone and CpG-GNP. In addition, cortisone
inhalation is typically recommended to be administered twice daily due to the short effect
duration, but in practice, this is often not feasible, including in the context of this study
due to organizational difficulties (horses were located in their home stables and inhalations
were performed by the veterinarians).

In order to observe the influence of the different numbers of inhalations (5, 7, or 10×)
with CpG-GNP and to assess an ongoing effect, the effect sizes (Cohen’s d) of all three
studies [76–78] were calculated and compared for the individual parameters (Table 1). The
comparison was made between the initial values before treatment and after four weeks
with five inhalation treatments [76], after six weeks with seven inhalations [78], and after
eight weeks with ten inhalations [77]. With the exception of the parameters of auscultation
and tracheal mucus, the effect sizes for all examined parameters were higher after ten
inhalation treatments in comparison to seven or five inhalations. All examined parameters,
except for interpleural pressure and clinical scoring, showed a significant clinical effect,
d > 0.8 (large clinical effect), while seven parameters were d > 1 (Table 1).

Limiting factors of the inhalative nanoparticulate CpG studies in severe equine asthma-
affected horses include the comparatively low numbers of horses per group, as mentioned
above. Other factors are the heterogeneity of the groups already referenced (different
ages, breeds, uses, seasonal variance in symptom occurrence, genetics, duration of the
disease, etc.) and various external influencing factors and housing conditions (influence of
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various allergen factors) that could not be avoided. With the exception of one study [76],
all the others mentioned were performed without a placebo control, which reduces their
reliability, and improvements could potentially be attributed to other factors. However,
the absence of a placebo control was due to animal welfare concerns and was in accor-
dance with the strict regulations for animal studies. In addition, the subjects used were
client-owned horses. The other studies [77,78] compared different therapeutic concepts.
Despite randomization, the groups are not exactly homogenous due to the small number
of subjects and individual differences, leading to partially varying starting points of the
horses within and between groups. However, according to the authors’ opinion, the inhala-
tive CpG immunotherapy shows, at this point, its potential to effect clinically significant
improvements, even under these diverse influencing factors in the field. Finally, as there
have been no comparable studies on this specific subject by other groups, it has not been
possible to provide independent replication, so a risk of author bias in the available data
cannot be excluded.

Table 1. Comparison of effect sizes of different parameters after 5, 7, and 10 inhalations of CpG-GNP.
In order to evaluate the impact of the number of inhalations with CpG-GNP and to determine the
long-term effect after a period of no treatment, the effect sizes (Cohen’s d) of the three different
studies were calculated for each individual parameter to facilitate comparisons between different
numbers of inhalations and different periods of re-evaluation. The comparisons were performed
between the starting point before treatment and after four weeks with five inhalation treatments [76],
after six weeks with seven treatments [78], and after eight weeks with ten treatments [77]. With
the exception of auscultation and tracheal mucus, the effect sizes for all examined parameters were
higher with ten inhalation treatments in comparison to seven or five treatments (Cohen’s d: d > 0.8:
large clinical effect; 0.5–0.8: medium effect; 0.2–0.5: small effect).

Parameters
Effect Size

5 Inhalations
Effect Size

7 Inhalations
Effect Size

10 Inhalations

HOARSI - - 2.135

Nasal discharge 1.268 0.764 1.787

Clinical scoring - - 0.757

Breathing type 1.333 1.183 1.670

Nasal flaring - - 1.538

Respiratory rate 0.341 1.025 1.334

Viscosity 1.177 0.615 1.230

Neutrophils 0.408 0.119 1.064

Auscultation 1.436 1.233 0.973

Tracheal mucus 1.456 0.720 0.964

PaO2 0.224 0.739 0.856

AaDO2 0.389 0.588 0.829

Interpleural pressure 0.291 0.337 0.551

The use of additional allergens after an allergy test as a hyposensitization did not
show any significant improvement in comparison to the monotherapy [78]. Because of the
difficulty in determining clinically relevant allergens via allergy tests in horses with severe
equine asthma due to the disease’s multifactorial nature [104], the authors consider an
allergen-independent immunotherapy with CpG-GNP to be much more promising. Human
medicine has also seen successful approaches to allergen-independent immunotherapy
with CpG and VLPs [108].

The decrease in the quantity and viscosity of secretion in the respiratory tract was
one of the most noticeable effects of the CpG-GNP treatment [75,76]. The reduction in
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neutrophils in the airways, as one of the most important pathomechanisms of the disease,
is also a decisive therapeutic effect of the immunotherapy [75–77]. That these changes
occurred in many horses despite sustained allergen contact is of particular significance,
especially considering that corticosteroid treatment often has only mild to no benefit for
controlling the neutrophilic inflammation in equine asthma (reviewed by [38,40,47,48]). In-
terestingly, a recent randomized, double-blind, controlled pilot clinical trial by Mahalingam-
Dhingra et al. [109] with lidocaine inhalation treatment (1 mg/kg q12h, 14 d) in severe
equine asthma-affected horses showed a significant decrease in bronchoalveolar lavage
neutrophil percentage and tracheal mucus score. Both lidocaine and budesonide groups
(positive control) had significant decreases in clinical scores [109]. Lidocaine may therefore
be an effective and safe treatment for severe equine asthma in horses that cannot tolerate
treatment with corticosteroids [109].

The improvements in the partial oxygen pressure at rest and the alveolar–arterial
oxygen gradient as well as the interpleural pressure indicate improved ventilation of the
lungs [75,76]. This is also reflected in the significantly improved breathing type and the
reduction in active expiratory effort [75,76]. This is likely due to a reduction in the secretion
in the lumen as well as a decrease in cholinergic bronchospasm [75,76].

As the authors already demonstrated in vivo in equine BAL cells, the CpG-GNP
treatment stimulates the upregulation of IL-10 [72–74]. This cytokine, produced by Treg
cells and others, has a regulatory effect on excessive proinflammatory Th1 and proallergic
Th2 immune responses as they occur in the lungs of horses with severe equine asthma.
We hypothesize that the modulatory effect of this immunotherapy on inflammatory and
allergic reactions mediated by the activation of TLR9 receptors in the lungs will stimulate
Treg cells to regulate the dysfunctional Th1/Th2 balance. A unilateral overstimulation of
Th1 or Th2 would lead to an enhanced inflammatory or allergic reaction, which explains
the importance of this balance and regulation.

In humans, an increase in IL-10 resulting from the activation of Tregs could be at-
tributed to an antiallergic therapy (e.g., the administration of glucocorticoids or allergen-
specific immunotherapy) [84]. Asthma patients display significantly lower numbers of
Tregs in the BAL of the affected airways in comparison to similar healthy individuals,
which correlates with a loss of peripheral allergen tolerance in asthma patients [110]. Jar-
nicki et al. [81] showed that the application of CpG-ODN effects a release of IL-12 and IL-10
by dendritic cells, which leads to an IL-12-mediated Th1 induction and an IL-10-mediated
Treg induction. It can therefore be concluded for the present studies that CpG-ODN effected
an IL-10 release via Tregs and thus possibly led to a peripheral tolerance, which would
represent an innovative treatment form for allergic equine diseases [52,64,80,85]. Studies
have shown that an increase of IFN-γ in conjunction with IL-10 is effective in the inhibition
of asthmatic and allergic human diseases (reviewed by [111]).

The significance of IL-10 lies in its inhibitory effect on proallergic IL-4 and IL-5 as
well as proinflammatory IFN-γ [82,83]. CpG-ODN also activate the release of IL-10 by B
lymphocytes, which regulates and limits CpG-mediated proinflammatory reactions [112].
In humans, CpG-ODN activate plasmacytoid dendritic cells [80]. It has been demonstrated
that plasmacytoid dendritic cells (pDCs) form a close-knit network within the human
airway epithelia of the upper and lower respiratory tract [113]. Assuming similar conditions
in equine lungs, pDCs could also function as the first line of defense and a mediator
between the external world and the innate immune system in horses. Moseman et al. [80]
demonstrated that CpG-ODN A 2216, via the TLR9 pathway, activates human pDCs to
induce CD4+CD25− cells in the direction of IL-10-producing CD4+CD25+ cells in direct
cell-to-cell contact. This could also occur in horses in a similar manner, indicating a CpG-
ODN-induced Treg activation with IL-10 production. Fewer Tregs are evident in the BAL
of asthmatic children than in healthy children [110]. Tregs in the BAL make up 25% of the
T-helper cells (in contrast to 5% in PBMCs) [110]. If these results from humans are similarly
present in horses, they would explain the elevated IL-10 values in healthy horses after
CpG-ODN application via TLR9 activation [74].
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The significant downregulation of mRNA expression of CD4+ T lymphocytes gained
via BAL of Tbet (Th1) and IL-8 (chemotactic to neutrophils) 8 weeks after CpG-GNP
administration in comparison to baseline values demonstrates the immunomodulatory
effect of CpG-GNP on CD4+ T lymphocytes within the airways of severe equine asthma-
affected horses [77].

In contrast to other studies [89,99,100,114] in which CpG have been used, this was the
first to apply CpG as a monotherapy, via inhalation, and/or bound to gelatin nanoparticles.
The advantage of the gelatin nanoparticles as a drug delivery system as opposed to other
systems (e.g., virus-like particles) [89] is their good biological tolerability, biodegradability, and
aerosol stability as well as their immunologically inert structure [72,88,92–94,115]. The mucosal
administration activates the local and systemic humoral and cellular immune responses [71].

According to Montamat et al. [116], CpG-ODN have been recently rediscovered for
their immune-tolerance-promoting properties, bringing them back into a prominent posi-
tion as an immune modulator for the treatment of allergic diseases. It has been shown that
the appropriate dosage is essential in promoting immune regulation via the recruitment of
pDCs. High doses of CpG-ODN trigger an immune tolerance response that can reverse
an established allergic milieu. CpG-ODN have been demonstrated to stimulate IL-10-
producing B cells and have shown the capacity to prevent and reverse allergic immune
reactions in several animal models, indicating their potential as a preventive and active
treatment for allergic disease.

2. Conclusions

Immunotherapy with CpG-GNP, independent of the causal antigens that may vary ge-
ographically and with different endo- and phenotypes, is an effective, allergen-independent,
inhalative immunomodulatory therapy with a demonstrated clinical and immunological
ongoing effect over at least eight weeks in horses that have suffered for years from severe
equine asthma and are often otherwise resistant to conventional therapy. The presently
proposed immunotherapy thus opens new perspectives beyond the conventional therapy
consisting of symptomatic treatment with corticosteroids and bronchodilators and the
often difficult-to-achieve avoidance of antigens. This could also be of interest for human
asthma treatment.
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Abbreviations

AaDO2, alveolar–arterial oxygen gradient/arterio-alveolar oxygen pressure difference;
APC, antigen-presenting cells; ASIT, allergen-specific immunotherapy; bpm, breaths per
minute; BAL, bronchoalveolar lavage; COB, chronic obstructive bronchitis/bronchiolitis;
COPD, chronic obstructive pulmonary disease; CpG-GNP, cytosine–phosphate–guanosine
gelatin nanoparticles; CpG-ODN, cytosine–phosphate–guanosine oligodeoxynucleotides;
DC, dendritic cells; GNP, gelatin nanoparticle; HOARSI, Horse Owner Assigned Respira-
tory Sign Index; RAO, recurrent airway obstruction; TBS, tracheobronchial secretion; IAD,
inflammatory airway disease; IBH, insect bite hypersensitivity; IL, interleukin; IRAK, IL-1
receptor-associated kinase; IFN, interferon; MAPK, mitogen-activated protein kinase; MMP,
matrix metalloproteinase; MPLA, monophosphoryl lipid A; MyD88; myeloid differenti-
ation primary response gene 88; NF-κB, nuclear factor-κB; ODN, oligodeoxynucleotide;
PAMP, pathogen-associated molecular pattern; PaO2 and PaCO2, partial oxygen pres-
sure and partial carbon dioxide pressure; PBMCs, peripheral blood mononuclear cells;
pDCs, plasmacytoid dendritic cells; Th, T-helper cell; TIMPs, tissue inhibitors of metallo-
proteinases; TLR-9, toll-like receptor 9; TRAF 6, TNF receptor-associated factor 6; Tregs,
T-regulatory cells.
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Simple Summary: Dynamic upper airway obstructions (DUAO) are a common cause of poor per-
formance in racehorses, including different forms which vary in severity. Previous studies reported
contrasting results concerning the contribution of abnormal pharyngo-laryngeal appearance and
airway inflammation to the pathogenesis of DUAO. The present study aimed to evaluate possible
associations between the development of DUAO and resting airway endoscopic findings, epiglottis
size, airways inflammation and exercise-induced pulmonary hemorrhage (EIPH). These relationships
were statistically investigated retrospectively in 360 racehorses (Standardbreds and Thoroughbreds)
with poor performance or abnormal respiratory noises. A flaccid appearance of the epiglottis was
associated with the occurrence of the dorsal displacement of the soft palate, while no relationship was
detected between DUAO and epiglottis length. Inflammation of the upper and lower airways was not
related with the development of DUAO, nor were horses with DUAO more prone to experience EIPH.
These results suggest that epiglottis may contribute to upper airway stability, while inflammation
does not predispose horses to the onset of DUAO.

Abstract: Dynamic upper airway obstructions (DUAO) are common in racehorses, but their patho-
genetic mechanisms have not been completely clarified yet. Multiple studies suggest that alterations
of the pharyngo-laryngeal region visible at resting endoscopy may be predictive of the onset of
DUAO, and the development of DUAO may be associated with pharyngeal lymphoid hyperplasia
(PLH), lower airway inflammation (LAI) and exercise-induced pulmonary hemorrhage (EIPH). The
present study aims to investigate the possible relationship between the findings of a complete resting
evaluation of the upper and lower airways and DUAO. In this retrospective study, 360 racehorses
(Standardbreds and Thoroughbreds) referred for poor performance or abnormal respiratory noises
were enrolled and underwent a diagnostic protocol including resting and high-speed treadmill en-
doscopy, cytological examination of the bronchoalveolar lavage fluid and radiographic assessment of
the epiglottis length. In this population, epiglottis flaccidity was associated with dorsal displacement
of the soft palate, while no relationship was detected between DUAO and epiglottis length. No
associations were detected between DUAO and PLH, LAI or EIPH. In conclusion, it is likely that
epiglottis plays a role in upper airway stability, while airways inflammation does not seem to be
involved in the pathogenesis of DUAO.
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1. Introduction

Horses are obligatory nasal breathers and cannot avoid the high pressures occurring
at the level of the nasopharynx during exercise by switching to oral breathing like other
species. Moreover, the nasopharyngeal region is not supported by osseous or cartilaginous
structures and relies only on muscle activity to maintain its stability [1,2]: therefore, during
exercise, when airflow turbulence and negative pressures occur at the floor of the nasophar-
ynx and within the larynx, these structures may collapse, and horses may develop different
forms of dynamic upper airway obstruction (DUAO) [3]. As a consequence, respiratory
function and gas exchanges at the alveolar-capillary level may be impaired, determining
poor athletic performance, especially in racehorses working at supramaximal exercise [4–7].

Different types of DUAO have been described, including dorsal displacement of the
soft palate (DDSP), medial deviation of aryepiglottic folds (MDAF), nasopharyngeal col-
lapse (NPC), dynamic laryngeal collapse (DLC), epiglottis entrapment (EE) and epiglottis
retroversion (ER) [8]. Although these conditions have been studied for a long time, their
exact pathogenetic mechanisms are still not completely clarified and are likely to be mul-
tifactorial [8–10]. Most DUAOs are thought to result from neuromuscular dysfunction,
fatigue, immaturity or conformational change of the structures controlling the patency
of the nasopharyngeal region [8,9,11]. In particular, multiple researchers have hypothe-
sized that epiglottic conformation may play an important role in the stability of upper
airways [12]: in fact, the loss of epiglottis convexity has been associated with the develop-
ment of DDSP [12,13] and MDAF [12,14] and is frequently reported as a flaccid appearance
of the epiglottis. Abnormal epiglottis conformation was associated with lower earnings
in young racehorses [15]: this result could be attributable to the development of DUAO
in horses with a dysplastic epiglottis. Another study reported improved performance
in horses after epiglottic augmentation, which may overcome deficits in neuromuscular
function [16]. However, the findings of other studies do not support this hypothesis, as
they failed to find an association between a flaccid appearance of epiglottis at rest and the
detection of DDSP during exercise [17]. Moreover, some authors proposed that a short
epiglottis, measured radiographically, may contribute to the pathogenesis of DDSP [18], but
other studies reported normal epiglottis length in horses with DDSP [9,19]. Therefore, it is
still debated whether a functional epiglottis with normal conformation is required to main-
tain soft palate stability. Other nasopharyngeal abnormalities, visible at resting endoscopy,
have been proposed as predictors of DUAO, including episodes of DDSP, which can occur
spontaneously or be induced by swallowing, and the presence of ulceration on the free
margin of the soft palate [9,20–22]. Spontaneous DDSP during resting endoscopy has been
reported as a highly specific but extremely insensitive test for DDSP during exercise [23];
however, the clinical significance of DDSP at rest remains uncertain, as it can also occur in
horses with a normal function of the upper airway during exercise [17,22]. Palate ulceration
may occur due to the friction between the ventral surface of the epiglottis and the free
border of the soft palate [16]; however, in a study, only 16% of the horses with DDSP had
palate ulceration [24], and vice versa—many horses with palate ulceration do not show
DDSP during exercise [17]. It has been hypothesized that horses displacing quickly do not
have enough abrasion between the epiglottis and palate to induce ulceration [16].

Different authors reported that inflammation of the nasopharyngeal region, visible
at endoscopy as pharyngeal lymphoid hyperplasia (PLH), may impair the function of
pharyngeal mechanoceptors [25] and contribute to the neuromuscular dysfunction and
instability of the upper airway, predisposing horses to the onset of DUAOs, such as
DDSP, NPC and ER [8,9,26–30]. Recently, the “one airway, one disease” concept, long
known in human medicine and describing a relationship between the health of the upper
and lower airways, has also been proposed and investigated in equine medicine [31].
Lower airway inflammation (LAI) has been associated with DUAO [9,28,30–33], probably
because of the increased negative pressure driven by lower respiratory tract obstruction
and increased respiratory impedance and work of breathing, which may impair upper
airway patency and accelerate the onset of neuromuscular fatigue [30,31,33–35]. Another
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proposed theory is that DUAO may predispose horses to lower airway disease via unknown
mechanisms [9,33]. Another lower airway disorder that has been associated with DUAO
is exercise-induced pulmonary hemorrhage (EIPH) [9,32,36]. This may be due to the
increase in the transmural pulmonary capillary pressure gradient resulting from upper
airway obstruction and leading to the rupture of pulmonary capillaries and therefore
EIPH [1,31,36,37]. In contrast, no association between DUAO and LAI inflammation or
EIPH was detected in another study [38].

As the role of upper and lower airways resting evaluation has not been fully under-
stood yet, the present study aims to investigate, in a wide population of racehorses, the
clinical significance of upper airway anatomical and functional resting abnormalities and
the possible contribution of upper and lower airway inflammation to the development
of DUAO.

2. Materials and Methods

2.1. Horses

The clinical records of Standardbred and Thoroughbred racehorses referred to the
Equine Sports Medicine Unit of the Veterinary Teaching Hospital of the University of
Milan (Italy) between 2000 and 2021, with a history of poor performance or abnormal
respiratory noises during exercise, were retrospectively reviewed. All horses (n = 366) were
in full training upon admission. Each horse underwent a complete clinical examination,
laboratory analyses and upper airway endoscopy at rest and during exercise on a high-
speed treadmill. In 158 horses, the length of epiglottis was measured radiographically.
In 339 horses, tracheobronchoscopy was performed 30 min after maximal exercise on a
treadmill for EIPH evaluation. In 297 horses, lower airway endoscopy was performed at
rest, at least 24 h after exercise, and bronchoalveolar lavage fluid (BALf) was collected in
265 horses and subjected to cytological examination.

2.2. Upper Airway Endoscopy at Rest

Following a complete clinical examination, resting upper airway endoscopy was
performed in all of the horses (n = 366). With this aim, the horses were contained in a stock;
to prevent interferences with upper airway function, no other physical or pharmacological
restraint techniques were applied. A flexible videoendoscope (EC-530WL-P, Fujifilm, Tokyo,
Japan) was passed through the left nasal passage, and the upper tract of the respiratory
system was visualized. A 0–4 score was assigned to pharyngeal lymphoid hyperplasia
(PLH) [39] observed at the level of the nasopharyngeal mucosa and/or dorsal pharyngeal
recess. The larynx was visualized, and its function was assessed during spontaneous
breathing and after the stimulation of laryngeal movements by inducing swallowing,
performing nasal occlusion maneuvers and during the “slap test” (thoraco-laryngeal reflex).
Epiglottis conformation was evaluated, and its alterations were recorded, including the loss
of rigidity and convexity (epiglottis flaccidity) or the presence of an entrapping mucosal
fold. Whenever dorsal displacement of the soft palate was observed spontaneously or
after the induction of swallowing, this finding was recorded. The observation of an
ulceration on the free margin of the soft palate was registered. Based on arytenoids
abductive function, a 1–4 score was assigned to recurrent laryngeal neuropathy (RLN) [40].
Whenever an alteration suggestive of a previous surgical treatment of the upper airway
was observed (i.e., laryngoplasty, ventriculectomy, cordectomy, staphylectomy, etc.), the
horse was excluded from the study (n = 6).

2.3. High-Speed Treadmill Endoscopy

Before performing high-speed treadmill endoscopy (HSTE), the horses were con-
ditioned to the high-speed treadmill (Sato I, Uppsala, Sweden) by at least two training
sessions. All the horses (n = 360) were tacked with the same equipment used for racing and
wore a heart rate (HR) meter (Polar, Equine Inzone FT1, Steinhausen, Switzerland) during
exercise. To perform HSTE, the horses were first warmed up by a 4-min walk (1.5 m/s) and
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a 5-min trot (4.5 m/s for Thoroughbreds, 6 m/s for Standardbreds), with a 6◦ slope for Thor-
oughbreds and 3◦ slope for Standardbreds. After warm-up, the treadmill was temporarily
stopped, and a videoendoscope (ETM PVG-325, Storz, Tuttlingen, Germany) was passed
into the nasopharynx of the horse and held in position with Velcro® straps. Then, the
treadmill was rapidly accelerated up to maximal speed (corresponding to HR ≥ 220 bpm)
for a distance ranging from 1600 to 2100 m (based on the usual racing activity of each
individual) or until the horse’s fatigue [41]. The endoscopic images were visualized in
real-time on a monitor and recorded on analogic (from 2000 to 2004) or digital supports
(from 2005 to 2021) to allow for slow-motion analysis and storage. All the registered videos
were later evaluated by the same operator, and the absence or presence of single or multiple
DUAOs (DDSP, NPC, MDAF, EE, ER, DLC) was recorded. Based on the entity of airway
obstruction, the DUAOs were classified as severe (DDSP, NPC, DLC and ER) or mild
(MDAF and EE) [7].

2.4. Radiographic Measurement of Epiglottis Length

To measure the length of the epiglottis radiographically, a lateral view of the pharyngo-
laryngeal region was taken on standing horses (n = 158), with the head placed in a normal
resting position. Radiodense markers of a known length were fixed on both sides of the
neck and superimposed to the nasopharynx or the guttural pouches (Figure 1). The lengths
of the markers were measured on the obtained radiographs and were used to determine
the grade of radiographical magnification. Thyroepiglottic length was then measured
on the radiograph, and a correction factor for the previously assessed magnification was
applied to obtain the actual epiglottis length [18]. The reference values for epiglottis length
were considered to be 8.76 ± 0.44 cm for Thoroughbreds [18,42] and 8.74 ± 0.38 cm for
Standardbreds [20,42,43].

 

Figure 1. Example of how the radiographs were taken, with the markers of known length in place, to
allow for epiglottis length measurements.

2.5. Post-Exercise Tracheobronchoscopy

Thirty minutes after the end of the HSTE, a tracheobronchoscopy was performed to
verify whether exercise-induced pulmonary hemorrhage (EIPH) had occurred. The horses
(n = 339) were contained in a stock and restrained with a twitch; endoscopy was performed
as described above, and the lower tract of the respiratory system was examined. A 0–4 score
was assigned to the presence of blood in the trachea and the mainstem bronchi [44].
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2.6. Tracheobronchoscopy at Rest and BALf Collection

At least 24 h after HSTE, an endoscopy of the lower airways was performed as
described above. With this aim, the horses (n = 297) were sedated with detomidine hy-
drochloride (0.01 mg/kg IV) and restrained with a twitch. A 0–5 score was assigned to
tracheal mucus accumulation (TM) [45]. The BALf was collected in 265 horses as follows:
60 mL of a 0.5% lidocaine hydrochloride solution was sprayed at the level of the carena
to inhibit a coughing reflex, and the endoscope was passed into the bronchial tree until it
was wedged firmly within a segmental bronchus; here, a 300 mL sterile saline 0.9% was
instilled, and the fluid immediately aspirated [46].

2.7. BALf Cytological Examination

The collected BALf was stored in sterile EDTA tubes and processed within 90 min.
A few drops of pooled BALf were cytocentrifugated (Rotofix 32, Hettich Cyto System,
Tuttlingen, Germany) at 500 rpm for 5 min. The slides were air dried, stained with
May–Grünwald Giemsa and Perl’s Prussian blue and observed under a light microscope at
400× and 1000× for 400-cell leukocyte differential count and the calculation of a simplified
total hemosiderin score (THS) [47].

2.8. Statistical Analysis

The data were collected on an electronic sheet (Microsoft Excel, Redmond, WA, USA),
analyzed with descriptive statistics and evaluated for normality by the Shapiro–Wilk test.
Ages were compared between males and females and between Standardbreds and Thor-
oughbreds using the Mann–Whitney test. The associations between age and endoscopic
scores (PLH, EIPH, TM), epiglottis length, BALf leukocyte populations and THS were eval-
uated by means of the Spearman correlation. The Mann–Whitney test was used to compare
ages between horses with normal upper airways at rest and horses with any anatomical
or functional alterations and between horses with and without DDSP at rest, epiglottis
flaccidity and RLN. The same test was used to compare endoscopic scores, epiglottis lengths
and BALf cytological findings between males and females and between Standardbreds and
Thoroughbreds. The frequency of resting pharyngo-laryngeal alterations was compared
between horses of different sexes and breeds using the Fisher’s exact test. The horses
were divided into four groups on the basis of the HSTE findings: no-DUAO, mild-DUAO,
severe-DUAO or multiple-DUAOs. Ages was compared between the groups using the
Kruskal–Wallis test and Dunn’s multiple comparisons test; the distribution of sex and
breed was compared between the groups by the Chi-square test. The Kruskal–Wallis test
and the Dunn’s multiple comparisons test were used to compare the endoscopic scores,
epiglottis lengths, and BALf cytological results between the groups. The PLH score was also
compared between the no-DUAO horses and the horses with dynamic DDSP, the horses
with NPC and the horses with MDAF by the Mann–Whitney test; the same test was used
to compare epiglottis lengths between the no-DUAO horses and the horses with dynamic
DDSP. The frequency of pharyngo-laryngeal alterations at rest was compared between the
groups by means of the Chi-square test and between the horses without DUAOs and the
horses with dynamic DDSP, the horses with NPC and the horses with MDAF using the
Fisher’s exact test. The resting RLN grade was compared between the horses with and
without DLC by means of the Mann–Whitney test. Moreover, the PLH score was compared
between the horses with normal upper airway at rest and the horses with resting DDSP and
between the horses with normal resting endoscopy and the horses with epiglottis flaccidity
using the Mann–Whitney test. Finally, the frequency of DDSP at rest was compared be-
tween the horses with normal epiglottis and the horses with epiglottis flaccidity by means
of the Fisher’s exact test. The data are presented as the mean ± standard deviation (SD)
if normally distributed and as the median and interquartile ranges (IQRs) if not normally
distributed. The statistical significance was set at p < 0.05. The data were analyzed using
a commercially available statistical software package (GraphPad Prism 9.3.1 for MacOS;
GraphPad Software, San Diego, CA, USA).
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3. Results

3.1. Horses

A total of 360 horses (312 Standardbreds and 48 Thoroughbreds) met the inclusion
criteria. The population consisted of 233 males (203 stallions, 30 geldings) and 127 females,
aged from 2 to 8 years (median 3 years, IQR 3–4 years). Among the Standardbred pop-
ulation, 200 horses were males (64.1%) and 112 were females (35.9%), while, among the
Thoroughbred population, 33 subjects were males (68.75%) and 15 were females (31.25%).
The median age was 3 years in both the Standardbred and Thoroughbred populations,
with different IQRs (Standardbreds: IQR 3–4 years; Thoroughbreds: IQR 3–3 years). The
horses were divided into the no-DUAO group (169 horses), mild-DUAO group (23 horses),
severe-DUAO group (111 horses) and multiple-DUAOs group (57 horses).

3.2. Upper Airway Endoscopy at Rest

The frequency and grade distribution of PLH among the study population are shown
in Table 1; the median PLH score was 2 (IQR 1–2). The normal appearance and function
of the pharyngo-laryngeal region were observed in 160 horses (44.44%), while alterations
were detected in 200 horses (55.56%); the distribution of upper airway alterations detected
at resting endoscopy is displayed in Table 2.

Table 1. Frequency and distribution of pharyngeal lymphoid hyperplasia (PLH) grades among the
study population.

PLH Grade % of the Study Population

0 16.67%
1 17.22%
2 43.89%
3 20.83%
4 1.39%

Table 2. Distribution of upper airways endoscopic findings at rest.

Endoscopic Finding % of the Study Population

Normal appearance and function 44.44%

Recurrent Laryngeal Neuropathy
30.27%

25.83% Grade II, 3.33% Grade III (0.28% III.a,
1.38% III.b, 1.67% III.c), 1.11% Grade IV

One or more episodes of dorsal displacement
of the soft palate 27.22%

Epiglottis flaccidity 17.5%

Ulceration of the free margin of the
soft palate 3.89%

Persistent epiglottis entrapment 1.11%

3.3. High-Speed Treadmill Endoscopy

During HSTE, no DUAO occurred in 169 horses (46.95%), one single DUAO was ob-
served in 134 horses (37.22%) and multiple concomitant DUAOs were detected in 57 horses
(15.83%). In order of frequency, the observed DUAOs included DDSP (107 horses, 29.72%),
MDAF (63 horses, 17.5%), NPC (59 horses, 16.39%), DLC (19 horses, 5.28%), EE (7 horses,
1.94%) and ER (2 horses, 0.56%). The frequency of single or concomitant DUAOs is dis-
played in Table 3.
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Table 3. Frequency of single or multiple dynamic upper airway obstructions (DUAOs) de-
tected during high-speed treadmill endoscopy. DDSP = dorsal displacement of the soft palate;
NPC = nasopharyngeal collapse; MDAF = medial deviation of aryepiglottic folds; DLC = dynamic
laryngeal collapse; EE = epiglottis entrapment; ER = epiglottis retroversion.

DUAOs % of the Study Population

DDSP 20.83%
NPC 7.22%

MDAF 6.11%
DLC 2.5%
EE 0.28%
ER 0.28%

MDAF + NPC 5.28%
MDAF + DDSP 2.22%
NPC + DDSP 1.94%
DDSP + EE 1.67%

MDAF + DLC 1.39%
DDSP + DLC 0.83%
MDAF + ER 0.28%

MDAF + NPC + DDSP 1.67%
MDAF + DDSP + DLC 0.28%

MDAF + NPC + DDSP + DLC 0.28%

3.4. Epiglottis Length

The epiglottis length was radiographically measured in 145 Standardbreds and
13 Thoroughbreds. The median epiglottis length in the investigated population was 8.2 cm
(Standardbreds: IQR 7.88–8.7 cm; Thoroughbreds: IQR 7.5–8.8 cm). In the Standardbred
population, the epiglottis length was within the reference ranges in 60 horses (41.67%),
lower in 73 horses (50.69%) and higher in 11 horses (7.64%); in the Thoroughbreds pop-
ulation, the epiglottis length was within the normal limits in 2 horses (15.38%), lower in
8 horses (61.54%) and higher in 3 horses (23.08%).

3.5. Lower Airway Endoscopy and BALf Cytology

The tracheobronchoscopy performed 30 min after maximal exercise was negative for
EIPH in 145 horses (42.77%) and positive in 194 horses (57.23%); the frequency and grade
distributions of EIPH among the study population are shown in Table 4. The median EIPH
grade was 1 (IQR 0–2). On the lower airway endoscopy performed at least after 24 h,
tracheal mucus accumulation was observed in 296 horses (86.6%); the grade distribution is
displayed in Table 5. The median TM score was 1 (IQR 1–2). The cytological examination
of BALf showed a median of 46% (40–50.5%) macrophages, a mean of 35.72% ± 11.85%
lymphocytes, a median of 10% (5–18%) neutrophils, a median of 1% (0–3%) eosinophils
and a median of 4% (3–6%) mast cells. The median THS was 36 (12–66).

Table 4. Frequency and grade distribution of exercise-induced pulmonary hemorrhage (EIPH) among
the study population.

EIPH Grade Number of Horses % of the Study Population

0 145 42.77%
1 75 22.12%
2 74 21.83%
3 34 10.03%
4 11 3.25%

3.6. Influence of Age, Breed and Sex

Among the study population, the Thoroughbreds were younger than the Standard-
breds (p = 0.0054), and the females were younger than the males (p < 0.0001). Sex was equally
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distributed among the different breeds. Age was inversely correlated with PLH grade
(p < 0.0001, r = −0.45) and TM score (p = 0.0083, r = −0.14) and was positively correlated
with EIPH score (p = 0.0053, r = 0.15) and THS (p = 0.0165, r = 0.15); PLH score was signifi-
cantly higher in females (median 2, IQR 2–3) than in males (median 2, IQR 1–2) (p < 0.0001).
The horses showing pharyngo-laryngeal alterations at resting endoscopy were younger
than the horses with normal appearance and function (p = 0.0213); moreover, pharyngo-
laryngeal alterations were significantly more frequent in Thoroughbreds (83.33%) than in
Standardbreds (51.28%) (p < 0.0001). In particular, DDSP at rest and grade > 1 RLN was
more frequently observed in Thoroughbreds (DDSP 47.92%, RLN 63.83%) than in Standard-
breds (DDSP 24.04%, RLN 25.32%) (DDSP p = 0.0014; RLN p < 0.0001). At BALf cytology,
the neutrophils counts were higher in Thoroughbreds (median 17%, IQR 11–22.5%) than in
Standardbreds (median 9%, IQR 4–17%) (p = 0.0016), while the lymphocyte counts were
higher in Standardbreds (36.25% ± 11.78%) than in Thoroughbreds (30.92% ± 11.63%)
(p = 0.0293). Among the different groups (no-DUAO, mild-DUAO, severe-DUAO and
multiple-DUAOs), no differences were observed in age and sex distribution, while a
significant difference in breed distribution was detected (p = 0.0064); in particular, in Thor-
oughbreds, DUAOs were significantly more frequent than they were in Standardbreds
(Thoroughbreds 75%, Standardbreds 50.32%; p = 0.001).

Table 5. Frequency and grade distribution of tracheal mucus accumulation (TM) among the
study population.

TM Grade Number of Horses % of the Study Population

0 45 13.2%
1 142 41.64%
2 117 34.31%
3 33 9.68%
4 4 1.17%

3.7. Upper Airway Endoscopy and Epiglottis Length vs. DUAOs

The PLH grade was significantly lower in the multiple-DUAOs group (median 1,
IQR 0–2) compared to the no-DUAO group (median 2, IQR 1–3) (p = 0.0066) and the
severe-DUAO group (median 2, IQR 1–2). No differences were observed in PLH between
the horses with and without DDSP, MDAF and NPC. The epiglottis length did not differ
between the groups, nor did it differ between the horses with and without DDSP. The
frequency of abnormalities of pharyngo-laryngeal appearance and function detected at
resting endoscopy differed between the groups (p = 0.0003) (Figure 2); in particular, al-
terations were more frequently observed in the severe-DUAO group (71.17%) compared
to the no-DUAO group (44.97%) (p < 0.0001). While no differences were observed be-
tween the groups regarding the frequency of DDSP episodes observed during resting
endoscopy, a trend was detected for different frequencies of epiglottis flaccidity among
the different groups (p = 0.0534). In particular, a flaccid appearance of epiglottis was more
frequently observed in the horses with DDSP diagnosed at HSTE (60.78%) compared to
the horses without DDSP (39.22%) (p = 0.0007) (Figure 3). No differences were observed in
the frequency of DDSP at rest between the horses with and without DDSP during HSTE,
nor in the frequency of resting DDSP and epiglottis flaccidity between the horses with
and without NPC and MDAF. The horses showing DDSP episodes at rest had a higher
PLH grade (median 2, IQR 1–3) compared to the horses without resting DDSP (median 2,
IQR 1–2) (p = 0.0052) and more frequently showed a flaccid appearance of the epiglottis
(resting DDSP 31.63%, no resting DDSP 12.21%, p < 0.0001). Among the seven horses
showing EE during exercise, three also presented persistent EE visible at resting endoscopy,
two had a normal epiglottis and two had a flaccid appearance of the epiglottis; in four cases,
an ulceration of the free margin of the soft palate was observed. Ulcerations of the margin
of the soft palate were also observed in the four horses without DUAO, the two horses with
MDAF + NPC, the two horses with DDSP and the two horses with NPC + DDSP. In the
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horses with DLC, the RLN grade was significantly higher (median 3, IQR 3–3) compared
to the horses with normal dynamic arytenoids abduction (median 1, IQR 1–2) (p < 0.0001).
In particular, all the horses with grade 1 (normal) RLN showed a normal laryngeal ab-
duction during HSTE, and among the horses with grade 2 RLN, only two horses showed
DLC (2.15%); in contrast, all the horses with grade 3 and grade 4 RLN showed DLC
on HSTE.

 
Figure 2. Stacked bars showing the frequency of alterations at upper airway resting endoscopy in the
different groups (no-DUAO, mild-DUAO, severe-DUAO and multiple-DUAOs).

Figure 3. Bar graph showing the frequency of normal or flaccid appearance of epiglottis at upper
airway resting endoscopy in the horses with no DUAOs and with DDSP diagnosed at HSTE.

3.8. Lower Airway Endoscopy and BALf Cytology vs. DUAOs

No differences between the groups were observed regarding the TM score, EIPH score,
leukocyte differential count of BALf or THS.

4. Discussion

Although DUAOs are disorders that have long been known to cause poor performance
in racehorses, their precise pathogenetic mechanisms have not been fully understood yet,
and the possible role of structural or functional abnormalities of the nasopharynx has
not been univocally clarified [8–11]. Moreover, some authors suggest that inflammation
of the upper and lower respiratory tract may contribute to the development of DUAO,
but contrasting results have been reported [26–33]. Therefore, the present study aimed to
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investigate the diagnostic role of upper and lower airways resting evaluation for a better
understanding of DUAO development.

The value of this study relies on a very large and homogeneous population of race-
horses, including a total of 360 patients, and on a highly standardized protocol for air-
ways evaluation in both resting and dynamic conditions. Among the study population,
53.05% of the horses showed DUAO on HSTE; the prevalence of DUAO reported in the lit-
erature ranges from 22.6% to 80.1% [48,49], based on the kind of population (i.e., racehorses
or other performance horses), inclusion criteria (randomized or horses with a history of
poor performance and respiratory noises) and diagnostic technique (HSTE or overground
endoscopy). Among reports including both Standardbreds and Thoroughbreds diagnosed
by HSTE, DUAO prevalence varies from 22.6% [48] to 65% [22]. Interestingly, the high-
est frequencies have been reported by studies only including Thoroughbred racehorses,
with percentages ranging from 72.6% to 80.1% [5,49–51]; similarly, in our study 75% of
the Thoroughbred patients showed DUAO during HSTE, which was significantly more
frequent than in Standardbreds (50.32%), suggesting a breed predisposition. However,
in our population, most Standardbreds were referred for poor performance, while Thor-
oughbreds were more often referred for abnormal respiratory noises during exercise, with
a consequent higher probability of being diagnosed with DUAO; this could have biased
the results of our study. An apparent predisposition of Thoroughbreds to develop DUAO,
and especially DDSP, in comparison with Standardbreds was also observed by previous
researchers, but the reason for this breed discrepancy is unclear [11,52,53]. In our study, the
Thoroughbreds more commonly showed upper respiratory tract alterations at rest; it must
be noticed that the Thoroughbreds were younger than the Standardbreds, probably due
to the shorter racing career, and that alterations at rest were more frequently observed in
younger horses. Some authors suggest that young age may predispose horses to the devel-
opment of DUAO [5,9] and that affected horses could spontaneously resolve this condition
over time [10]; in fact, it has been hypothesized that increased palatal musculature in older
horses may improve muscular activity and provide a better resistance against collapsing
forces [5]. In contrast, other reports found no association between age and DUAO [11] or
even a higher susceptibility in older horses [54].

In the present study, the most frequently observed forms of DUAO were DDSP
(29.72%), MDAF (17.5%) and NPC (16.39%); likewise, most studies about racehorses
report DDSP as the most common DUAO, with the prevalence ranging from 14% to
45.2% [5,14,22,48–51,55]. MDAF was the most common DUAO in a previous study [11], but
its prevalence in the literature is highly variable, ranging from 4% to 40.4% [5,11,22,49–51].
Both in the present study and in the previous reports, MDAF is rarely diagnosed alone
and is associated, in most cases, with other types of DUAO, especially NPC and DDSP;
therefore, various authors have suggested that MDAF may either contribute or follow
the development of associated DUAOs [5,8,11,12,38]. More generally, multiple concomi-
tant DUAOs were detected relatively frequently in our population, with a prevalence of
15.83% of the total horses and of 29.84% of the horses with DUAO. Multiple DUAOs have
also been commonly reported by previous studies, with a wide range of prevalence varying
from 7% to 56.9% [4,5,11,15,22,49,50]. In the present report, NPC showed a prevalence
of 16.39%, which was similar to those reported by some authors [4,14,50,51] but quite higher
when compared to other studies [5,11,22,23,49]. The great variability of the prevalence of
DUAOs, as reported by different studies, may be attributable to heterogeneous enrolled
populations, diagnostic techniques and the lack of a consensus statement which could
provide universal guidelines for the classification of different DUAOs [56]. The only upper
respiratory tract for which a consensus statement exists is RLN detectable at rest [40]; in the
present study, all of the horses with grade 1 RLN and 97.85% of the horses with grade 2 RLN
showed a normal laryngeal function during exercise. In contrast, some authors have re-
ported that low percentages (from 0.34% to 3.5%) of horses with grade 1 RLN and up to
11.9% of horses with grade 2 RLN may show DLC on HSTE [2,23,57]. Moreover, in our study,
all horses with grade 3 and grade 4 RLN developed DLC on HSTE; conversely, previous
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studies reported a normal laryngeal function during exercise in 16% to 33% of the horses
with grade 3 RLN [23,57], and it has been reported that 2% of horses with grade 4 RLN
may still show a residual laryngeal activity during exercise without experiencing DLC [57].
Therefore, independently from the RLN grade at rest, HSTE should be always encouraged
to evaluate dynamic laryngeal function.

It has been hypothesized that epiglottic hypoplasia may predispose horses to DUAOs,
such as DDSP, MDAF and EE [12–15,18]; in the present study, epiglottis length was assessed
radiographically, and alterations of its conformation visible at endoscopic examination
were recorded. Interestingly, only 39.49% of our patients had a normal epiglottis length
falling within the reference ranges [18,20,42,43]; a shorter epiglottis was observed in 51.59%,
while the remaining 8.92% had a longer epiglottis. As the technique used for radiographic
measurement was the same as that described by Linford (1983) [18], and our population of
Standardbreds is by far the widest that underwent radiological assessment of epiglottis
length, it is possible that the reference ranges may be reviewed, including more numerous
populations of Standardbreds and Thoroughbreds. Unfortunately, only 158 horses in the
present study underwent epiglottis length measurement, of which 145 were Standardbreds;
the low number of Thoroughbreds subjected to this measurement represents a main lim-
itation for the evaluation of the possible relationship between epiglottis length and the
development of DUAOs. In our study epiglottis length did not influence the development
of DUAO or the development of any resting alterations; this finding is in contrast with a
previous one reporting a shorter epiglottis as a predisposing factor to DDSP [18]. However,
similarly to our findings, other studies failed to detect any association between epiglottis
length and DUAO [9,19]. Therefore, some authors suggested that the epiglottis may play a
role in DUAO development—not for its length but for its conformation. In particular, the
loss of rigidity and of the normal convex appearance has been associated with DDSP and
MDAF [12,58]. Our findings partially confirm this hypothesis: among our population, the
horses showing a flaccid appearance of epiglottis at endoscopic examination were more
prone to develop DDSP both at rest and during exercise, while no relationship was observed
with MDAF. As alterations at resting endoscopy were more frequent in the severe-DUAO
group, we also evaluated whether DDSP detected at rest could be a good predictor of
DDSP on HSTE; however, no association between DDSP at rest and dynamic DDSP was
observed. Conversely, previous studies reported a low sensitivity but a high specificity of
DDSP detected at rest [2,22,27]. In any case, upper respiratory tract endoscopy at rest is
advised in cases of suspected DUAO, but dynamic endoscopy is confirmed to always be
essential for a certain diagnosis.

It has been hypothesized that inflammation of the upper airways may predispose
horses to DUAO [8,9,25–30]. In particular, PLH has been associated with DDSP [9,27,28],
NPC [29,30] and ER [8]. Surprisingly, in our study, PLH was lower in horses belonging
to the multiple-DUAOs group; a possible explanation for this may be that the horses in
the multiple-DUAOs group were older than those in the other groups, even if a statistical
significance was not detected. As the PLH grade was lower in older horses, a lower PLH
grade in the multiple-DUAOs group may ensue, without implying any causative relation
between a low PLH grade and the concomitant occurrence of multiple DUAOs. When
individually evaluating different DUAOs, no association was detected between PLH and
DDSP, MDAF or NPC. Unfortunately, in our study, it was not possible to individually
evaluate the other types of DUAOs due to the low number of affected cases. Interestingly,
the PLH grade was higher in horses experiencing DDSP at rest but not during exercise.
It could be hypothesized that upper airway inflammation may have an influence on
pharyngo-laryngeal movements at rest; however, during exercise, more forces come into
play, and the contribution of pharyngeal inflammation may be too low to have an impact
on pharyngeal stability.

Some authors have also reported an association between DUAO and LAI [9,28,30–33];
in particular, a relation between BALf neutrophilia and DDSP was reported in two studies
from the same research group [9,28], while other studies detected an association between
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mild-moderate equine asthma and NPC [30,33]. However, multiple studies reported
no association between upper and lower airways inflammation based on endoscopic
and cytological findings [46,59–61], and other authors found no relationship between
LAI and DUAO [38]. Similarly, in the present study, no differences between the groups
were observed concerning tracheal mucus accumulation or the BALf cytological profile,
suggesting that LAI is not associated with the onset of DUAO. Another lower airway
disorder which has been associated with DUAO is EIPH [1,31,36,37]; however, analogously
to a previous study [38], we found no relationship between DUAO and EIPH based on
both post-exercise endoscopy and total hemosiderin score. Therefore, the findings of the
present study do not support the theory of a possible contribution of upper and lower
airways inflammation to the onset of DUAO, nor the cause–effect relationship between
DUAO and EIPH; however, given the contrasting results reported by different studies,
these hypotheses cannot be ruled out.

5. Conclusions

In conclusion, DUAOs were more commonly observed in Thoroughbred racehorses
than in Standardbred racehorses, confirming a possible breed predisposition; conversely,
age did not seem to influence the onset of DUAO on HSTE, as pharyngo-laryngeal al-
terations were detected more frequently in younger horses only at resting upper airway
endoscopy. The detection, at resting endoscopy, of the abnormal appearance and func-
tion of the pharyngo-laryngeal region was associated with the development of DUAO:
in particular, a flaccid appearance of the epiglottis, with a loss of convexity and rigidity,
was associated with the occurrence of DDSP both at rest and on HSTE. In contrast, the
epiglottis length measured radiographically was not associated with DUAO, suggesting
that the epiglottis may be involved in maintaining the stability of the upper respiratory
tract, not based on its dimensions but on its conformation. Finally, in the present study, no
association was observed between DUAO and the inflammation of the upper and lower
airways, nor between DUAO and EIPH.
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Simple Summary: Lung inflammation is commonly assessed in asthmatic horses by bronchoalveolar
lavage fluid (BALF) cytology. Among the cell types commonly found in equine BALF samples,
macrophages are the most abundant. The clinical significance of the abnormal cytological appearance
of macrophages in samples from diseased horses is largely disregarded. The present work focuses
on cytological alterations observed in macrophages during a chronic inflammatory disease such
as equine asthma. Our data, although limited in number, support macrophage fusion (resulting
in multinucleated giant cells) as a mechanism of interest in the classification of equine asthma
phenotypes, as it was significantly associated with the inflammatory signature and chronicity of
the disease.

Abstract: Equine asthma is currently diagnosed by the presence of increased neutrophil (>5%),
mast cell (>2%), and/or eosinophil (>1%) differential cell count. Macrophages are normal resident
cells within the alveoli. Their presence in BALF is considered normal, but the clinical implication
of the presence of activated or fused macrophages (giant multinucleated cells, GMC) is currently
overlooked. We aimed to assess the prevalence, cytological determinants, and clinical significance
of increased GMC counts in BALF of 34 asthmatic horses compared to 10 controls. Counts were
performed on 15 randomly selected high magnification fields per cytospin slide (40×), and expressed
as GMC:single macrophage (GMC:M) ratio. Regression models were used for statistical analysis.
GMC was frequently observed in both asthmatic and control horses, with an increased prevalence
of equine asthma (p = 0.01). GMC:M ratio was significantly higher in severe vs. mild to moderate
equine asthmatic and control horses. In asthmatic horses, an increased GMC:M ratio was significantly
associated with BALF mastocytosis (p = 0.01), once adjusting for age and the presence and severity
of clinical signs of the horses. Tachypnea was the only clinical sign that tended to be positively
associated with GMC:M ratio after adjustment (p = 0.08). In conclusion, our data suggest that a
relationship might exist between molecular mechanisms regulating GMC formation and mast cell
recruitment in the equine lung. The same mechanisms could lead to tachypnea even in the absence
of respiratory effort at rest. We suggest including GMC count in the basic cytological assessment of
BALF samples to gain more insights into their role in equine asthma.

Keywords: equine asthma; macrophage fusion; giant multinucleated cells; mast cells; bronchoalveolar
lavage; cytology

1. Introduction

Equine asthma is a highly prevalent disease in horses of all ages, characterized by
chronic lower airway non-septic inflammation [1]. Equine asthma can manifest as different
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disease entities or phenotypes, based on severity and recurrence of clinical signs. The severe
asthma phenotype (severe equine asthma, SEA) describes adult horses presenting with re-
current and reversible bouts of bronchospasm and respiratory effort at rest, often associated
with cough, mucus nasal discharge, tachypnoea, and exercise intolerance. Severe asthma is
typically associated with bronchoalveolar lavage fluid (BALF) neutrophilia >25% [2]. Spo-
radically, concomitant mastocytosis is also reported [3]. Mild to moderate equine asthma
(MEA) describes a much broader clinical entity with no age predilection and clinical signs
lasting for more than 3 weeks. Clinical signs span from poor performance in racehorses to
more obvious cough, nasal discharge, or dyspnoea during or after exercise in show horses.
The MEA phenotype is currently classified based on the inflammatory signature observed
in BALF as neutrophilic (if neutrophils are >5% at differential cell counts), mastocytic
(>2%), eosinophilic (≥1%), or mixed [1]. There is substantial agreement on the fact that
both genetics and environmental factors play a role in equine asthma pathogenesis and
pathophysiology [4–6]. A large amount of evidence supports the primary role of straw
and hay dust (and/or pollen) exposure as triggers for SEA exacerbations [7–14]. On the
other hand, information on the etiology of MEA cases is scarce. Whether an initial trigger
is needed for disease development is unknown in both conditions.

Cytological assessment of BALF is considered the gold standard technique for the
diagnosis of equine asthma, together with relevant and compatible clinical signs [1]. The
presence of qualitative and/or quantitative alterations of cytological entities other than
neutrophils, mastocytes, and eosinophils is often disregarded in equine cytopathology.
Nevertheless, it deserves attention as it might have clinical implications. Macrophages
are normal resident cells within the lung, particularly within the alveoli. Their presence
in equine BALF is physiological and their quantity has been shown to remain unchanged
or decrease with aging [15,16]. It must be noticed that available data on age-associated
changes in equine BALF differential cell counts are limited, and often restricted to secondary
outcomes in relevant studies. Macrophages can exhibit various phenotypical features of
activation, phagocytosis, and fusion, whose significance is currently overlooked. Mono-
cyte/macrophage fusion results in giant multinucleated cells (GMC) and is considered a
marker of chronic inflammation. In tissues, they are assumed to represent a specialization
for improved phagocytosis (i.e., during a foreign body response) [17]. Molecular pathways
leading to GMC formation are many and represent an emerging research field [17]. It is
overall recognized that interleukin (IL)-4, a Th-2 cytokine whose role has been highlighted
also in SEA [6,18,19], is likely to play a major role in this process [20]. Of note, IL-4 is
implicated in mast cell recruitment and activation as well [21].

With the current work, we aimed at investigating the prevalence of GMCs in the BALF
of asthmatic horses, as well as their association with relevant clinical or cytological features
of equine asthma. Our hypothesis was that GMCs are increased in horses with equine
asthma vs. controls, and their number is associated with disease chronicity (namely, with a
diagnosis of SEA) and BALF mastocytosis.

2. Materials and Methods

2.1. Study Design

Cases referred to the Veterinary Teaching Hospital of the University of Turin with a
diagnosis of equine asthma as reported in the electronic medical record file were searched
retrospectively on April 2021. Additionally, newly referred cases diagnosed with equine
asthma were prospectively included starting from April 2021. Cases were included in the
study if the information on history, first examination, bronchoalveolar lavage procedure,
and results were reported, and if BAL cytology slides were still available for re-assessment.
Records were reviewed and cases with incomplete information or with uncertain diagnoses
were excluded. Additionally, horses with concomitant positive bacterial culture from trans-
tracheal wash samples and horses that had corticosteroids or antimicrobial treatments in
the 2-week period preceding BALF sampling were excluded. Asthma cases (SEA and MEA)
were defined following the current revised ACVIM Consensus Statement [1]. Briefly, SEA
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cases were defined based on relevant history and clinical signs; mild to moderate equine
asthma cases were defined as those with relevant clinical signs and BALF neutrophil >5%,
eosinophils >1%, and/or mast cells >2%. Mastocytic mild to moderate asthma (M-MEA)
was defined based on the finding of >2% mast cells in BALF, in the absence of any other
cytological abnormality [1], in horses with relevant respiratory signs. The following data
were obtained from medical records concerning the horses studied: age, sex, relevant
clinical signs (in particular: cough, nasal discharge, dyspnea, and poor performance), and
time of the year when the exam was performed (month). Cytospins of all cases were
reviewed for a blind reassessment of differential cell counts by the same operator and
GMC quantification. The study was approved by the Local Animal Ethical Committee
of the Department of Veterinary Medicine (Prot. N. 711, 17 March 2021), University of
Turin. Written informed consent was obtained from the owners to use clinical data for
research purposes.

Further asthmatic and control horses were retrospectively enrolled among equine
patients referred to the Veterinary Teaching Hospital of the University of Montreal, Canada.
Data and BAL cytospins slides of this second population of horses were retrieved by the
Equine Respiratory Tissue Bank (https://btre.ca/, accessed on 1 November 2021). Horses
were randomly selected among those available based on their diagnosis (5 SEA, 5 MEA,
10 controls defined as healthy or with musculoskeletal disease).

2.2. Bronchoalveolar Lavage Procedure and Processing

The BAL procedure was performed as described by Hoffman [22] on standing sedated
horses restrained in a stock. Briefly, two boluses of 250 mL warm sterile saline solution
were instilled in the distal airways and lung parenchyma by means of a Bivona catheter and
gently withdrawn. A 5 mL-aliquot obtained after gentle resuspension of the entire solution
withdrawn was immediately submitted for cytology in an EDTA tube. Cytospin slides
(n.2) were prepared using 200 μL of unfiltered fresh samples centrifugated at 500 RPM
for 5 min at room temperature. Slides were air-dried and stained with May-Grunwald-
Giemsa using an automated slide stainer (MirastainerTM II System, EMD Chemicals Inc.,
Darmstadt, Germany).

The methods used in Turin and Montreal [2] for BALF fluid withdrawal and analysis
differed only for the use of the Bivona catheter (3 m in length, 11 mm outer diameter) or
Olympus SIF-Q140 videoendoscope (working length 250 cm, 10.5 mm outer diameter) to
reach the sampling site.

2.3. Cytology

Cytospins slides were available for all horses studied. Slides were assessed by the
same operator (AR), blinded to the animal ID, who performed: (1) differential cell counts for
neutrophils, lymphocytes, macrophages, mast cells, and eosinophils; and (2) GMC counts.
We defined GMC as cells with 2 or more nuclei and with evidence of unique cytoplasm.

(1) Differential cell counts were performed at 40× magnification on a minimum of
500 cells and 5 high power fields (HPF) [23]. Epithelial cells were excluded, when
present and GMC were counted as macrophages (i.e., a GMC with two nuclei ac-
counted for two macrophages).

(2) Counts of GMC were performed at 40× magnification over 15 HPF and expressed as
GMC:single macrophages (GMC:M) ratio. They were obtained from:

GMC : Mhorse =
∑n=15

i=1 (GMC)i

∑n=15
i=1 (M)i

where i represents HPF and n is the minimum number of HPF per slide that must be
assessed for a reliable estimate. To determine n, the absolute number of GMC and single
macrophages were initially counted in all non-empty HPF of a subset of 10 samples (from
5 MEA and 5 SEA horses).
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2.4. Statistical Analysis

Data were analyzed with GraphPad Prism version 8.0.0 for Windows (GraphPad Soft-
ware, San Diego, CA, USA) and with STATA 15 software (StataCorp 2017, Stata Statistical
Software: Release 15, College Station, TX, USA; StataCorp LLC.). Data distribution was
assessed with the Saphiro Wilk normality test before and after the log transformation of
the data. As log transformation did not yield significant advantages in data distribution,
raw data were used for analysis. Groups’ mean values were compared using the ANOVA
test. Association between GMC:M ratio and other clinical or cytological/inflammatory pa-
rameters were assessed with linear or logistic regression models, depending on the nature
of the independent variable (continuous or binomial, respectively). Data were adjusted
for age (years) and for the presence and severity of clinical signs (for each clinical sign
observed among cough, nasal discharge, tachypnea, increased respiratory effort at rest, this
variable was increased by 1 point; the final variable could range from 0 to 4). Normalized
cumulative average charts were used to determine the minimum number of HPF needed to
accurately estimate the GMC:M ratio and its difference among the groups studied, under
the assumption that an average 15% error is considered normal in manual cell counting.
Cumulative average charts were normalized with respect to the grand average of the
sample (equal to 1).

3. Results

3.1. Horses

A total of 42 horses were included in the study. Their clinical details are reported
in Table 1.

Table 1. Details of the horses studied.

Turin Cohort Montreal Cohort
(N = 22) (N = 20)

Controls
N 0 10
Sex (M:F) - 5:5
Age (years) - 10.4 ± 3.6

Mild to moderate equine asthma (MEA)
N 14 5
Sex (M:F) 8:6 3:2
Age (years) 7.4 ± 5.7 8.2 ± 1.6

Severe equine asthma (SEA)
N 8 5
Sex (M:F) 6:2 3:2
Age (years) 15.6 ± 5.4 16.0 ± 4.5

Mastocytic asthma (M-MEA)
N 7 1
Sex (M:F) 6:1 M
Age (years) 6.5 ± 7.5 8

MEA: mild to moderate equine asthma; M-MEA mastocytic mild to moderate equine asthma; SEA: severe equine
asthma. M: male; F: female.

Briefly, there were 32 asthmatic and 10 control horses. There were 18 Warmblood
horses, 7 Standardbred horses (none of them actively racing, 6 used for leisure activities,
and 1 stallion used only for breeding), 1 draft horse, 5 ponies, 2 Friesian horses, and
9 Quarter Horse or related breeds. The Turin cohort was composed mainly of horses with
MEA (n = 14). Horses with MEA with no previous treatments presented mostly with
mastocytic inflammation at BALF (n = 7), with a small percentage having pure neutrophilic
(n = 2) or mixed neutrophilic and mastocytic (n = 5) inflammation. The Montreal cohort
was composed of 10 control horses (of which, 5 were healthy and 5 with concomitant
orthopedic problems), 5 MEA (3 neutrophilic, 1 mastocytic, and 1 paucigranulocytic),
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and 5 severe asthmatic horses (Table 2). Five out of ten control horses presented mild
increases in inflammatory cell counts at BALF (Table 2). The paucigranulocytic IAD case
was a 10-year-old female Warmblood used for dressage, diagnosed with MEA in Montreal.
Medical records reported differential cell counts as: 5% neutrophils, 1% mast cells, 0%
eosinophils, 41% macrophages and 54% lymphocytes. This mare was referred for chronic
cough at the beginning of exercise and at rest in box, and prolonged recovery after exercise.
The owner reported no exercise intolerance, nor was noticed the presence of respiratory
effort at rest during a clinical examination. The horse had been showing these signs for
2–3 years before referral, and the owner reports clinical improvements while feeding wet
hay and following bronchodilator and anti-inflammatory therapies in the past. Horses with
MEA were presented for: cough (8/19), increased respiratory effort during or after exercise
(8/19), nasal discharge (5/19), tachypnea (5/19), and poor performance (3/19). Two horses
diagnosed with MEA from the Turin cohort (2 M-MEA and 1 mixed) and 1 horse from the
Montreal cohort did not present any relevant clinical signs at the time of examination. They
were however included due to the relevant history and clinical complaint.

Table 2. Inflammatory signature of the horses studied.

Paucigranulocytic Neutrophilic 1 Mastocytic 2 Mixed

Controls 5 3 2 0
MEA 1 5 8 5
SEA 1 8 1 3

1 Cutoff for neutrophilia in controls and MEA = 5%, in SEA = 25%, respectively [1,2]. 2 Cutoff mastocytosis in all
groups studied = 2%.

3.2. Giant Multinucleated Cell Counts
3.2.1. Counting Method

The normalized cumulative average chart of GMC:M values shows that starting from
13 HPF, the average error falls below 15%, suggesting that the assessment of 15 HPF
per sample provides precise estimates (Figure 1A). Of note, initial variability was higher
for SEA vs. MEA samples, possibly because GMC are unevenly distributed across the
microscope slide or because of a subjective bias towards reading first the fields with the
highest number of GMC. Further tests specifically assessing cell distribution on the slide
and comparing subjective vs. computer-based randomized reads on the same slides might
ascertain these points.

The counting method employed allowed the detection of significant differences be-
tween SEA and MEA horses using a subset of randomly selected 10 horses (5 per group).
Data suggest that a reliable estimate of the difference between these two groups can be
achieved by counting 5 HPF (Figure 1B). For the aim of the present study, all GMC:M counts
were performed on a total of 15 HPF per slide, to increase the accuracy of the measurement.

3.2.2. Disease Effect and External Validity of the Study

Giant multinucleated cells were observed in 7/10 (70%) control horses, 17/19 (89%)
mild to moderate, and 13/13 (100%) severe asthmatic horses. Overall, a progressive increase
in GMC:M ratio was noticed in MEA and SEA horses compared to controls. Considering
both cohorts in a two-way ANOVA model, a significant effect of disease (p < 0.0001) and
of the cohort (p = 0.02) were observed on GMC:M ratio (Figure 2), as well as a significant
interaction among these covariates (p = 0.004). Post-tests revealed significantly higher
values of GMC:M ratio in SEA and MEA compared to control horses (p < 0.0001 for both).
When the two cohorts were assessed separately, GMC:M ratio was higher in SEA vs. MEA
only in the Montreal cohort, due to the presence of an outlier in the Turin cohort. This
outlier was a 9-year-old female horse with mixed BALF inflammation (6% neutrophil,
3% mast cell count in BALF) referred for chronic mucous nasal discharge and tachypnea at
rest. Severe equine asthma in this horse was ruled out based on the absence of response
to bronchodilators and no response to a 10-day course of oral dexamethasone treatment
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(in the absence, however, of environmental improvements). The mare had normal lung
radiography and ultrasound, tested negative for EHV5 on both trans-tracheal wash (TTW)
and BALF samples, and TTW yielded no bacterial growth. Removal of this outlier from
the analysis revealed a significantly higher GMC:M ratio in SEA vs. MEA also in the Turin
cohort (p < 0.01). Based on the available data, we cannot exclude that the mare had SEA, but
the lack of response to corticosteroid does not support this hypothesis. It is possible that a
longer treatment time could have shown an effect. A higher GMC:M ratio was also noticed
in SEA horses from Montreal vs. SEA horses from Turin, and this was not associated with a
different clinical presentation, based on the information available in medical records. No
difference was observed in the GMC:M counts between healthy controls and controls with
orthopedic problems (data not shown).

Figure 1. Validation of the methodology proposed for GMC counting in BALF cytological slides.
(A) Normalized cumulative average curve shows the percentage variation of each cumulative mea-
sure against the total average (constrained to 1 and identified with the dotted line). Red lines identify
the limits of the acceptable 15% error above or below the mean. (B) Cumulative average of GMC:M
ratio over 15 measurements performed on 15 high power fields (HPF). SEA: severe equine asthma.
MEA: mild to moderate equine asthma.
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Figure 2. Effect of disease and cohort on GMC:M ratio (N = 42). *: significantly different (p < 0.001);
**: significantly different (p < 0.0001). SEA: severe equine asthma. MEA: mild to moderate equine
asthma. The blue circle identifies the outlier, whose clinical description is provided within the text.

Based on these results, horses from both cohorts were included in subsequent analysis
to increase the power of the study.

3.3. Giant Multinucleated Cell Counts Relationship with Clinical Parameters and
Inflammatory Signatures

GMC:M ratio and the percentage of macrophages in BALF were both significantly
associated with the age of the horses. Specifically, GMC:M ratio increased while the
percentage of macrophages decreased with aging (p = 0.01 and p = 0.001, respectively). The
association between GMC:M and macrophage percentage in BAL also showed a significant
trend towards an inverse association (p = 0.05). Once adjusted for clinical signs, however,
the association of GMC:M with both age and macrophages in BALF became not significant
(p = 0.85 and p = 0.34, respectively). Contrarily, the adjusted approach revealed a significant
decrease in the percentage of alveolar macrophages with aging (β coefficient = −1.06;
95% CI −2.00, −0.11; p = 0.03).

GMC:M ratio was not associated with any cytological variable in an unadjusted
univariate analysis restricted to asthmatic subjects. Adjusting for the presence and severity
of clinical signs and for age revealed a significant association between GMC:M ratio
and the percentage of mast cells in BALF (Table 3). Given the presence of an outlier
in the Turin cohort with a very high GMC:M ratio (0.0489) and 3% mast cells in BALF,
analyses were repeated in the absence of this animal. Exclusion of the outlier confirmed the
observed results concerning the association between GMC:M ratio and BALF mastocytosis
(β coefficient = −0.0034826; 95% CI −0.0053072, −0.0016579; p = 0.001), and revealed a
previously undetected significant association between GMC:M ratio and BALF neutrophilia
(β coefficient = 0.0004044; 95% CI 0.0001487, 0.0006601; p = 0.004).

A graphical representation of the relationship between GMC:M and BALF mastocyto-
sis is provided in Figure 3. This graph suggests the existence of two distinct cytological
clusters that follow the same pattern (inverse relationship), possibly related to disease
chronicity. Concerning the clinical signs presented by the horses studied, those significantly
associated with the presence and quantity of GMC (expressed as GMC:M ratio) were found
to be the presence of respiratory effort at rest (p = 0.01) and tachypnea (p = 0.007). Adjusting
for the presence and severity of clinical signs completely abolished the significant associa-
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tion with an increased respiratory effort at rest, while a tendency to significance was still
appreciable for tachypnea (p = 0.08).

Table 3. Results of linear regression model used to investigate the relationship between GMC:M ratio
and BALF cytological parameters, adjusting for age and for the presence and severity of clinical signs.
Analyses were run on all asthmatic subjects (N = 32).

β Coefficient 95% CI p Value

BALF Neutrophil % 0.0002534 −0.0001471 0.0006538 0.20
BALF Mast cell % −0.0037398 −0.0065036 −0.0009760 0.01
BALF Macrophage % −0.0000191 −0.0004785 0.0004402 0.93
BALF Lymphocyte % −0.0001442 −0.0005176 0.0002291 0.43
BALF Eosinophil % −0.0003903 −0.0072857 0.0065051 0.91

BALF: bronchoalveolar lavage fluid. CI: confidence interval.

Figure 3. Relationship between GMC:M ratio and BALF mastocytosis in equine asthma (N = 17).
Two clusters can be distinguished based on GMC:M ratio. In both, the relationship between GMC:M
ratio and BALF mastocytosis is inverse. The blue circle identifies the outlier already identified in
Figure 2, with a 1-year-history of tachypnea and mucous nasal discharge. Circles represent horses
with mixed neutrophilic-mastocytic inflammation. Triangles represent horses with pure mastocytic
inflammation. Black identifies SEA. Light blue identifies horses with MEA. Horses with no clinical
signs at examination (n = 3) are not depicted to better represent the statistical model employed.

4. Discussion

Increased attention has been paid to the role of alveolar macrophages in equine asthma
in recent years, as they appear to behave as crucial regulators of both acute inflammatory
response and its subsequent resolution [24]. Alveolar macrophages are normal inhabitants
of the lower airways, and their fusion produces GMC [17]. Giant multinucleated cells are
commonly observed in BALF samples from asthmatic horses, thus often disregarded. Like
macrophages, different phenotypes of GMC are recognized in health and disease, some of
which can be distinguished based on morphological features while others do not [17,25,26].
A deeper understanding of the role and activity of GMC in equine respiratory health and
diseases might provide additional information in clinical settings. It might also help in
the comprehension of physiopathological mechanisms driving disease development and
maintenance, with potential implications for therapeutic advances. Our work provides the
first insight into this complex panorama, suggesting that the presence of GMC in increased
quantities is a feature of equine asthma, especially in its severe form. Moreover, the
significant association with mastocytes suggests the interleukin (IL)-4 signaling pathway is
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involved, in accordance with previous studies identifying a central role of this cytokine in
equine asthma [18,19,27].

The prevalence of horses with GMC in their BALF was high in our study, reaching
70% in control horses and almost 100% in asthmatic horses. This was unexpected but easily
explained by the environment horses are exposed to and to the criteria we used to define
GMC. Horses are naturally exposed to dusts of biological, vegetal, or mineral origin. It is
reasonable to hypothesize that a dust-rich environment stimulates GMC formation in the
lungs even in the absence of pulmonary diseases. Our definition of GMC as cells with two
or more nuclei of monocyte origin was also loose. Data in human beings highlights that
GMC with a low number of nuclei (>three) are highly prevalent in respiratory samples from
healthy people and patients with chronic lung diseases. Contrarily, GMC with >10 nuclei
were observed in only 10% of human pathological BALF samples, most often associated
with granulomatous diseases (sarcoidosis, pneumoconiosis, interstitial lung diseases) or
chronic non-interstitial lung diseases [25]. Equine asthma is not a granulomatous disease.
However, cases characterized by miliary granulomatous lesions of unknown origin have
been reported [28], which would be consistent with the finding of GMC in BALF. Idiopathic
asthmatic granulomatosis has been described also in human beings [29,30]. Further work
on alveolar GMC in healthy and asthmatic horses might be of value for establishing, respec-
tively, normal values and expected ranges in this common disease. This approach could
facilitate the identification of less common granulomatous or GMC-associated pulmonary
conditions in horses.

Control horses included in our study did present cytological abnormalities. This is in
line with previous observations in a population of actively performing show horses [16],
and could be linked with the stabling environment [7,31]. We acknowledge that control
animals were available from only one site in our study, and this is a limitation of our current
approach. However, data from MEA and SEA horses from both sites are concordant,
and there is no reason to expect that the lack of control horses from one site would have
introduced a bias in our data. A further aspect that might have helped in understanding
the causes of GMC formation in our population is the availability of environmental particle
loads by air sampling. This is a piece of information that can be obtained quite easily,
although it remains unspecific. A thorough characterization of the exogenous particles
within alveolar macrophages and GMC would provide relevant information concerning
the origin of GMC formation in our horses.

Macrophage fusion and GMC formation require cell priming and expression of adhe-
sion molecules called fusogens [17]. Depending on the stimulus and mechanisms underly-
ing macrophage fusion, different GMC phenotypes are currently recognized. Broadly, GMC
are classified as classically activated and alternatively activated. Classically activated GMC
are those typical of acute infective processes (typically mycobacterial ones), its development
is driven by interferon (IFN)-γ, lipopolysaccharide (LPS), and tumor necrosis factor (TNF)-
α. The major fusogen of this phenotype is the dendrocyte-expressed seven-transmembrane
protein (DC-STAMP). Alternatively activated GMC are a wider family typical of sarcoidosis,
foreign body, parasite reactions, and chronic tuberculosis. Alternatively activated GMC
are mainly linked with a Th-2 type immune response (IL-4, IL-13 rich environment), but
sub-phenotypes responsive to IL-10 or IL-6 are also recognized. They typically express
fusogens as E-caderhin or a mannitol receptor (CD206) [17]. Recent work has shown that
macrophage polarization occurs in equine alveolar macrophages following the same pat-
terns described in human beings, with CD206 expression being significantly enhanced by
IL-4 stimulation [27]. The same work, however, failed to show a significant increase in
CD206 expression in asthmatic horses, either in remission or exacerbation of the disease,
compared to control horses. Another study reports that CD206 expression assessed by
flow cytometry was increased in alveolar macrophages of asthmatic horses during disease
exacerbation vs. remission of the disease, although values of asthmatic horses were not
different from controls [32]. Whether GMC formation was assessed and accounted for, was
not specified in both papers. The results observed are in line with previous studies showing

77



Animals 2022, 12, 1070

activation of different immune (T cell) responses in equine asthma cases [33], and highlight
the need to find clinically applicable markers of such equine asthma endotypes that can be
used together with BALF cell counts.

Quantification and interpretation of BALF cell counts, per se, remains challenging.
BALF cell counts are commonly expressed in percentage, as the absolute number is de-
pendent on many uncontrollable factors. This is especially relevant in equine medicine,
in which the BAL technique is only partly standardized and data exists in support of
significant effects on BALF cell counts induced by the volume of fluid instilled or by the
counting method used [22,23,32,34]. The same is true for GMC quantification, for which
only relative measures are available or commonly used [35]. In this perspective, an increase
in GMC:M ratio as the one we observed in SEA could be driven by an increased fusion
of macrophages or by a decreased number of alveolar macrophages. In turn, decreased
macrophage count might have been linked with increases in other cell types, given their
expression in relative units. The measuring unit we used did not permit the assessment
of a parallel increase in both singular alveolar macrophages and GMC. GMC:M ratio was
not associated with BALF macrophage percent count in our population, while significant
associations were observed with neutrophils and mastocytes. Among several cytokines
involved in neutrophil or mast cell recruitment, IL-4 is of particular interest as it has been
shown to play a role in SEA-associated neutrophilia [19], it induces mast cell proliferation
and survival through several pathways [36], and it is synthesized by mast cells [21]. The
negative relationship observed between mast cell counts and GMC:M ratio should be
interpreted cautiously, as a decrease in relative count might not reflect an absolute decrease,
but only a milder decrease compared to other cell populations. It is likely that a larger
number of macrophages, and/or neutrophils are recruited compared to mast cells following
an acute inflammatory event, even in the presence of a positive trend for all cell types.
Absolute counts of BALF inflammatory cells as well as the knowledge of the volumes of
saline-infused and recovered during the BAL procedure might help in the interpretation
of relative counts and should always be considered in the future. Lastly, we acknowledge
that most mastocytic MEA cases were from Turin. It is possible that the environment near
Turin is characterized by pollutants or natural antigens driving BALF mastocytosis and
GMC formation in the absence of disease in horses. This could have introduced a bias in
our results. However, data from Montreal and Turin were coherent concerning the mast
cell and GMC relationship observed. The only mastocytic MEA case in Montreal presented
with increased GMC compared to neutrophilic MEA cases from the same site.

Alveolar macrophage counts (expressed in percentage) appeared to be negatively
associated with age in our population, after appropriate adjustments, while no age-related
effect was observed on GMC. Alveolar macrophage counts reduction with aging is coherent
with immunosenescence, an age-associated deterioration in immunity characterized by a
diminished reaction toward host pathogens [37]. It is described also in human beings [38].
Previous studies failed to detect any age-related decrease in alveolar macrophages in
horses [37]. Further large-scale work is warranted to clarify this point. To the authors’
knowledge, whether GMC prevalence, phenotype or function is altered by age or by the
aging environment is an unexplored research field. Age is a recognized risk factor for
some GMC-mediated human diseases [39]. Age is also a well-recognized risk factor for
SEA [40]. In addition, whether macrophage recruitment and its fusion (GMC formation)
into the alveoli are driven by the same molecular pathways is largely undefined. Our
data suggest that, in equine asthma, the two processes are regulated differently, and the
assessment of these two cytological entities could provide complementary information
from a clinical perspective.

5. Conclusions

In conclusion, our data support a possible role of GMC in equine asthma that deserves
further attention. Their increased prevalence in SEA and their significant association with
mast cells and, to a lesser extent, neutrophil relative cell counts in BALF, suggest they
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play a regulatory role in disease. This is in line with recent evidence showing alveolar
macrophages, the precursors of GMC, as important orchestrators in equine asthma phys-
iopathology. It must be remembered, however, that our results were obtained using relative
ratios and this requires caution in data interpretation. Relative counts can indeed cause
independently under or over-sized effects.

Alveolar GMC might be increased in equine asthma in association with the increased
burden of inhaled dust, due to altered mucociliary clearance, decreased respiratory flow,
air trapping, or also other causes. A better knowledge of alveolar GMC prevalence, mor-
phology, etiology, and function in asthma might disclose pathological mechanisms still
undefined and deserves attention. Due to the high number of variables and biases that
should be considered for this aim, large-scale work is warranted to gain meaningful insights
and applicable results in the future.

Author Contributions: Conceptualization, M.B. and B.M.; investigation: I.B., G.I., G.M., B.R.; data cu-
ration, A.R., G.I., J.-P.L.; methodology: A.R., M.B.; project administration: M.B.; resources: J.-P.L., B.M.,
M.B.; formal analysis, M.B., A.R.; writing—original draft preparation, M.B., A.R.; writing—review
and editing, I.B., G.I., G.M., B.R., B.M.; supervision, M.B., B.M., J.-P.L. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The animal study protocol was approved by Ethics Com-
mittee of the Department of Veterinary Sciences, University of Turin (protocol code n. 711, date of
approval 17 March 2021). Montréal data were obtained from the Equine Respiratory Tissue Bank.

Informed Consent Statement: Written informed consent was obtained from the owners of the horses
included in the study.

Data Availability Statement: Not applicable. All data produced in the study are presented in
this article.

Acknowledgments: The authors would like to thank Laura Starvaggi Cucuzza and Sophie Manguy-
Seers for their precious help with laboratory procedures and Montréal case selection, respectively.
We would also like to thank the Quebec Respiratory Health Network (RHN) for providing financial
support to the Equine Respiratory Tissue Bank.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Couetil, L.L.; Cardwell, J.M.; Gerber, V.; Lavoie, J.P.; Leguillette, R.; Richard, E.A. Inflammatory airway disease of horses-revised
consensus statement. J. Vet. Intern. Med./Am. Coll. Vet. Intern. Med. 2016, 30, 503–515. [CrossRef]

2. Jean, D.; Vrins, A.; Beauchamp, G.; Lavoie, J.P. Evaluation of variations in bronchoalveolar lavage fluid in horses with recurrent
airway obstruction. Am. J. Vet. Res. 2011, 72, 838–842. [CrossRef]

3. Lavoie, J.P.; Maghni, K.; Desnoyers, M.; Taha, R.; Martin, J.G.; Hamid, Q.A. Neutrophilic airway inflammation in horses with
heaves is characterized by a th2-type cytokine profile. Am. J. Respir. Crit. Care Med. 2001, 164, 1410–1413. [CrossRef]

4. Klukowska-Rotzler, J.; Swinburne, J.E.; Drogemuller, C.; Dolf, G.; Janda, J.; Leeb, T.; Gerber, V. The interleukin 4 receptor gene
and its role in recurrent airway obstruction in swiss warmblood horses. Anim. Genet. 2012, 43, 450–453. [CrossRef]

5. Leclere, M.; Lavoie-Lamoureux, A.; Lavoie, J.P. Heaves, an asthma-like disease of horses. Respirology 2011, 16, 1027–1046. [CrossRef]
6. Jost, U.; Klukowska-Rotzler, J.; Dolf, G.; Swinburne, J.E.; Ramseyer, A.; Bugno, M.; Burger, D.; Blott, S.; Gerber, V. A region on

equine chromosome 13 is linked to recurrent airway obstruction in horses. Equine Vet. J. 2007, 39, 236–241. [CrossRef]
7. Pirie, R.S.; Collie, D.D.; Dixon, P.M.; McGorum, B.C. Evaluation of nebulised hay dust suspensions (hds) for the diagnosis and

investigation of heaves. 2: Effects of inhaled hds on control and heaves horses. Equine Vet. J. 2002, 34, 337–342. [CrossRef]
8. Pirie, R.S.; Collie, D.D.; Dixon, P.M.; McGorum, B.C. Inhaled endotoxin and organic dust particulates have synergistic proin-

flammatory effects in equine heaves (organic dust-induced asthma). Clin. Exp. Allergy J. Br. Soc. Allergy Clin. Immunol. 2003, 33,
676–683. [CrossRef]

9. Pirie, R.S.; Dixon, P.M.; Collie, D.D.; McGorum, B.C. Pulmonary and systemic effects of inhaled endotoxin in control and heaves
horses. Equine Vet. J. 2001, 33, 311–318. [CrossRef]

10. Pirie, R.S.; Dixon, P.M.; McGorum, B.C. Endotoxin contamination contributes to the pulmonary inflammatory and functional
response to aspergillus fumigatus extract inhalation in heaves horses. Clin. Exp. Allergy J. Br. Soc. Allergy Clin. Immunol. 2003, 33,
1289–1296. [CrossRef]

79



Animals 2022, 12, 1070

11. Costa, L.R.; Johnson, J.R.; Baur, M.E.; Beadle, R.E. Temporal clinical exacerbation of summer pasture-associated recurrent airway
obstruction and relationship with climate and aeroallergens in horses. Am. J. Vet. Res. 2006, 67, 1635–1642. [CrossRef]

12. Bullone, M.; Murcia, R.Y.; Lavoie, J.P. Environmental heat and airborne pollen concentration are associated with increased asthma
severity in horses. Equine Vet. J. 2016, 48, 479–484. [CrossRef]

13. McGorum, B.C.; Dixon, P.M.; Halliwell, R.E. Phenotypic analysis of peripheral blood and bronchoalveolar lavage fluid lympho-
cytes in control and chronic obstructive pulmonary disease affected horses, before and after ‘natural (hay and straw) challenges’.
Vet. Immunol. Immunopathol. 1993, 36, 207–222. [CrossRef]

14. Schmallenbach, K.H.; Rahman, I.; Sasse, H.H.; Dixon, P.M.; Halliwell, R.E.; McGorum, B.C.; Crameri, R.; Miller, H.R. Studies
on pulmonary and systemic aspergillus fumigatus-specific ige and igg antibodies in horses affected with chronic obstructive
pulmonary disease (copd). Vet. Immunol. Immunopathol. 1998, 66, 245–256. [CrossRef]

15. Christmann, U.; Buechner-Maxwell, V.A.; Witonsky, S.G.; Hite, R.D. Role of lung surfactant in respiratory disease: Current
knowledge in large animal medicine. J. Vet. Intern. Med./Am. Coll. Vet. Intern. Med. 2009, 23, 227–242. [CrossRef]

16. Gerber, V.; Robinson, N.E.; Luethi, S.; Marti, E.; Wampfler, B.; Straub, R. Airway inflammation and mucus in two age groups of
asymptomatic well-performing sport horses. Equine Vet. J. 2003, 35, 491–495. [CrossRef]

17. Brooks, P.J.; Glogauer, M.; McCulloch, C.A. An overview of the derivation and function of multinucleated giant cells and their
role in pathologic processes. Am. J. Pathol. 2019, 189, 1145–1158. [CrossRef]

18. Cordeau, M.E.; Joubert, P.; Dewachi, O.; Hamid, Q.; Lavoie, J.P. Il-4, il-5 and ifn-gamma mrna expression in pulmonary
lymphocytes in equine heaves. Vet. Immunol. Immunopathol. 2004, 97, 87–96. [CrossRef]

19. Lavoie-Lamoureux, A.; Moran, K.; Beauchamp, G.; Mauel, S.; Steinbach, F.; Lefebvre-Lavoie, J.; Martin, J.G.; Lavoie, J.P. Il-4
activates equine neutrophils and induces a mixed inflammatory cytokine expression profile with enhanced neutrophil chemotactic
mediator release ex vivo. Am. J. Physiology. Lung Cell. Mol. Physiol. 2010, 299, L472–L482. [CrossRef]

20. Moreno, J.L.; Mikhailenko, I.; Tondravi, M.M.; Keegan, A.D. Il-4 promotes the formation of multinucleated giant cells from
macrophage precursors by a stat6-dependent, homotypic mechanism: Contribution of e-cadherin. J. Leukoc. Biol. 2007, 82,
1542–1553. [CrossRef]

21. Caslin, H.L.; Kiwanuka, K.N.; Haque, T.T.; Taruselli, M.T.; MacKnight, H.P.; Paranjape, A.; Ryan, J.J. Controlling mast cell
activation and homeostasis: Work influenced by bill paul that continues today. Front. Immunol. 2018, 9, 868. [CrossRef] [PubMed]

22. Hoffman, A.M. Bronchoalveolar lavage: Sampling technique and guidelines for cytologic preparation and interpretation. Vet.
Clin. N. Am. Equine Pract. 2008, 24, 423–435. [CrossRef] [PubMed]

23. Fernandez, N.J.; Hecker, K.G.; Gilroy, C.V.; Warren, A.L.; Leguillette, R. Reliability of 400-cell and 5-field leukocyte differential
counts for equine bronchoalveolar lavage fluid. Vet. Clin. Pathol./Am. Soc. Vet. Clin. Pathol. 2013, 42, 92–98. [CrossRef] [PubMed]

24. Karagianni, A.E.; Lisowski, Z.M.; Hume, D.A.; Scott Pirie, R. The equine mononuclear phagocyte system: The relevance of the
horse as a model for understanding human innate immunity. Equine Vet. J. 2021, 53, 231–249. [CrossRef]

25. Kern, I.; Kecelj, P.; Kosnik, M.; Mermolja, M. Multinucleated giant cells in bronchoalveolar lavage. Acta Cytol. 2003, 47,
426–430. [CrossRef]

26. Lemaire, I.; Yang, H.; Lauzon, W.; Gendron, N. M-csf and gm-csf promote alveolar macrophage differentiation into multinucleated
giant cells with distinct phenotypes. J. Leukoc. Biol. 1996, 60, 509–518. [CrossRef]

27. Wilson, M.E.; McCandless, E.E.; Olszewski, M.A.; Robinson, N.E. Alveolar macrophage phenotypes in severe equine asthma. Vet.
J. 2020, 256, 105436. [CrossRef]

28. Bullone, M.; Joubert, P.; Gagne, A.; Lavoie, J.P.; Helie, P. Bronchoalveolar lavage fluid neutrophilia is associated with the severity
of pulmonary lesions during equine asthma exacerbations. Equine Vet. J. 2018, 50, 609–615. [CrossRef]

29. Wenzel, S.E.; Vitari, C.A.; Shende, M.; Strollo, D.C.; Larkin, A.; Yousem, S.A. Asthmatic granulomatosis: A novel disease with
asthmatic and granulomatous features. Am. J. Respir. Crit. Care Med. 2012, 186, 501–507. [CrossRef]

30. Umezawa, H.; Naito, Y.; Ogasawara, T.; Takeuchi, T.; Kasamatsu, N.; Hashizume, I. Idiopathic bronchocentric granulomatosis in
an asthmatic adolescent. Respir. Med. Case Rep. 2015, 16, 134–136. [CrossRef]

31. Leclere, M.; Lavoie-Lamoureux, A.; Gelinas-Lymburner, E.; David, F.; Martin, J.G.; Lavoie, J.P. Effect of antigenic exposure
on airway smooth muscle remodeling in an equine model of chronic asthma. Am. J. Respir. Cell Mol. Biol. 2011, 45, 181–187.
[CrossRef] [PubMed]

32. Kang, H.; Bienzle, D.; Lee, G.K.C.; Piche, E.; Viel, L.; Odemuyiwa, S.O.; Beeler-Marfisi, J. Flow cytometric analysis of
equine bronchoalveolar lavage fluid cells in horses with and without severe equine asthma. Vet. Pathol. 2022, 59, 91–99.
[CrossRef] [PubMed]

33. Bullone, M.; Lavoie, J.P. Asthma “of horses and men”-how can equine heaves help us better understand human asthma
immunopathology and its functional consequences? Mol. Immunol. 2015, 66, 97–105. [CrossRef] [PubMed]

34. Leclere, M.; Desnoyers, M.; Beauchamp, G.; Lavoie, J.P. Comparison of four staining methods for detection of mast cells in equine
bronchoalveolar lavage fluid. J. Vet. Intern. Med./Am. Coll. Vet. Intern. Med. 2006, 20, 377–381. [CrossRef]

35. Trout, K.L.; Holian, A. Macrophage fusion caused by particle instillation. Curr. Res. Toxicol. 2020, 1, 42–47. [CrossRef] [PubMed]
36. McLeod, J.J.; Baker, B.; Ryan, J.J. Mast cell production and response to il-4 and il-13. Cytokine 2015, 75, 57–61. [CrossRef]
37. Hansen, S.; Baptiste, K.E.; Fjeldborg, J.; Horohov, D.W. A review of the equine age-related changes in the immune system: Comparisons

between human and equine aging, with focus on lung-specific immune-aging. Ageing Res. Rev. 2015, 20, 11–23. [CrossRef]

80



Animals 2022, 12, 1070

38. Zissel, G.; Schlaak, M.; Muller-Quernheim, J. Age-related decrease in accessory cell function of human alveolar macrophages. J.
Investig. Med. Off. Publ. Am. Fed. Clin. Res. 1999, 47, 51–56.

39. Mohan, S.V.; Liao, Y.J.; Kim, J.W.; Goronzy, J.J.; Weyand, C.M. Giant cell arteritis: Immune and vascular aging as disease risk
factors. Arthritis Res. Ther. 2011, 13, 231. [CrossRef]

40. Couetil, L.L.; Ward, M.P. Analysis of risk factors for recurrent airway obstruction in north american horses: 1,444 cases (1990–1999).
J. Am. Vet. Med. Assoc. 2003, 223, 1645–1650. [CrossRef]

81





Citation: Simões, J.; Batista, M.; Tilley,

P. The Immune Mechanisms of

Severe Equine Asthma—Current

Understanding and What Is Missing.

Animals 2022, 12, 744. https://

doi.org/10.3390/ani12060744

Academic Editors: Francesco Ferrucci,

Chiara Maria Lo Feudo and

Luca Stucchi

Received: 7 January 2022

Accepted: 14 March 2022

Published: 16 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

animals

Review

The Immune Mechanisms of Severe Equine Asthma—Current
Understanding and What Is Missing

Joana Simões 1,2,3,*, Mariana Batista 1,2,4 and Paula Tilley 1,2

1 CIISA-Centre for Interdisciplinary Research in Animal Health, Faculty of Veterinary Medicine,
University of Lisbon, 1300-477 Lisbon, Portugal; marianabatista@fmv.ulisboa.pt (M.B.);
paulatilley@fmv.ulisboa.pt (P.T.)

2 Associate Laboratory for Animal and Veterinary Sciences (AL4Animals), Faculty of Veterinary Medicine,
University of Lisbon, 1300-477 Lisbon, Portugal

3 Equine Health and Welfare Academic Division, Faculty of Veterinary Medicine, Lusófona University,
Campo Grande 376, 1749-024 Lisbon, Portugal

4 Basic Sciences Academic Division, Faculty of Veterinary Medicine, Lusófona University, Campo Grande 376,
1749-024 Lisbon, Portugal

* Correspondence: joana.simoes@ulusofona.pt

Simple Summary: Severe equine asthma (sEA) is a highly prevalent respiratory disease affecting
adult horses. Affected horses present with cough, nasal discharge and increased respiratory effort
at rest. Although a complex diversity of genetic and immunological pathways contribute to the
disease, these remain to be fully understood. Several studies have reported the role of inflammatory
mediators and of some cells found in sEA airway inflammation. However, the reported results
revealed some inconsistencies between studies. A better understanding of sEA’s genetics and detailed
immunology is fundamental in order to characterize the underlying mechanisms involved in the
disease’s occurrence and to establish an adequate therapy and a precise prognosis. This review
examines some literature findings on the genetic and immunology of sEA and discusses further
research areas.

Abstract: Severe equine asthma is a chronic respiratory disease of adult horses, occurring when
genetically susceptible individuals are exposed to environmental aeroallergens. This results in airway
inflammation, mucus accumulation and bronchial constriction. Although several studies aimed at
evaluating the genetic and immune pathways associated with the disease, the results reported are
inconsistent. Furthermore, the complexity and heterogeneity of this disease bears great similarity to
what is described for human asthma. Currently available studies identified two chromosome regions
(ECA13 and ECA15) and several genes associated with the disease. The inflammatory response
appears to be mediated by T helper cells (Th1, Th2, Th17) and neutrophilic inflammation significantly
contributes to the persistence of airway inflammatory status. This review evaluates the reported
findings pertaining to the genetical and immunological background of severe equine asthma and
reflects on their implications in the pathophysiology of the disease whilst discussing further areas of
research interest aiming at advancing treatment and prognosis of affected individuals.

Keywords: severe equine asthma; immunology; genetic; neutrophils; horse

1. Introduction

Severe equine asthma (sEA) is a naturally occurring chronic respiratory disease [1],
affecting up to 20% of adult horses in the Northern hemisphere [2]. Disease develops upon
exposure of genetically susceptible individuals to environments with high concentrations
of airborne respirable particles, capable of inducing airway inflammation [3]. A vast array
of antigens have been implicated in the etiology of sEA and it is thought that airway inflam-
mation results from the synergistic effect of multiple allergens [4], to which individuals are

Animals 2022, 12, 744. https://doi.org/10.3390/ani12060744 https://www.mdpi.com/journal/animals
83



Animals 2022, 12, 744

susceptible in unique ways. This disease has been mostly associated with hay feeding and
stabling, being termed as stable-associated sEA, but summer pasture-associated sEA also
occurs [1,5,6]. Fungal spores, bacterial endotoxins, forage and storage mites, microbial tox-
ins, peptidoglycans, proteases, pollen and plant debris, as well as inorganic particles trigger
clinical signs of disease [5–10]. Several fungi (>50 species), especially Aspergillus fumigatus,
have been widely recognised as significant risk factors for sEA [11–13]. Recent research by
White and colleagues has uncovered the potential role of novel allergens including new
species of fungi, mites, pollen, and arthropods, but also that of latex proteins [5], which
hadn’t yet been clearly associated with the disease.

During disease exacerbation affected horses develop cough, nasal discharge and
increased respiratory effort at rest [1,14,15], due to neutrophil recruitment, mucus plugging,
bronchospasm and airway remodeling [16,17].

Severely asthmatic horses are usually managed through antigen avoidance and the use
of corticosteroids and bronchodilators to reduce airway inflammation, bronchoconstriction
and improve lung function [18]. However, some horses are unresponsive to corticosteroid
treatment posing a challenge to clinicians. Thus, the identification of causal antigens and
the development of antigen screening tests is fundamental and will enable a personalized
treatment approach using specific immunotherapy [5,19].

Disease diagnosis is mostly based on history, clinical signs, and bronchoalveolar lavage
fluid (BALF) differential cytology. Although lung function testing can accurately detect
sEA, such equipment is unavailable to most field practitioners [1,14,20]. The genetic and
immunological mechanisms associated with this disease are complex and heterogenous,
implicating the activation of different inflammatory pathways [21–23]. Currently there is a
need to better characterize the immune events leading to the occurrence and persistence of
airway inflammation as this will help clinicians in determining the best treatment approach
and in providing an accurate prognosis. Moreover, the development of novel ancillary
diagnostic tests and therapeutic targets are required for early diagnosis of sEA and total
resolution of airway inflammation in refractory cases.

Because sEA shares many similarities to its human counterpart, the horse is considered
a good model for the study of the non-allergic and late on-set asthma phenotypes, since
disease occurs naturally and sample collection can be easily performed [24]. Thus, further
contributions to the disease’s characterization will benefit both horses and humans alike.

In the present systematic review, the intention was to combine the data published
over the last twenty years on the immune mechanisms which have been identified, de-
scribed, and associated with sEA, in order to help researchers and clinicians to better
understand this highly prevalent respiratory disease. We must recognize the limitations
of this systematic review, as it does not reanalyze available data as a metanalysis would.
Nevertheless, we believe that, by assembling the existing information, we can contribute to
the identification of knowledge gaps to address in future scientific discussions and research
projects, hopefully leading to further enlightening of the immune mechanisms of sEA.

2. Genetic Background

Although sEA’s heritability has been shown in several horse breeds, and a familial
aggregation has long been ascertain, external factors, such as environment, increase the
likelihood of expressing the disease [3,21,22].

The chromosome region ECA13 has been associated with sEA in one family of Swiss
Warmbloods, while region ECA15 has been implicated in a different family of the same
breed. The inheritance mode differed between both families, being autosomal recessive in
the first family and autosomal dominant in the second [25]. Additionally, in the first family
of horses the Interleukin 4 receptor (IL-4R) gene and its neighboring regions in ECA13
appeared to contribute to disease in some individuals [26–28]. In humans, polymorphic
differences in the Interleukin 4 receptor α chain (IL4Rα) gene play an important role in the
development of asthma, since they induce the isotopic switch to immunoglobulin E (IgE)
and the differentiation of T-helper type 2 (Th2) lymphocytes [29,30].
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Racine and colleagues described an interaction between IL-4R and products of the SOCS5
gene, which may influence the molecular cascades involving nuclear factor (NF)-κB [31]. The
gene coding for SOCS5 is located in the ECA15 chromosome region, and it is predominantly
expressed by Th1 cells while further inhibiting Th2 differentiation. The inhibitory effect of
SOCS5 on IL-4 signaling contributes to the non-Th2 cytokine profile observed in human
non-allergic asthma [32], and may explain further similarities between both species.

In a genome wide association study (GWAS), the gene responsible for the TXNDC11
protein, also located in the ECA13 region, has been linked to sEA [33]. In humans, TXNDC11
controls the production of hydrogen peroxide in the respiratory epithelium [34], as well
as the expression of MUC5AC mucin, which has been shown to play a significant role on
airway hyperreactivity in mice [35]. In sEA-affected horses MUC5AC is upregulated, thus
contributing to the mucus plugging observed in the disease [36].

The analysis of genomic copy number variants did not reveal any relevant variant
regions which could be associated with the sEA, although a copy number loss was reported
on chromosome 5 involving the gene NME7 [37]. The expression of this gene is necessary for
ciliary function in the lungs and may be involved in sEA, since in knockout mice it induces
primary ciliary dyskinesia [38]. Also, using RNA sequencing technique, a single point
substitution was detected in the PACRG and RTTN genes in asthmatic horses, predictively
altering their proteins, which are related to ciliary function [39].

In a gene set enrichment analysis of the bronchial epithelium after hay dust exposure,
asthmatic horses presented upregulated genes of the E2F transcription factor family, which
contribute to cell cycle regulation. Thus, asthmatic horses may suffer from impaired
bronchial epithelial regeneration associated to subepithelial remodeling [40].

These recent studies have shown that the respiratory epithelium contributes to the
immunological response observed in severely asthmatic horses.

Furthermore, an analysis of expression quantitative trait loci (eQTLs) allied with
GWAS did not find a significant association between observed genetic variants and sEA,
except for a disease-genetic variant in CLEC16A gene, which regulates gene expression of
dexamethasone-induced protein (DEXI) [41]. This is of special importance in comparative
pathology, as DEXI has also been reported in human asthma [42], although in horses it
appears to not be a reliable indicator of sEA [41].

The identification and differential expression analysis of microRNAs (miRNAs) present
in the serum of sEA-affected horses, showed a downregulation of miR-128 and miR-
744. These findings suggest that a Th2/Th17 immunological response may characterize
sEA [10,43].

Additionally, a recent work on Polish Konik horses aimed to detect the effects of
inbreeding on sEA, however no effects were observed at the individual level [44].

Although most of these findings relate to certain families of Swiss Warmblood horses,
they illustrate the complex genetic heterogeneity of sEA, which most likely results from
the interaction of different genes. However, the use of such specific horse families and the
likelihood of high variety of genetic background mechanisms contributing to the disease
limits the application of these findings to the general equine population.

3. Immunological Phenotypes and Endotypes

Phenotype is the term used to describe the observable clinical characteristic of a
disease, whereas endotype, a subclass of phenotype, refers to its molecular and genetic
mechanism or treatment response [45].

As stated in the 2016 consensus, equine asthma (EA) is currently defined by two
major phenotypes, which differ according to disease onset, clinical presentation and its
severity—mild/moderate EA (mEA) and the already described sEA, which is the focus of
this review [1]. However, phenotypes are insufficient when deciding upon the appropriate
therapeutic management or determining the prognosis, which mainly depend on the
immunological mechanisms of the disease.
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Human asthma is usually considered to be a type 1 hypersensitivity, due to increased
levels of IgE associated with a Th2 response, resulting in the recruitment of eosinophils
into the airways [46]. However, an endotype which does not appear to be associated
to a Th2 response has also been identified. As such, human asthma is divided into two
major endotypes according to cytokine profile: Th2 and non-Th2 type asthma [47]. The
Th2 type asthma is considered an allergic phenotype with the aforementioned eosinophil
involvement and because its cytokine profile has been thoroughly described, several
biomarkers are available for characterizing the disease and will be addressed bellow.

However, sEA is typically characterized by a neutrophilic response [1,48], and appears
to not have the typical presentation of a type 1 hypersensitivity [49]. Although a Th2
cytokine profile has been described in sEA-affected horses, these animals do not display
an early phase response [50,51]. However, a late phase response leading to neutrophilic
bronchiolitis, associated with an increase in CD4+ T cells in the bronchoalveolar lavage
fluid (BALF), has been described [50,52,53]. These features have led to the hypothesis that a
type 3 hypersensitivity response, resulting in antibody-antigen complexes and activation of
complement cascade, were involved in the disease’s immunology [54]. However, because
sEA does not possess most of the features described in type 3 hypersensitivities, it is
unlikely that this type of response accounts for the main immunological features of the
disease [55].

Still the precise cytokine profile of sEA remains unclear, with a multitude of reports
pointing to either a Th1, a Th2, a Th17 or a mixed mediated response. Table 1 illustrates the
cytokines reported in sEA-affected horses.

Table 1. Cytokines reported in sEA-affected horses according to T helper subtype [10,43,49,52,56–62].

Th2 Th17 Th1/Th2 Th1/Th17 Th2/Th17 Undefined

↑ IL-4 1(r) ↑ CXCL13 2(r) ↑ IL-4 1(r) ↑ IL-1β1(r) ↓ miR-197 2(r) ↓ IFN-γ 1(r)

↑ IL-5 1(r) ↑ IFN-γ 1(r) ↑ IL-8
1(r); 3(r); 3(p) ↑ miR-744 2(r) ↓ IL-4 1(r)

↓ IFN-γ 1(r) ↑ IFN-γ 1(r) ↓ miR-26a 4(r) ↓ IL-5 1(r)

↑ TNF-α 1(r) ↑ miR-31 4(r) ↓ IL-13 1(r)

↑ IL-17 1(r) ↓ TNF-α 4(r)

↑ IL-4R 4(r)

1—BALF recovered cells; 2—Peripheral blood; 3—bronchial epithelial biopsy; 4—Lung tissue (post-mortem).
r—RNA detected; p—protein detected. ↑—increased expression; ↓—decreased expression. IL—interleukin;
IL-4R—interleukin 4 receptor; IFN-γ—gamma-interferon; TNF-α—tumor necrosis factor-α; miR—microRNA.

Using immunohistochemistry and in situ hybridization, the expression of IL-4 and
IL-5 was observed in the BALF lymphocytes of sEA-affected horses [49,53]. However,
the Th2 cytokine profile of these animals was accompanied by airway neutrophilia, but
not eosinophilia.

Other authors have reported an increased expression of IL-1β, IL-8, gamma-interferon
(IFN-γ), tumor necrosis factor (TNF)-α, and IL-17, mainly suggesting a Th1 and/or Th17
mixed mediated response [59–61].

Gene expression analysis of BALF cells and bronchial epithelium of severely asthmatic
horses, using reverse transcription polymerase chain reaction (RT-PCR), revealed that the
expression of IL-1β, IL-8, NF-κB and toll-like receptor (TLR)4 was upregulated in these
animals. Furthermore, authors reported that these findings correlated with the neutrophil
percentage detected in the BALF [59].

Ainsworth and colleagues reported that during remission severely asthmatic horses
exhibited an increased expression of IL-13 and despite BALF neutrophilia no differences
in cytokine expression were observed 24 h after environmental challenge. However, after
5 weeks of chronic exposure to aeroallergens asthmatic horses presented increased IFN-γ
and IL-8 gene expression [60].

After antigen challenge, the BALF cells of sEA-affected horses showed elevated gene
expression of IL-17, IL-8 and TLR4. Gene expression of IL-8 was also increased in the

86



Animals 2022, 12, 744

bronchial epithelium, and using immunohistochemistry was tracked to the ciliated ep-
ithelium of affected horses. Additionally, stimulated peripheral blood neutrophils of
asthmatic horses incubated with lipopolysaccharide (LPS) and formyl-methionyl-leucine
phenylalanine (fMLP), two potent pro-inflammatory agents associated with sEA, revealed
upregulated gene expression of IL-17 and TLR4 [61].

The presence of a mixed Th1/Th2 cytokine profile, involving mediators such as
IL-4 and IFN-γ, has also been reported [57,58]. Disease exacerbation, post-antigen chal-
lenge, was also accompanied by elevated expression of IL-1β, TNF-α, IL-8 and IFN-γ, and
treatment with fluticasone decreased mRNA expression of TNF-α [57]. Similarly, horses
diagnosed with summer pasture-associated sEA developed disease exacerbation during
the summer months, with increased expression of IL-13 and IFN-γ by BALF lymphocytes
and CD4+ lymphocytes from peripheral blood. Furthermore, during disease remission, in
the winter, these animals exhibited increased IL-4 mRNA expression [58].

The possibility of a mixed Th2/Th17 response has also been postulated [43], associated
with a dysregulated Th17 cell differentiation pathway [62]. Eleven differentially expressed
miRNAs (DEmiRs) were reported in the serum of asthmatic horses, compared to healthy
individuals. Also, a shift towards the maturation of Th2 cells was proposed, supported by
decreased levels of miR-128, which in association with decreased miR-197 and increased
levels of miR-744 affects the maturation of Th cells towards a Th17 profile [43].

The analysis of the miRNAs and mRNA found in the lung tissue of sEA-affected
horses supports the hypothesis of a Th17 mediated response, but also of a Th2 immune
response [62]. Additionally, the upregulated miRNAs miR-142-3p and miR-223 found
in asthmatic horses are also associated with severe neutrophilic asthma in humans, and
with increased expression of IL-1β, IL-6 and IL-8 [63] cytokines, some of which have been
associated with sEA [57,59].

Contrarily, Kleiber and colleagues reported neither a specific Th1 nor a Th2 specific
response, but a downregulation of expressed cytokines (IL-4, IL-5, IL-13 and IFN-γ) in the
CD4 and CD8 populations of the peripheral blood and BALF of sEA-affected horses [56],
which could implicate the involvement of other pathways in the disease.

Thus, the reported results may reflect the heterogeneity of the cytokine profile in-
volved in sEA and may imply the existence of different disease endotypes. However
the interpretation of these results must necessarily take into consideration the described
methodologies of the above-mentioned studies. For example, cytokine expression was
investigated using distinct samples, namely BALF, bronchial and lung tissue, as well as
peripheral blood. As such, results may not only reflect the inflammatory response of the
examined cells, but also differences between local and systemic inflammatory responses.

With the development of transcriptomics, novel techniques for assessing the existence
and relative prevalence of several RNA species have been introduced to the scientific
community. This is portrayed in the reported methodologies of the aforementioned studies,
where recent experiments sequence mRNA and miRNA, contrasting with the less com-
prehensive/detailed methods, such as traditional targeted immunohistochemistry, in situ
hybridization and RT-PCR.

Additionally, the experimental design of most studies involved the exacerbation of the
disease by exposing the asthmatic horse to an intense pro-inflammatory environment, using
hay dust and/or by stabling the affected horses. It cannot be excluded that the experimental
induction of airway inflammation may interfere to some extent with the expressed cytokine
profile, especially considering individual susceptibilities to specific allergens. Therefore,
this factor also needs to be taken into account when interpreting reported results.

As in human asthma, it is highly likely that sEA possesses multiple endotypes, and con-
sidering the neutrophil recruitment observed in affected horses, a Th17 mediated response
is probably part of the inflammatory pathways involved in this disease. Nevertheless, more
encompassing studies involving genomics, transcriptomics and proteomics are required to
better define the cytokine profile of sEA and to determine therapeutic targets in affected
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horses, and although further confirmation is required, the reported DEmiRs may constitute
novel therapeutic targets for sEA.

Severely asthmatic horses may also present an altered response to allergens, since ex
vivo and in vivo hay dust stimulation revealed upregulation of several genes participating
in the inflammation [10,64]. Pacholewska and colleagues reported an increased expression
of CXCL13 chemokine [10] which may indicate a Th17 mediated response [65], but no
evidence of a Th1 nor a Th2 response was found. Additionally, in a murine model of
allergic airway inflammation increased expression of CXCL13 has been reported and its
neutralization reduced allergic inflammation by decreasing lymphocytes, eosinophils,
as well as the recruitment of CXCR5-bearing cells [66]. Accordingly, in humans, IL-17
expression has been associated with severe neutrophilic asthma and in horses this cytokine
is responsible for the activation and persistence of neutrophils in the airways. Also, IL-17
was shown to be associated with reduced response to corticosteroids, with post-treatment
persistence of IL-8 [67,68].

The described heterogeneity also occurs in human asthma, where one could con-
sider the existence of three distinct phenotypes: allergic asthma, non-allergic asthma and
late-onset asthma [22]. These phenotypes may also be applicable when describing sEA.
In this sense the allergic asthma phenotype would be characterized by a Th2 mediated
response and usually associated with other allergic diseases. In general, horses affected
with sEA may also suffer from other allergic diseases such as insect bite hypersensitivity or
atopy [69,70]. Interestingly, Lo Feudo and colleagues have reported the presence of a type 1
hypersensitivity in sEA-affected horses in response to intradermal allergen test, which may
further support the hypothesis of an allergic phenotype [71]. Additionally, the use of skin
prick tests has previously been used to identify allergic sensitization in severely asthmatic
horses [19]. Similarly, evidence of a type 1 hypersensitivity to different allergens has also
been described in severely asthmatic horses using allergen inhalation [72].

The non-allergic phenotype in humans is usually associated with the presence of
neutrophils in the airways, a hallmark of sEA. This phenotype also reflects the involvement
of a Th1 and of a Th17 response [62], which has also been described as contributing to the
immune response in asthmatic horses.

Finally, the late-onset asthma is age-associated and also occurs in sEA where affected
individuals are mature adults [2,73]. This age association is thought to be the consequence
of immunosenescence and inflammaging, which describe the immune and inflamma-
tory modifications observed in geriatric patients [74–76], a subject extensively revised by
Bullone et al. [75]. Immunosenescence is essentially a disfunction of the immune system. In
horses it is usually characterized by a dysregulation of adaptative immunity associated with
a lower proliferative response of T lymphocytes [77], and a decrease in mean percentage of
regulatory T cells [78].

On the other hand, the term inflammaging defines the chronic inflammatory state
observed in older individuals accompanied by an increased expression of inflammatory
cytokines [74]. A correlation between age and IL-6 has also been described in healthy
geriatric horses [79]. Also, compared to young adults, geriatric horses with colitis had
higher levels of IL-6 and TNF-α [80]. It has also been described that older horses exhibit
increased expression of IL-1β, IL-15, IL-18, IFN-γ and TNF-α mRNA [77,81,82]. These
studies confirm that inflammaging and immunosenescence occur in geriatric horses both
systemically and locally [74], and are most likely involved in the immunology of sEA,
although further research is needed to clarify the age-associated changes and how they
affect airway inflammatory response.

The reported differences in the immunological pathways contributing to sEA illus-
trate the complexity of this disease and suggest the existence of several endotypes, which
converge into the same clinical phenotype. One must also consider that the method-
ological differences of the above mentioned studies, such as time of sample collection,
natural vs. stimulated inflammatory response and duration of the disease, may have con-
tributed to the reported variations. It is therefore fundamental that holistic studies, encom-
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passing more exhaustive and complementary approaches, and preferably large multi-center
studies can be performed to unravel sEA’s different immunological responses.

4. The Epithelium

The bronchial epithelium is a complex tissue composed of a single layer of ciliated
columnar or cuboidal cells that intercalate with secretory cells, namely club and goblet
cells [83]. These epithelial cells act as a protective barrier against foreign particles and mi-
crobes, while the mucus secreted by both epithelial secretory cells and submucosal glands,
comprising a mixture of ions, proteins, lipids and large amounts of mucin glycoproteins,
namely MUC5AC [36], actively contribute to this protection [84]. The relative amount of
the cells that constitute this tissue is also dynamic. One example of this plasticity is the fact
that the relative number of secretory cells is known to be increased in asthmatic horses in
exacerbation phases when compared to controls [85]. Also, the composition of the produced
mucus is disrupted in inflammatory conditions, such as sEA, and it is known that asthmatic
horses, whether or not in exacerbation, have significantly decreased Salivary Scavenger
and Agglutinin (SALSA) production, thus impairing innate antibacterial abilities [86].

Also present are a number of immunologically active cells, such as neutrophils,
macrophages and lymphocytes. The relative number of these immune cells also varies
according to inflammation status and it is known that mononuclear leukocytes [87], and
mast cells [88] are increased in asthmatic patients. Airway epithelial cells are supported by
a loose connective tissue [83], which is also involved in immune response and in reactive
airway remodeling. In fact, recent studies have determined that the interactions between
fibroblasts and the epithelium can influence airway remodeling [89].

A wide array of studies have found that the protective role of the respiratory epithe-
lium is not exclusively mechanic, as these cells are capable of responding to offensive
stimuli by secreting immunomodulatory molecules, such as chemokines, cytokines, and
host defense molecules, including acute phase proteins and complement proteins [90], that
regulate respiratory innate immune response. As such, studies have found that healthy
bronchiolar epithelium transcribes genes of all TLR [90], and that TLR3 is not only the most
transcribed TLR in equine bronchial epithelial cells [91], but is also particularly active in
response to stimulation [90,91].

Unsurprisingly, several studies have found that the epithelium of asthmatic horses
responds differently to offensive stimuli than that of healthy horses. In a transcriptome
analysis of endoscopically obtained biopsies, Tessier et al. found many differentially
expressed genes, among which were the neutrophil chemotaxis (GO:0030593) gene set
which was overrepresented in asthmatic derived samples and can explain the observed
marked airway neutrophilia [64]. This study also identified the increase in MMP-1, MMP-9,
TLR4 and IL-8 transcription as a central player in the inflammation process observed
in asthmatic horses. Another relevant epithelial produced chemokine, likely involved in
asthma pathophysiology and uncovered by in vitro hay dust exposure assays, is CXCL2 [92].
CXCL2 is related to IL-8 and shares its ability to potentiate early airway neutrophilia.

Interestingly, the differences found between the airway epithelium of asthmatic and
healthy horses can account for more than the pathophysiological development of the
condition, impacting also its treatment. RNA-seq analysis found a decreased expression
of the rhythmic process (GO:0048511) gene set in asthmatic horses, namely CIART, which
could disrupt the natural glucocorticoid response and promote treatment resistance [64].

As the first barrier against foreign respirable particles and microbes, the airway ep-
ithelium plays an essential role in the defense of the lung and is an integral part of the
regulatory mechanisms that drive lung inflammatory processes. The continuation of the
study of this tissue’s immunomodulatory properties and ways in which they can be im-
paired in sEA will undoubtably contribute to advance our knowledge of this pathology
and find better and more efficient treatment approaches.
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5. Alveolar Macrophages

Alveolar macrophages (AMs) are the most common immune cells found in the lungs
of healthy horses. By releasing cytokines and chemokines, such as IL-8, CXCL2 (also
known as macrophage inflammatory protein-2), and TNF-α, AMs act as first respondents
in the host’s defense [57,93–96]. Therefore, it is likely that these cells contribute to the
pathomechanisms of sEA.

Macrophages present different characteristics depending on the tissue where they are
located [97]. Compared to peritoneal macrophages (PMs), AMs appear to possess increased
responsiveness and phagocytic capacity [98]. When exposed to LPS, an important antigen
implicated in sEA, AMs presented upregulation of the MyD88 and TRIF pathways [98],
further highlighting the importance of these cells in the innate immune response. In
comparison, only the MyD88 pathway was upregulated in PMs [98], further illustrating
the differentiated role of AMs.

Depending on local microenvironment, macrophages can modify their phenotype [99,100].
The pro-inflammatory phenotype (M1) is induced by pathogen-associated molecular pat-
terns (PAMPS) and IFN-γ [100], while the anti-inflammatory (M2) phenotype is related to
wound healing and tissue repair, thus playing an important role in controlling neutrophilic
inflammation through efferocytosis [101,102]. The cytokines IL-4 and IL-13 have been
reported as modulators of the latter phenotype [103,104].

However, sEA-affected horses may lack this dynamic modulation. A recent study
found that asthmatic horses at pasture had an increased expression of IL-10 in comparison
to healthy controls. The authors also reported a simultaneous increased expression of IL-10
(M1 phenotype) and CD206 (M2 phenotype), suggesting the presence of a non-canonical
phenotype. Furthermore, AMs maintained their responsiveness to LPS and expressed an
increase in IL-8, even in the presence of IL-10, known as an inhibitor of LPS response. As
such, an impaired response to IL-10 may contribute to sEA’s pathogenesis [105]. Addition-
ally, the AMs of sEA-affected horses exposed to moldy hay presented not only increased
expression of CD206 markers, but also of CD163 markers [106], further reenforcing the
anti-inflammatory profile of these cells.

AMs may also contribute to the dysregulation of apoptosis described in sEA [105,107].
Apoptosis is a physiological mechanism for programed cell death and thus fundamental
for inflammatory control. In asthmatic horses a delay in the apoptosis of BALF neutrophils
has been reported [107–109]. Furthermore, Niedzwiedz and colleagues also described an
increase in the early apoptotic rate of the BALF AMs [109].

Current knowledge on the role of macrophages is quite limited, and advances in
genomic and transcriptomic analysis may help to enlighten how these cells contribute
to the disease. In particular we need to understand if these cells are in fact the main
agent responsible for the neutrophil recruitment and understand how they influence
the inflammatory pathways associated with equine asthma. One must also consider
that the M1/M2 phenotype nomenclature of macrophages is a rather simplistic concept,
since it categorizes the activity of these cells into two extreme opposites—pro and anti-
inflammatory. This concept is mostly based on in vitro studies (i.e., stimulation with LPS)
and fails to take into consideration the local microenvironment found in vivo. Furthermore,
studies have shown that macrophages can simultaneously exhibit characteristics of both
phenotypes [97,110], urging the creation of a new nomenclature based on their ontogeny
which more clearly encompasses the recent findings on this subject.

AMs derive from embryonic precursors and blood monocytes, which migrate to the
lung and differentiate into AMs. A recent work by Evren and colleagues describes the
pathways involved in this differentiation and further defines populations of AMs based
on surface cell proteins, using a humanized mouse model [111]. However, compared
to humans and mice, knowledge about the precise origin of equine AMs is still vague
and several conclusions are extrapolated from in vitro and in vivo studies conducted in
other species.
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By expressing a non-canonical phenotype associated with an altered apoptotic rate,
AMs may contribute to the persistence of airway inflammation. Nonetheless, a better
characterization of the equine lung macrophage population is fundamental to understand
how these cells influence the inflammatory response in EA.

6. The Role of Neutrophils

Neutrophil recruitment, and consequent airway infiltration, is a hallmark of sEA [48,112]
and has been extensively discussed in the literature [113,114]. Neutrophils contribute to
the innate immune response through the phagocytosis of pathogens and the production
of cytokines, chemokines and proteases, as well as reactive oxygen species (ROS) and
neutrophil extracellular traps (NETs) [115,116]. Their apoptosis serves as a mechanism of
controlling the action of these cells and limiting secondary tissue damage [117].

The airway neutrophilia observed in sEA and in human severe neutrophilic asthma
is typically not associated with a septic inflammation. The exposure to aeroallergens and
irritants results in the activation of pattern recognition receptors, namely TLR2, TLR4
and NOD2 [118,119], which interact with adaptor protein MyD88 and result in a conse-
quent increase of cytokines and chemokines, such as IL-17, IL-8, CXCL2 and CXCL10,
promoting the migration of neutrophils into the airways [120–123]. Although several
studies have reported an increased expression of IL-8 in asthmatic horses during dis-
ease exacerbation [57,60,124,125], the IL-17 cytokine, whose role is further upstream in
the cytokine cascade, appears to play a more significant role in neutrophil recruitment
contributing to the chronicity of sEA [61,67,125,126]. IL-17 stimulates the production of
CXCL1, CXCL2 [127–129], IL-8 and granulocyte macrophage-colony stimulating factor
(GM-CSF) [127,130] and decreases neutrophil apoptosis [68].

Additionally, the increased expression of TLR4 mRNA in asthmatic horses after antigen
challenge [61] correlates with IL-8 mRNA expression [131] and may further contribute to
neutrophil inflammation.

NETosis is one of the mechanisms employed by neutrophils to impair infectious
agents [132]. NETs are composed by nuclear DNA associated with nuclear and granule
proteins and enzymes [133–135]. However, they are also cytotoxic and can themselves
promote lung injury [135–137]. The IL-8 chemokine, which has been shown to be upregu-
lated in sEA-affected horses, induces NETosis in severe human asthma [138]. Furthermore,
NETs were increased in the BALF of asthmatic horses during exacerbation [139,140] and
low density neutrophils (LDNs), a subpopulation of neutrophils with a greater capacity for
producing NETs, have been found to be increased in the peripheral blood of humans and
horses with severe asthma [141,142].

ROS are formed by inflammatory cells, such as neutrophils, involving NADPH ox-
idase [143] and contribute to cell injury and airway remodeling [144–146]. They are also
responsible for the activation of transcription factors [147,148] and the expression of inflam-
matory cytokines [149]. In order to prevent oxidative injury, cells produce antioxidants.
However, horses with sEA show signs of oxidant/antioxidant imbalance [150,151], in-
cluding a reduction in ascorbic acid and an increase in elastase concentrations in the
BALF [152,153]. Oxidative stress may also contribute to corticosteroid insensitivity in
asthmatic horses. These animals maintain neutrophilic inflammation even after treatment
with corticosteroids, which may be caused by the expression of the chemoattractant IL-8.
In vitro it was demonstrated that oxidative stress increases the mRNA expression of IL-8
and IL-1β by peripheral blood neutrophils of both healthy and asthmatic horses and that
in spite treatment with dexamethasone, the upregulation of IL-8 persisted, whilst IL-1β
became downregulated [154]. In vivo research about the precise role of IL-8, and IL-17 will
help determine if the IL-8 pathway is a suitable target for immunotherapy in asthmatic
horses and humans with corticosteroid insensitivity. Additionally, sEA-affected horses may
benefit from the correction of oxidative stress, although research using a more encompass-
ing model, illustrating the microenvironment of the lungs in vivo, should be considered to
evaluate the impact of oxidative stress in the inflammatory pathway.
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Moreover, the bronchial epithelium is susceptible to the cytotoxic effects of neutrophil
byproducts, such as ROS, exosomes and proteases [155,156], and in humans NETs are also
able to induce the expression of pro-inflammatory cytokines by the epithelium [157]. In
asthmatic horses the production of secretoglobulin 1A1 (SCGB1A1), a protein produced
by club cells with anti-inflammatory functions, is compromised. This could be due to the
decrease in the number of club cells or to a depletion of SCGB1A1 in response to chronic
inflammation [139,158].

As previously mentioned, dysregulation of neutrophil apoptosis may also contribute
to sEA [107,109]. This can occur through several mechanisms, such as (1) the expression
of a non-canonical phenotype by AMs, which may compromise their response to effero-
cytes [105,159], and (2) the presence of IL-17 which increases neutrophil viability [68], thus
perpetuating neutrophilic inflammation.

Neutrophils play a significant role in sEA and thus limiting their activation and
increasing their clearance can improve disease resolution and limit potential complications
associated with tissue injury.

7. Inflammatory Biomarkers

Several biological molecules have been implicated in the inflammatory response of sEA
and their identification and the knowledge of their interactions could ultimately contribute
to a personalized diagnosis and disease monitoring. However, in order for a biomarker to
have clinical applicability it must meet several requirements, which are summed up by the
“SAVED” model. “SAVED” stands for “Superior”, “Actionable”, “Valuable”, “Economical”,
and “clinically Deployable”, indicating that the new biological marker must improve
current practice and patient management, as well as patient outcome, but also be cost-
effective while using technology available in clinical laboratories [160]. This criteria is also
being used in the development of novel biomarkers for human asthma [161].

Research on the biomarkers for equine asthma focuses mostly on two major sampling
methods–BALF and peripheral blood. BALF has the advantage of better portraying the
degree of airway inflammation, thus it is considered to be more representative of the
disease [162]. However, BALF collection is an invasive procedure unfit to be used routinely
to obtain repeated measurements or in horses with severe respiratory distress. Serum
biomarkers require sampling of peripheral blood which is a far less invasive process and is
usually well tolerated by horses. Unlike BALF markers, peripheral blood markers indicate
systemic inflammation, rendering their application less disease-specific and making the
interpretation of the obtained results more challenging [163]. Comparatively human
medicine has other non-invasive alternatives, such as sputum induction [164], which is
an unfeasible option in horses, and exhaled breath condensate (EBC). The applicability of
exhaled breath condensate (EBC) is currently being investigated in equine asthma, although
it requires specific equipment [165].

As previously mentioned, Th2 type human asthma has been thoroughly described and
several biomarkers are available, thus better aiding the definition of a suitable therapeutic
approach [161,166]. As such, serum IgE, fractional exhaled nitric oxide (FeNO) and blood
eosinophilia are used in a clinical context to characterize disease and predict response to
corticosteroids [166]. Current research is focusing on novel biomarkers which have shown
promise for clinical application and require minimally invasive procedures [161], such
as sputum mRNA analysis [167], serum periostin [168], exhaled breath volatile organic
compounds [169], dipeptidyl peptidase-4 [170] and urinary leukotriene E4 [171]. Contrast-
ingly, considerably less biomarkers are described for the non-Th2 type human asthma,
where cytokine profile studies based on genetic, transcriptomic and proteomic analysis
are considered fundamental [166,167]. Ultimately, these studies will allow optimization of
personalized therapeutic targets and ensure a good clinical outcome.

Currently, only one biomarker is widely used for the diagnosis of sEA, requiring
the sampling of BALF (Table 2). Since BALF neutrophilia is a hallmark of severely asth-
matic horses, cutoff values have been established and are commonly used in everyday
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practice [1,14,172]. Unlike human Th2 type asthma, where eosinophilia occurs both in
the BALF and in the peripheral blood [173], in sEA blood neutrophilia isn’t observed [1]
and therefore cannot be used as a diagnostic tool. As such, current research focuses on
alternative biomarkers which can substitute BALF collection, as well as consensual cutoff
values, which would prove useful in identifying severely asthmatic horses in remission,
monitor treatment response and contribute to precision medicine.

Acute phase proteins (APP), such as haptoglobin or serum amyloid A (SAA), are being
investigated as potential indicators of disease [174–176]. The expression of haptoglobin
was decreased in horses with summer pasture-associated sEA, compared to healthy con-
trols [175]. This protein has been associated with airway remodeling [177], and in asthmatic
children serum haptoglobin is reported to have decreased immediately after antigen chal-
lenge, although its levels did increase 24 h after exposure [178]. A different study reported
that mean serum haptoglobin values were increased in severely asthmatic horses. However,
authors reported that after antigen exposure an increase was also observed in the control
group, suggesting that airway inflammation is reflected systemically [176].

SAA has been associated with neutrophil recruitment [179] and is increased in the
serum and sputum of asthmatic people [180]. Similarly, seven days after antigen challenge
sEA-affected horses presented a higher concentration of SAA [176].

Table 2. Biomarkers described for sEA.

Sampling Method Biomarker Reported Results References

BALF
Neutrophils

(>25% as cutoff for sEA) Marked neutrophilia [1]

Haptoglobin Decreased [175]
IFN-γ Increased [172]

MMP-8 Increased [181]
MMP-9 Increased [181,182]

Peripheral blood

Serum amyloid A Increased [176]
Haptoglobin Increased [176]

Circulating immune
complexes Conflicting results [183,184]

Exhaled breath condensate
Methanol Increased [185]
Ethanol Increased [185]

BALF—Bronchoalveolar lavage fluid; IFN-γ—gamma-interferon; MMP—matrix metalloproteinase.

Although APP can help in identifying local and systemic inflammation associated
with sEA, they are not disease specific, and while SAA could potentially be associated with
neutrophil recruitment, the role of these proteins in sEA needs to be better investigated.

The applicability of circulating immune complexes (CIC), which are formed by the
union of an antigen and an antibody, has also been studied in sEA. These complex molecules
were found to be increased in this disease [183,184] and, although conflicting reports
question their diagnostic power, they may contribute to the monitoring of treatment re-
sponse [184].

Similarly, matrix metalloproteinases (MMPs), tissue inhibitors of metalloproteinases
(TIMPs) and MMPs/TIMPs ratio can be used to monitor disease severity and response to
corticosteroids [181,182,186–188]. In general, MMPs are responsible for tissue destruction
through collagen degradation [189], whilst TIMPs lead to the formation of fibrosis [190], and
as such are thought to contribute to airway remodeling and fibrosis in chronic inflammation.
The concentration of MMP-2, MMP-9, TIMP-1 and TIMP-2 decrease in response to treatment
with corticosteroids [186], and with cytosine-phosphate-guanosine-oligodeoxynucleotides
(CpG-ODN), an immunostimulatory drug [187]. However, since these biomarkers require
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invasive sampling, as they are measured in BALF, they are not suitable for evaluating
treatment response.

IFN-γ has also been proposed as a biomarker of sEA, since it is increased in the BALF
of these animals and is capable of distinguishing severely asthmatic horses from healthy
individuals [172]. However, similarly to what is seen with MMP, it requires BALF sampling,
rendering it unsuitable for repeated measurements.

In mEA-affected horses with airway neutrophilia (presenting more than 15% neu-
trophils in BALF), serum concentration of surfactant protein D (SPD) was reported to be
significantly increased [191]. SPD could be a relevant biomarker for the diagnosis of EA,
but additional research is required in severely asthmatic horses.

EBC is a non-invasive method which allows sampling of airway material and access
to information about the metabolic status of the patient, even during disease exacerba-
tion [165,185,192]. Preez et al. found that horses with lower airway inflammation have
a higher pH and an increased hydrogen peroxide (H2O2) concentration in the air they
exhale [192]. However, a different study reported no variations in the pH nor in the concen-
tration of H2O2 between healthy horses and those with lower airway inflammation [165].
Both these studies did not focus exclusively on severely asthmatic horses and so it remains
unclear whether these parameters could be of use as biomarkers of the disease. An ad-
ditional study of metabolites in the EBC revealed that sEA-affected horses had increased
concentrations of methanol and ethanol, compared to healthy controls [185]. The study of
metabolomics in EBC has the potential to be a non-invasive approach to sEA diagnosis.
Nonetheless, further research is necessary to better understand if this method has limi-
tations, particularly if it can adequately distinguish between sEA-affected horses during
remission and healthy individuals.

Current knowledge on sEA biomarkers is still limited and their use in a clinical
context requires further research, since a noticeable benefit must be associated with these
molecules in order for them to be included in the clinical guidelines for disease diagnosis
and monitoring.

8. Microbiome

The term microbiome refers to the community of microbes, such as bacteria, fungi,
virus and archaea of a particular biological location [193,194]. These microorganisms inter-
act functionally and metabolically, playing an important role in modulating the host’s innate
immune response [195] and contributing to the inhibition of potential pathogens [196–198].

For many years it was mistakenly thought that the lung environment was sterile.
However, the identification of microbiota in the lower respiratory tract of healthy humans
has since discredited this belief [199–202].

Similarly, studies on equine microbiome have revealed that the same organizational
taxonomic units (OTUs) can be found in the upper and lower airways of healthy individuals,
although the latter anatomic region possessed an inferior biomass with decreased richness
and diversity [203,204].

The phyla Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria were found to
be highly represented in healthy horses [203]. These phyla are also dominant in the lungs
of healthy humans along with two other—Fusobacteria and Acidobacteria [199,200,205].

The microbiome is highly dependent on the host’s interaction with its environment.
Thus, geographical location, housing conditions, diet, interactions with other individu-
als, and also treatment with antimicrobials and corticosteroids make each individual’s
microbiome unique [204,206–212].

In humans, dysbiosis during infancy is considered a significant risk-factor for respira-
tory diseases such as asthma [213–215]. However, this relation has yet to be described in
the equine population.

The lung microbiome of adult asthmatic people has been demonstrated to differ in
both number and composition from that of healthy individuals, and these differences have
been associated with airway hyperresponsiveness and obstruction [216,217]. Thus, the
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study of the lower airway microbiome in equine asthma stems from the hypothesis that
these microbes play an important role in modulating the innate immune response of the
host and may, therefore, contribute to the immunology of sEA [195].

The comparison of lung, nasal, and oral microbiomes of healthy and asthmatic horses
showed that significant differences between groups could only be found in the lung mi-
crobiome at the taxonomic family level, with an overrepresentation of the Pasteurellacea
family, but not at the phylum or OTU level, leading to the hypothesis that these differences
were not inherent, but rather a consequence of inflammation [204].

Additionally, the bacteria Nicoletella semolina, a Pasteurellacea, has been detected in
the upper and lower airways of both healthy and severely asthmatic horses [218–220].
Although its prevalence was increased in asthmatic horses, as detected by quantitative
polymerase chain reaction (qPCR), no specific functional association between this bacteria
and sEA was found [220], suggesting that it may be an opportunistic agent perpetuating
airway inflammation in asthmatic animals.

Inversely, Corynebacterium spp. was commonly found in the trachea of a group of
healthy horses, but its presence was decreased in the evaluated asthmatic group. As such,
this microorganism could be a part of the normal microbiota of healthy horses, and might
be one of the populations affected by the inflammatory changes in the airways [221].

Recent studies further point to the occurrence of dysbiosis in the lower airway mi-
crobiome of mEA-affected horses, although it is still unclear whether this results from
persistent inflammation or chronic treatment with corticosteroids [203,221]. Furthermore,
the relative abundance of Streptococcus was increased in mildly asthmatic horses, sug-
gesting that the presence of this genus might be a risk-factor for mEA [203,222]. Sim-
ilarly, infections with Streptococcus pneumoniae, and other opportunistic agents such as
Haemophilus influenzae and Moraxella catarrhalis, are associated with acute asthma exacerba-
tions in humans [223,224].

Fungi are often implicated in sEA exacerbation and are also considered as risk factors
in human asthma [5,6]. Despite their relevance in disease pathophysiology, research fo-
cusing on the lung mycobiota of healthy and asthmatic horses is very limited. In healthy
humans agents such as Davidiellaceae and Cladosporium [225], as well as Eremothecium,
Systenostrem, and Malassezia [202], are the main contributors to the lung mycobiome. On
the other hand, Charlson et al. have found that Malassezia pachydermatis is exclusively
found in the BALF of asthmatic patients, which also showed significantly increased pop-
ulations of Termitomyces clypeatus and Psathyrella candollean [225]. As for equine species,
Bond and colleagues reported that the mycobiota of a group of mildly asthmatic horses
comprised mainly of two phyla - Ascomycota and Basidiomycota [226]. Although a better
characterization of healthy and asthmatic equine lung mycobiome is necessary, the reported
results differ from those described in healthy humans [202,225]. Nonetheless, significant
differences between the two species are to be expected, since stabling and hay feeding
promote an environment rich in fungi [6].

To mitigate signs of airway inflammation and improve lung function, asthmatic
patients are usually prescribed long-term treatment with corticosteroids. Because of their
immunomodulatory effect, the use of corticosteroids can promote microbiome dysbiosis.
In mEA-affected horses, the use of systemic dexamethasone affected the microbiota of the
lower respiratory tract of healthy and asthmatic horses, increasing the relative abundance
of 9 OTUs, including the abundance of Streptococcus spp. in the asthmatic group [203].
Similarly, the nebulization of dexamethasone resulted in an increase in the genera Alysiella
and Bordetella in the lower respiratory tract, however this treatment had no effect on the
population of Streptococcus found in the airways [226].

The relation between microbiome and corticosteroid is not unidirectional, since re-
sponse to treatment is also influenced by lung microbiome. The microbiome of asthmatic
humans diagnosed with corticosteroid resistance showed differences at the genus level
compared to that of responsive patients. Furthermore, BALF AMs from asthmatic patients
stimulated with Haemophilus parainfluenzae, a potential pathogen found in asthmatics with
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corticosteroid resistance, resulted in inhibition of response to corticosteroids, along with
increased p38 mitogen-activated kinase phosphatase (MAPK) activation and increased
IL-8 and mitogen-activated kinase phosphatase 1 (MKP1) mRNA expression. On the other
hand, exposure to commensal Prevotella melaninogenica did not have a similar effect [227].
Reports also indicate that H. parainfluenzae can convert a Th2-type allergic asthma sensi-
tive to corticosteroid treatment to a Th1 neutrophilic profile, with Il-17 expression [228].
Interestingly, Goleva and colleagues have also reported that inhibition of the transforming
growth factor-β-associated kinase-1 (TAK1) in monocytes collected from the peripheral
blood of asthmatic patients restored cellular sensitivity to corticosteroids [227], which could
represent a novel therapeutic approach in patients which are refractory to these drugs. As
such, the study of the microbiome can be useful in determining the response to therapy
with corticosteroids.

Several studies have described how the gut microbiome of people with respiratory
disease differs from that of healthy individuals [229–231], highlighting an immunological
relationship between the lungs and gut. This interaction is termed the gut-lung axis,
illustrating how these two distant anatomical sites appear to communicate. Not only does
gut microbiota have a local immunological effect by interacting with the mucosal immune
system [232], but it also produces pro and anti-inflammatory metabolites, such as biogenic
amines (i.e., histamine), oxilipins, and short-chain fatty acids (SCFAs), which modulate
the inflammatory response both locally and in the lung [233–236]. SCFAs reduce allergic
response and airway inflammation in both humans and mice [237–241]. Trompette and
colleagues reported that in an ovalbumin (OVA)-model, where mice were challenged with
ovalbumin protein to induce an allergic inflammation in the lung, treatment with SCFAs
increased the presence of dendritic cells with high phagocytic ability but with impaired
capacity of activating Th2 effector cells in the lungs [240].

Allergic diseases are also associated with a lower fecal microbial diversity in humans,
and, although these findings have mostly been reported in infants, they have also been
described in adults [242].

Differences in the fecal microbiome of asthmatic (mEA) and healthy horses appeared
to occur mostly during disease exacerbation [207]. The reported dysbiosis was observed
using an OTU analysis approach and was found to be accompanied by an increased
representation of the Firmicutes phylum, namely Clostridia class [207]. These authors
hypothesized that lung inflammation and compromised oxygenation would induce changes
in the gut microenvironment, since fewer differences were observed when both groups
of horses were at pasture, a less pro-inflammatory environment. However, no causative
relation was established and disease remission could also be secondary to the changes
induced in the gut microbiome by leaving the horses out to pasture. Dysbiosis of bacteria
belonging to the phylum Firmicutes has also been documented in several studies on gut
and respiratory microbiome of asthmatic humans [243,244] and further research could
prove to be of interest in equine asthma.

Conversely, Kaiser-Thom and colleagues compared the fecal microbiota of horses
diagnosed with either sEA, culicoides hypersensitivity or both to that of healthy individuals
using a Divisive Amplicon Denoising Algorithm (DADA2) approach to analyze microbial
taxonomy, and found no significant differences between the microbe populations [206].

Research is currently focused on alternative therapies which could revert the dysbiosis
observed in asthmatic individuals and thus impacting immune responses. Since treatment
with antibiotics is not a viable option, supplementation with probiotics and soluble fiber
are currently under investigation [238,245]. In an OVA-induced mouse model of allergic
airway inflammation, the use of probiotics induced regulatory T cells differentiation and
suppressed Th2 allergic response [245]. Further studies are necessary to understand if
horse gut microbiome could also benefit from such treatments and whether they would in
fact result in the modulation of the inflammatory response associated with sEA.

The microbiome of asthmatic humans has been associated with specific disease endo-
types. For example, increased representation of Proteobacteria is found in severe asthma
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with neutrophilic exacerbation [246] and Th17-related gene expression [247]. As such, study
of the microbiome can further enable the practice of precision medicine, and increase the
likelihood of a good prognosis in asthmatic patients since it will allow a personalized thera-
peutic approach. However, these interactions have yet to be described in equine medicine.

Studies on the microbiome of asthmatic horses are mostly descriptive, portraying
the microbial populations found in the respiratory and intestinal tract. Although some
studies do characterize the degree of airway inflammation of these horses by using BALF
cytology and lung function evaluation, cross-referenced data with existing cytokine profile
is, nonetheless, currently missing. Whether equine pulmonary microbiome will differ
according to asthma endotype and inflammatory cell population remains to be ascertained.

Another limitation is the small number of animals enrolled in each study which limits
the statistical significance of the results, influences the conclusions and may further impair
the establishment of causality. Additionally, in most studies disease exacerbation was
achieved by altering the horses’ environment and diet which inevitably influences the
microbiome of the studied horses and works as a confounding factor in the interpretation of
results. Furthermore, it is still not clear to which extent the altered microbiome causes, per-
petuates or is secondary to airway inflammation in equine and human asthmatic patients.

Further research on the microbiome of equine asthmatics will undoubtably contribute
to the elucidation of the current loopholes in this subject.

9. Conclusions and Future Directions

Further characterization of the disease’s genetic background is fundamental to improve
current knowledge of the pathways involved in the heritability and expression of sEA. The
reported genetic research focuses mostly on a well characterized subpopulation of Swiss
Warmblood horses which limits the applicability of these findings to the general horse
population. Nonetheless, the reported genetic heterogeneity and complexity observed in
the above mentioned families likely occurs in other individuals, although, potentially, other
genes and pathways may be involved. Thus, research on a large multi-center population of
client owned sEA-affected horses with a detailed genetic background is needed to further
contribute to the description of the genetic events that take place in these animals.

Although the clinical phenotype of sEA has been thoroughly described [1], the im-
munological mechanisms which lead to inflammation and structural changes in the airways
(mucus accumulation, bronchial constriction and bronchial wall thickening) still lack clarifi-
cation. Several cytokines, chemokines and inflammatory cells participate in the pathogene-
sis of asthma; however their precise characterization is still unclear. The inconsistencies
found between reported studies may arise from differences in their experimental design
and methodologies. Furthermore, the limited number of animals included in these works
may hinder the attainment of significant results.

Thus, cooperation between research groups and research based on large multi-center
populations of client owned sEA-affected horses could potentially solve some of these limi-
tations. Also, uniformization of methodologies and protocols will enable the comparison
of reported results, allowing a better definition of the genetic and immune mechanisms
associated with sEA.

Additionally, more encompassing studies using genomic, transcriptomic, proteomic
and metabolomic analysis will undoubtably enhance the scientific knowledge of the disease.
This will enable an understanding of how genetics can determine cytokine and chemokine
expression and how these proteins and metabolites influence disease expression. Fur-
thermore, the impact of lung and gut microbiome also needs to be assessed, since these
microbes regulate the immune innate response from an early age and can also promote
airway hyperreactivity and inflammation in asthmatic individuals.

Although sEA shares many similarities with its human counterpart, an understanding
of this disease based on the extrapolation of reported data for other species is unfeasible.
Thus understanding the origin of equine AMs and the characterization of this popula-
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tion is necessary to recognize how these cells influence the inflammatory pathways of
asthmatic horses.

Immunological and genetic characterization will likely assist in the identification of
disease endotypes and more importantly contribute to the development of novel therapeu-
tic targets. For example, anti-interleukin targeted therapies, using monoclonal antibodies,
could help manage the disease, especially in horses with resistance to corticosteroids. This
is currently being researched in human asthma, where identification of disease endotypes
associated with specific cytokine profiles has led to the development of monoclonal anti-
bodies. One such example is Tralokinumab, a human anti-IL-13 monoclonal antibody for
uncontrolled asthma [248].

Since the precise cytokine profiles of equine asthma are not fully understood, current
research is focusing on identifying the causal allergens which trigger airway inflamma-
tion [5], and how immunotherapy can help modulate the inflammatory response with
promising results [9,187]. Also, determining specific allergen susceptibility can contribute
to the development of specific immunotherapy and, in theory, help devise environmental
management protocols for affected horses.

Novel diagnostic tools based on genetics or disease biomarkers would prove of signifi-
cant value to equine medical practitioners, especially if they are able to positively identify
a severely asthmatic horse during remission. Current diagnosis relies mostly on invasive
methods which are not suitable for evaluating treatment response, since it will require
repeated measurements. Thus, systemic blood biomarkers and exhaled breath condensate
are attractive alternatives to BALF sampling. Research should focus on defining cutoff
levels and constructing a panel of biomarkers which could substitute BALF cytology when
monitoring treatment response.

In conclusion, current research shows that the genetic and inflammatory pathways
involved in sEA are complex and variations are to be expected between subsets of indi-
viduals. A deeper knowledge of the disease’s immunological pathways will allow the
definition of endotypes, the detection of inflammatory biomarkers of diagnostic value, and
a personalized therapeutic approach targeting the inflammatory pathways involved in
the disease.
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Simple Summary: The estrus cycle and sex hormones influence asthma development and severity
in humans, but whether the same is occurring in the asthma of horses is unknown. Severe equine
asthma (SEA) is characterized by breathing difficulty, even at rest, and although it can be controlled by
management and medication, it remains incurable. Stabling and hay feeding are the main contributors
to disease exacerbation, but other factors could possibly alter the respiratory compromise. Therefore,
the objective of this study was to evaluate the effects of the estrus cycle on airway dysfunction in
five mares affected by SEA by assessing the lung function during the follicular and luteal phases
of the reproductive cycle. The inspiratory obstruction improved during the luteal phase and the
variation in progesterone and the dominant follicle size correlated with lung function parameters,
suggesting a role for sex hormones in asthma pathophysiology. This first description of the estrus
cycle’s modulation of airway obstruction in horses supports further studies to uncover the effects of
sex hormones in asthma in horses and humans.

Abstract: While the prevalence of asthma is higher in boys than in girls during childhood, this
tendency reverses at puberty, suggesting an effect of sex hormones on the disease pathophysiology.
Fluctuations of asthma severity concurring with the estrus cycle are reported in women, but this
phenomenon has never been investigated in mares to date. The objective of this exploratory study
was to determine whether the estrus cycle modulates airway obstruction in severe equine asthma
(SEA). Five mares with SEA during exacerbation of the disease were studied. The whole breath,
expiratory and inspiratory resistance, and reactance were compared during the follicular and luteal
phases of the estrus cycle. The reproductive tract was evaluated by rectal palpation, ultrasound, and
serum progesterone levels. The inspiratory resistance and reactance improved during the luteal phase
of the estrus cycle, and variation in progesterone levels and the dominant follicle size correlated with
several lung function parameters. The fluctuation of airway dysfunction during the estrus cycle is
noteworthy as deterioration of the disease could perhaps be expected and prevented by horse owners
and veterinarians. Further studies are required to determine if the equine species could be a suitable
model to evaluate the effects of sex hormones on asthma.

Keywords: equine asthma; lung function; estrus cycle; progesterone; sex hormones

1. Introduction

Studying the sex disparities in asthma pathophysiology is requisite to comprehend-
ing the influence of sex hormones to ultimately provide personalized care to asthmatic
patients [1]. The higher prevalence of asthma in boys reverses at puberty, after which the
disease becomes more prevalent in women [2]. Importantly, women are over-represented
in some corticosteroid-resistant and severe asthma clusters [3,4], and the sex difference in
hospitalization admissions are more pronounced during the reproductive years [5]. How-
ever, conflicting results obscure the precise influence of sex hormones in asthma. While
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some studies described a deterioration of respiratory symptoms or lung function during
the perimenstrual phase or menses [6–9], when progesterone and estrogen levels are low,
others have reported no variation during the estrus cycle [10]. Also, increased emergency
visits for asthma have been described both in the pre-ovulatory [11,12] and perimenstrual
periods [11].

Severe equine asthma (SEA) is a chronic respiratory disease affecting approximately
14% of adult horses living in a temperate climate [13], and it is mostly influenced by
environmental conditions [14] and genetics [15]. A predisposition for females has been
reported [16], but this is not a consistent finding [13], and whether the disease is altered by
the estrus cycle is currently unknown. Therefore, the objective of this exploratory study was
to determine if lung function differed during the luteal and follicular phases of the estrus
cycle in mares affected by SEA. A significant improvement in the inspiratory obstruction
was observed during the luteal phase of the estrus cycle in this study.

2. Materials and Methods

All experimental procedures were performed in accordance with the Canadian Council
for Animal Care guidelines and were approved by the Animal Care Committee of the
Faculty of Veterinary Medicine of the Université de Montréal on 27 May 2021 (Protocol #
21-Rech-2128). This manuscript follows the recommendations of the ARRIVE guidelines.

Six mares with SEA donated to a research herd were studied during the 2021 reproduc-
tive season in the northern hemisphere (between May and August). The mares were mixed
breeds, aged 17.7 (16–21) years old and weighed 573 (509–664) kg. One mare had foaled in
the past, 3 were never bred and the information was unknown for 2 mares. A priori power
analysis was not performed as no data were available for the equine species for calculations.
The diagnosis of SEA was based on a history of repeated periods of labored breathing at rest,
abnormal lung function (transpulmonary pressure >15 cm H2O), and >25% neutrophils
on bronchoalveolar lavage fluid (BALF) cytology when horses were stabled and fed hay,
as previously recommended [17]. The mares had been part of the research herd for 2 to
6 years. At the beginning of the study, disease exacerbation was triggered by exposure to
environmental antigens by stabling (wood shaving bedding) and dry hay feeding until
respiratory efforts were visible at rest (median exposure of 36 days before the study). All
mares had access to timed daily turnout on a dirt paddock, and the management remained
the same for the duration of the experiment. The mares were conditioned to stand in a
stock and to wear a mask. Endpoints included anorexia, decreased manure production,
colic, hyperthermia, respiratory distress, or any other medical conditions that would have
required treatment.

2.1. Pulmonary Function Tests

Lung function was evaluated with the Equine MasterScreen impulse oscillometry
system (IOS; Jaeger GmbH, Würzburg, Germany) as previously described [18], in unsedated
mares standing in stocks with the head in resting physiological position. Briefly, multi-
frequency impulses produced by a loudspeaker were superimposed to the tidal breathing
of the horse through an airtight mask. Simultaneously, pressure transducers connected to a
pneumotachograph placed in front of the mask acquired the pressure-flow signal response
of the respiratory system. The device was calibrated on each test day and accuracy was
verified with a resistive test load before experimental measurements. Lung function data
were acquired with LabManager (version 4.53, Jaeger, Würzburg, Germany) and analyzed
with FAMOS (IMC, Meβsysteme, Berlin, Germany) using the fast Fourier transform method.
Three 30 s recordings were averaged for analyses. Inspiratory (insp), expiratory (exp) and
whole breath resistance (R), reactance (X), and coherence of the respiratory system from
2 to 7 Hertz (Hz) were analyzed. Briefly, the impulse of higher frequencies travels a
shorter distance and thus represents changes occurring in central and upper airways, while
lower frequency impulses travel deeper into the lungs where it detects peripheral airway
dysfunction in diseases such as asthma [19].
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2.2. Reproductive Tract Evaluation

After assessment of the lung function, the mares were sedated with xylazine
(0.3 mg/kg IV) if needed, and the reproductive tract was examined by rectal palpation and
ultrasound to determine whether the mares were in the follicular or the luteal phase of the
estrus cycle by examining the cervix tonus, uterine edema, and the presence of relevant
ovarian structures (major follicles and corpus luteum). The mares were scheduled to be
evaluated every 7–10 days until an assessment of the lung function was obtained in the
follicular and luteal phases, which was later confirmed by serum progesterone levels.

2.3. Serum Progesterone

Blood was collected in glass vacutainer tubes (BD Biosciences, Mississauga, Canada)
before any other manipulations. After 20 min sedimentation, serum was obtained after
centrifugation at 900× g for 10 min at room temperature, then stored at −80 ◦C until batch
analysis. Serum progesterone levels were measured by chemiluminescence (IMMULITE,
Siemens, Erlangen, Germany) by the Centre de diagnostic vétérinaire de l’Université de
Montréal with a detection limit of 0.2 ng/mL. Results below the limit of detection were
attributed the arbitrary value of 0.2 ng/mL for statistical comparisons. The values of
≤1 ng/mL and ≥5 ng/mL were considered representative of the follicular and luteal
phases, respectively [20]. In instances where more than two serum progesterone levels were
obtained in the same mare (when palpation and ultrasound gave ambiguous results and
assessment was repeated at a later date within the same cycle), the lung function values at
the time points with the lowest and highest progesterone levels were used for statistical
analysis.

2.4. Statistical Analysis

Data were analyzed using GraphPad Prism version 8.4.3 for Windows (GraphPad
Software, San Diego, CA, USA). Normality was assessed with Shapiro–Wilk tests. As lung
function data were normally distributed, two-way ANOVA for repeated measures was
used to evaluate the effects of the phase of the estrus cycle (follicular or luteal) and the IOS
impulse frequency (from 2 to 7 Hz) on the lung function parameters. When a significant
effect was observed with the ANOVA, Bonferroni multiple comparison tests were used to
compare the data between the luteal and follicular phases at each frequency. Associations
between the variation in lung function data, progesterone levels and the dominant follicle
diameter were explored with Pearson or Spearman correlations as appropriate. Results are
reported with mean, or with median if not normally distributed, and range for descriptive
data and with 95% confidence interval (CI) for statistical results. Ambient conditions
(temperature and humidity) were compared with paired t-tests, or Wilcoxon matched-
paired signed rank tests, as appropriate.

3. Results

The temperature and humidity were not different between the evaluations in the luteal
and follicular phases (respectively, a mean of 19.6 ◦C (16.4–22.9) and 19.4 ◦C (16.4–24.9),
and a median of 45% (36–76) and 46% (36–84)).

3.1. Mares

Six mares were initially included in this study. In one mare, no reproductive tract was
detected by rectal palpation or ultrasound on three occasions, a hymen persistence was
present, and two serum progesterone levels taken at a 12-day interval were under the limit
of detection. Combined, these findings suggested a congenital developmental anomaly,
and data from that mare were excluded. The other five mares had normal reproductive
tracts, based on clinical and ultrasonographic examinations.

The mean progesterone level was 9.4 (5.0–13.2) and 0.5 (<0.2–1.4) ng/mL in the luteal
and follicular phases, respectively. The mare with the nadir of progesterone of 1.4 ng/mL
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was still included based on an eight-fold difference with the progesterone value during the
luteal phase [21].

3.2. Lung Function Variation

The exacerbation of the disease was confirmed at the first lung function assessment
(ratio of the resistance at 3 and 7 Hz (R3/R7) ≥1 and negative reactance from 2–7 Hz).
Three mares had their first evaluation during the follicular phase, and two during the
luteal phase.

3.2.1. Whole-Breath Analysis

There was no significant effect of the phases of the estrus cycle on the whole-breath R
and X (Figures 1a and 2a). The whole-breath R was frequency-dependent (p = 0.009), and a
similar trend was present for the whole-breath X (p = 0.06).

Figure 1. Pulmonary resistance (means ± SEM) during whole-breath (a), expiration (b), and inspira-
tion (c). * p < 0.05 and ** p < 0.01 between the estrus phases with Bonferroni’s multiple comparison
tests.

Figure 2. Pulmonary reactance (means ± SEM) during whole-breath (a), expiration (b), and inspira-
tion (c).

3.2.2. Within-Breath Analysis

There was a significant frequency dependence of Rexp (p = 0.005) and Xexp (p = 0.047),
but no effect of the estrus cycle during expiration (Figures 1b and 2b). At inspiration, there
was a significant effect of the estrus cycle on the pulmonary Rinsp (p < 0.0001; Figure 1c)

112



Animals 2022, 12, 494

and Xinsp (p = 0.016; Figure 2c). The Rinsp at 2 and 3 Hz were improved during the
luteal phase (a mean decrease of 0.046 (95% CI; 0.012–0.079) kPa/L/s and 0.037 (95% CI;
0.004–0.07) kPa/L/s, respectively).

3.2.3. Coherence

The coherence represents the causality between the flow input and the resultant pres-
sure signals of the respiratory system and is an indicator of the accuracy of the mathematical
model to predict the impedance data. Although it may be used as a quality control in
oscillometry, coherence is also influenced by the severity of the disease itself [22]. The
whole-breath (p = 0.0006; Figure 3a) and expiratory (p = 0.0002; Figure 3b) coherence were
frequency-dependent and were both influenced by the estrus cycle (respectively, p = 0.002
and p = 0.008). There was a significant decrease of the whole-breath coherence at 2 Hz
during the luteal phase (a mean reduction of 0.117 (95% CI; 0.014–0.219)). The inspiratory
coherence was influenced by the impulse frequency (p = 0.0003; Figure 3c), but not by the
estrus cycle.

Figure 3. Coherence (means ± SEM) during whole-breath (a), expiration (b), and inspiration (c).
* p < 0.05 between the estrus phases with Bonferroni’s multiple comparison tests.

3.3. Correlations

The variation (difference between the luteal and follicular values) of serum proges-
terone was positively correlated with the variation of whole-breath R (r = 0.89, p = 0.046;
Figure 4a), expiratory R (r = 0.94, p = 0.017), and X (r = 0.98, p = 0.004; Figure 4b) at 7 Hz.
These results indicate that increasing progesterone was associated with a worsening of the
resistance but an improving reactance. Correlations between the variation in lung function
(the difference between the luteal and follicular values) and the diameter of the dominant
follicle during the follicular phase were also assessed, as systemic estrogen has been shown
to strongly correlate with the size of the dominant follicle in mares [23]. The diameter of
the dominant follicle was negatively correlated with the variation of the whole-breath X
at 3 Hz (r = −0.90, p = 0.036), 5 Hz (r = −0.97, p = 0.006), and 7 Hz (r = −0.92, p = 0.027;
Figure 4c), and with the variation of Xexp at 3 Hz (r = −0.90, p = 0.04) and 5 Hz (r = −0.95,
p = 0.012). It was correlated positively with the Rexp at 2 Hz (r = 0.89, p = 0.044). These
results show that the size of the dominant follicle was associated with an improvement in
the reactance and in the small airway’s resistance during the follicular phase.
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Figure 4. Correlations between the variation in progesterone (prog.) and the variation in pulmonary
resistance (R) at 7 Hz (a), the variation of pulmonary reactance (X) at 7 Hz (b). Correlation between
the diameter (Ø) of the dominant follicle in the follicular phase and variation in pulmonary X at
7 Hz (c).

4. Discussion

This study shows that the estrus cycle alters the lung function of mares with SEA, with
an improvement in the inspiratory resistance and reactance during the luteal phase. These
findings, combined with the correlations between variation in progesterone levels and the
dominant follicle size with lung function parameters, suggest an influence of sex hormones
on asthma pathophysiology in horses.

4.1. Estrus Cycle, Sex Hormones, and Lung Function

Asthma in humans and horses is characterized by expiratory flow limitation [24].
Expiratory parameters are indicative of intra-thoracic, thus smaller airway function, while
inspiratory data represents predominantly extra-thoracic airways. Therefore, the improve-
ment of inspiratory resistance during the luteal phase observed in the current study suggests
a change of airway caliber occurring in the upper or most central airways [25]. Interest-
ingly, the genioglossus muscle, an important upper airway dilator, has increased activity
in women during the luteal phase [21], and synthetic progestins can improve inspiratory
dysfunction during sleep apnea in humans, a disorder characterized by upper airway
obstruction [26]. As the genioglossus muscle is also deemed important for stabilization of
the equine pharynx [27], it is possible that modulation of its activity during the estrus cycle
contributed to the inspiratory modifications observed in the current study. Alternatively,
variations in lung function might be more easily detected during inspiration as the expira-
tory phase is much more compromised in asthma. As such, selected inspiratory parameters
are better indicators of day-to-day variation in lung function in asthmatic adolescents [28].

The variation in serum progesterone levels between the luteal and follicular phases
was strongly positively correlated with the difference in whole-breath and expiratory R and
X at 7 Hz, indicating an association between progesterone and worsening resistance but
improving reactance. These results could be caused by opposing actions of this hormone
on separate airway compartments. Progesterone induces relaxation of the urogenital tract
smooth muscle, and a similar effect is expected for airway smooth muscle (ASM) [29],
which could explain the improved reactance. However, ASM relaxation would normally
also improve pulmonary resistance, at least if it was occurring in the central airways.
The tidal volume is higher during the luteal phase in healthy women when progesterone
levels are high, compared to the follicular phase [30]. If a similar modification of tidal
volume was present in mares, it could contribute to the association between improving
reactance and progesterone. A decrease in peribronchial collagen deposition, reported after
progesterone administration in mice, could also improve reactance [31]. These beneficial
effects of progesterone could be relevant clinically, as suggested by the stabilization of peak
flow rate after its administration in women with life-threatening exacerbation of asthma
during the premenstrual phase [32]. Other properties of progesterone could explain its
association with increasing airflow resistance, such as a decrease in epithelial ciliary beat
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frequency [33] and central hyperventilation [34]. Indeed, hyperventilation has been shown
to increase pulmonary resistance as assessed by oscillometry in healthy horses [35]. Of
note, progesterone receptors exist in two isoforms (A and B) and each mediates different
biological activities [36]. Determining the proportion and the localization of these receptors
in the equine respiratory tract is necessary to uncover the distinctive effects of progesterone
on lung function observed in this study.

The size of the dominant follicle was positively correlated with the variation in whole-
breath reactance at 5 Hz and the expiratory reactance at 5 and 7 Hz, suggesting positive
effects of estrogen during the follicular phase [23]. Estrogen relaxes the ASM [37,38],
decreases the proliferation of lung myofibroblasts [39], and enhances the effects of β2-
adrenergic agonists in vitro [29]. In rodent experimental models, estrogen reduces airway
hyperresponsiveness [40,41] and lung inflammation [41] in ovariectomized animals, and the
absence of the estrogen receptor-α (knockout mice) is associated with lung dysfunction [42].
While estrogen has been shown to increase mucus production in vitro [43], the contrary was
observed in a mouse model of allergic asthma [41]. Despite these interesting properties in
experimental conditions, the clinical effects of estrogen in women are difficult to delineate
and often contradictory. Its administration improves asthma symptoms in women in some
studies [9], but not in all [44]. Its levels are negatively associated with lung function in
adolescents [45], and the use of hormonal replacement therapy is related to increased odds
of new-onset asthma after menopause [46]. Furthermore, single nucleotide polymorphisms
of the estrogen receptor α are associated with a decline in lung function in asthmatics,
particularly in women [47]. Taken together, these results suggest both beneficial and
deleterious impacts of estrogen, and its actions might vary depending on the physiological
status of the patients. In mares, the biological effects of estrogen on airway cells, the
distribution and proportion of each receptor subtypes (α and β) along the respiratory tract,
and the influence of endogenous or exogenous estrogen in SEA have not been studied to
date. However, tamoxifen, a synthetic selective estrogen receptor modulator, induces a
mild reduction of airway resistance in horses with SEA, suggesting a possible effect of this
sex hormone [48].

Estrogen and progesterone could act synergistically to modulate lung function. The
isometric contraction of mouse tracheal rings is more strongly attenuated by a combination
of estrogen and progesterone, in concentrations representative of levels observed during
human pregnancy, compared to the sole effect of each hormone [38]. Furthermore, both
estrogen and progesterone levels correlated positively with the peak expiratory flow in a
woman with perimenstrual asthma [49]. These findings would fit well with the data from
the current study, which suggests that both hormones are associated with an improvement
in reactance. This would also be consistent with anecdotal reports of improvement of
respiratory signs during the gestation of mares with SEA (personal communication) and
during pregnancy in some women [50].

4.2. Limitations and Areas of Future Research

The main limitation of this study was the assessment of a low number of mares during
only one estrus cycle. Ideally, future investigations should follow larger cohorts during
multiple cycles to obtain a more precise understanding of the phenomenon. The mares
included in this study were aged from 16 to 21 years old, which is expected as aging is
associated with an increased risk of SEA [13,16]. However, the estrus cycle is also influenced
by aging in mares [51,52], with hormonal modifications and subfertility starting in the teens
and culminating in the cessation of ovarian activity around 25 years old [52]. Therefore,
future studies should ideally include mares within a wider age range. Additionally, as the
effects of the estrus cycle on the lung function in healthy mares are unknown, a control
group of healthy mares and of males with SEA should be included in future studies.

The effects of other hormones that could influence asthma physiology, such as testos-
terone [53,54] and sex hormone-binding globulin [55], were not investigated in this study,
and estrogen levels were not directly measured. Interestingly, endogenous cortisol was
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shown to vary during the estrus cycle, with a higher value during the mid-late luteal phase
in pony mares [56]; however, this was not observed by others [57]. Perhaps a variation of
endogenous glucocorticoids could have contributed to the modulation of lung function
in the current study, and this should be explored in future experiments. Furthermore,
other factors that mediate sex differences in asthma, such as the smaller airway caliber in
women [2], have never been investigated in horses to our knowledge.

Finally, the data from 2–7 Hz were reported in this study because the variation be-
tween recordings was low at these frequencies (mostly <15% [22]), lower frequencies better
described the dysfunction in SEA [58], and coherence values were acceptable. The fre-
quency dependence of the expiratory resistance and reactance is typical of small airway
disease and has been previously reported by a forced oscillometry technique in SEA [58].
Additionally, the frequency-dependence of the coherence was not surprising as more severe
lung dysfunction in smaller airways is expected during exacerbation. However, the cause
of the poorer coherence at lower frequencies during the luteal phase for whole-breath and
expiratory parameters in the current study is unknown. It might be related to increased
heterogeneity of the respiratory system, perhaps suggesting a worsening of expiratory
lung dysfunction during the luteal phase. Artifacts during measurements, such as leaks,
swallowing, and coughing, could also result in lower coherence, but care was taken to
repeat recording when such an event occurred. As measurements were performed concur-
rently for luteal and follicular assessment in different mares, the difference in coherence
related to the estrus cycle is unlikely to be caused by a technical variation. Importantly,
the differences in R and X during the estrus cycle occurred during the inspiratory phase,
which had high coherence values that were not influenced by the phase of the estrus cycle
and removing the few data with low coherence values (0.6–0.7) did not modify the results.
Confirming the variation of lung function through the estrus cycle with standard lung
function would be relevant, but given the current results showing differences only with
within-breath analysis, it is unlikely that pleural pressure measurements would have the
sensitivity required to detect these changes.

5. Conclusions

This study describes for the first time the influence of the estrus cycle on the natural
course of SEA and supports further investigations to determine if horses could be a relevant
model to explore the roles of sex hormones in asthma. Indeed, the reproductive physiology
of mares and women is similar in many aspects, including the prolonged follicular phase
and the monovolution [52]. The ease of reproductive tract evaluation and the long life
span of horses, compared to rodent models, are additional valuable features [52]. Even
the seasonality of reproduction in mares represents an opportunity to assess the effects of
exogenous sex hormones when estrus activity is null. To further delineate the significance
of the current results, future investigations should examine the localization and proportion
of progesterone and estrogen receptors in the equine respiratory tract and the effects of
these sex hormones on the biology of airway cells.
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Simple Summary: Exercise-induced pulmonary hemorrhage (EIPH) frequently affects racehorses
worldwide and has been widely associated with poor performance; however, scientific evidence
supporting this observation is low. The present retrospective study aims to evaluate objectively
whether the presence and grade of EIPH could affect some fitness parameters, measured during
an incremental treadmill test, in poorly performing Standardbred racehorses. For this purpose,
the association between EIPH and the results of a treadmill metabolic test (including blood lactate
analysis and venous blood gas analysis) were evaluated in 81 Standardbred racehorses. No rela-
tionship between EIPH and aerobic/anaerobic capacity was observed, suggesting that EIPH may
affect performance in a different manner. However, EIPH-affected horses were shown to reach
higher hematocrit values during exercise compared to EIPH-negative horses; therefore, it may be
hypothesized that hemoconcentration may take part in the pathogenesis of EIPH by increasing the
pulmonary capillary pressure.

Abstract: Exercise-induced pulmonary hemorrhage (EIPH) is a condition affecting up to 95% of
racehorses, diagnosed by detecting blood in the trachea after exercise and/or the presence of
hemosiderophages in the bronchoalveolar lavage fluid (BALf). Although EIPH is commonly asso-
ciated with poor performance, scientific evidence is scarce. The athletic capacity of racehorses can
be quantified through some parameters obtained during an incremental treadmill test; in particular,
the speed at a heart rate of 200 bpm (V200), and the speed (VLa4) and the heart rate (HRLa4) at
which the blood lactate concentration reaches 4 mmol/L are considered good fitness indicators. The
present retrospective study aims to evaluate whether EIPH could influence fitness parameters in
poorly performing Standardbreds. For this purpose, data from 81 patients regarding their V200, VLa4,
HRLa4, peak lactate, maximum speed, minimum pH, and maximum hematocrit were reviewed;
EIPH scores were assigned based on tracheobronchoscopy and BALf cytology. The association
between the fitness parameters and EIPH was evaluated through Spearman’s correlation analysis. No
relationship between EIPH and V200, VLa4, and HRLa4 was observed. Interestingly, EIPH-positive
horses showed higher hematocrit values (p = 0.0072, r = 0.47), suggesting the possible influence of
the hemoconcentration on the increase of pulmonary capillary pressure as a part of the pathogenesis
of EIPH.

Keywords: EIPH; horses; racehorses; standardbred; treadmill test; lactate; poor performance;
sports medicine
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1. Introduction

Exercise-induced pulmonary hemorrhage (EIPH), defined as bleeding occurring from
the lungs during exercise, is a highly frequent condition among racehorses worldwide [1],
affecting from 43% to 75% of racehorses when diagnosed on a single examination, and up
to 95% in the case of repeated examinations [2]. Its diagnosis is based on the detection of
blood in the trachea from 30 to 120 min after strenuous exercise [3], and/or the presence in
the bronchoalveolar lavage fluid (BALf) of red blood cells, acutely, or hemosiderophages in
subacute and chronic cases [4]. EIPH has frequently been associated with poor performance
in Thoroughbreds and Standardbreds [5–9]; however, scientific evidence supports this
hypothesis only partially. Different authors reported an association between the pres-
ence of EIPH and the likelihood of a lower position in races [7,10,11]. In particular, in
a study, horses with EIPH of grade ≥ 2 showed to have lower odds of finishing in the
first three positions, and horses with EIPH of grade ≥ 1 finished at a longer distance behind
the winner compared to EIPH-negative horses [7]; also, in another study, EIPH-positive
horses tended to finish unplaced [11]. Moreover, severe forms of EIPH (grade 4) have been
associated with a shorter duration of the racing career [9], and EIPH of grade ≥ 2 has been
associated with a lower likelihood to be in the 90th higher percentile for race earnings [7].
In contrast, other authors failed to detect any influence of EIPH on the finishing position of
racehorses [12–16], nor on the finishing time in a race [15]. However, to date, no studies
have managed to quantify objectively the lower performance of EIPH-affected horses com-
pared to EIPH-negative horses. To assess in a quantitative way the athletic capacity of the
horses, a standardized incremental exercise test on a treadmill may be performed. The max-
imal oxygen consumption (VO2max) reflects the maximal aerobic capacity and is considered
as a good predictor of athletic performance [17]. Moreover, the measurement of the blood
lactate concentration can provide useful information on both the aerobic and anaerobic
capacities of the horse; the velocity at which the horse’s blood lactate concentration reaches
4 mmol/L (VLa4) represents the aerobic–anaerobic threshold and is a good indicator of
aerobic capacity [18]. High values of VLa4 have been associated with superior performance
in different studies [19–21]. An indication of anaerobic capacity could be provided by the
measurement of the post-exercise peak lactate levels [22], and higher concentrations are
reported to be found in faster horses [23,24] with better performance [25]; however, the
lactate concentration is affected by many variables, including the rates of flux between
fluid compartments. Therefore the use of the peak lactate concentrations as an indicator
of anaerobic capacity appears limited [26]. The present study aims to evaluate whether
the presence and grade of EIPH could have an influence on selected performance param-
eters measured during a standardized incremental treadmill test in poorly performing
Standardbred horses.

2. Materials and Methods

2.1. Horses

The clinical records from a population of Standardbred racehorses referred to the
Equine Medicine Unit of the Veterinary Teaching Hospital of the University of Milan (Italy)
for poor performance evaluation between 2002 and 2020 were retrospectively reviewed.
All horses were in full training and underwent a complete diagnostic protocol, including
the collection of history, clinical physical examination, laboratory analysis (complete blood
count, blood chemistry, and arterial blood gas analysis), lameness evaluation, electrocardio-
gram, thoracic ultrasonography, upper airways endoscopy at rest, incremental high-speed
treadmill metabolic test (plasma lactate analysis and Holter registration during exercise),
dynamic endoscopy of the upper airways on a high-speed treadmill, tracheobronchoscopy
30 min after dynamic endoscopy, and BALf collection, including its cytological examination,
performed 24 h after the dynamic endoscopy on the treadmill.

Horses showing signs of systemic illness, lameness, cardiac murmurs of grade > 3/6 [27],
clinically significant valvular regurgitations [28], clinically significant cardiac arrhythmias [29,30],
dynamic upper-airway obstructions (DUAOs), or rhabdomyolysis (stiffness, reluctance to
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move, sweating, tachypnea, tachycardia, myoglobinuria, and/or creatin-kinase > 735 U/l at
6 h after exercise [31]) were excluded from the study, since these afflictions could influence
athletic performance.

2.2. Incremental Treadmill Test

Before performing the incremental treadmill test, the horses were conditioned to the
high-speed treadmill (Sato I, Uppsala, Sweden) with two daily sessions. On the third day,
the test was performed: the belt was inclined with a 5% slope, the protocol started with
a warm-up of 4 min walk (1.5 m/s) and 3 min trot (6 m/s), followed by 1 min phases
increasing the speed by 1 m/s until the horse was no longer able to maintain the treadmill
speed; at the end of the test, the horses were walked for 30 min with a 0% slope to cool
down [31].

Blood samples were collected during the test with the aid of a 14 G Teflon venous
catheter placed in the left jugular vein and connected to an extension tube; blood samples
were taken at rest, after the warm-up phase, at the end of each speed phase, and at 1, 5, 15,
and 30 min during the cool down. To perform plasma lactate analysis, blood was transferred
into tubes containing 10 mg sodium fluoride and 2 mg potassium oxalate for 1 mL of blood.
The samples were centrifugated within 15 min and refrigerated, and the plasma lactate
was measured with the enzymatic colorimetric method using a lactate dry-fast kit for the
automatic system (Uni Fast System II Analyzer, Sclavo, Italy) and reagents supplied by the
manufacturer [32]. In some horses, an aliquot of blood collected in heparinized syringes at
each phase was used to measure the blood pH (48 horses) and hematocrit (31 horses) by
means of a blood gas analyzer (Opti CCA, Opti Medical System, Roswell, NM, USA).

Throughout the duration of the treadmill test, the heart rate was monitored in real-time
using a heart rate monitor (Polar, Equine Inzone FT1, Steinhausen, Switzerland); moreover,
an ECG was obtained continuously before, during. and after exercise by means of a Holter
recorder (Cardioline® Click Holter, Trento, Italy) [30].

2.3. Fitness Parameters

Data about the values of plasma lactate, heart rate, and eventually pH and hematocrit
at each speed phase and during the cool down were obtained at the end of the test and col-
lected on an electronic sheet (Microsoft Excel, Redmond, WA, USA). The fitness parameters
obtained from the treadmill test were:

• VLa4: speed at a plasma lactate concentration of 4 mmol/L;
• HRLa4: heart rate at a plasma lactate concentration of 4 mmol/L;
• V200: speed at a heart rate of 200 bpm;
• Peak lactate: maximum plasma lactate concentration reached during the treadmill test

or cool down;
• V max: maximum speed reached during the test until fatigue;
• pH min: minimum pH reached during the test;
• Ht max: maximum hematocrit reached during the test.

The values of VLA4 and HRLa4 were calculated by means of specific software
(Lactate-E 1.0) [33]; after entering the data about the plasma lactate concentration and
heart rate collected during treadmill exercise at each speed, this software used inverse
prediction to provide precise lactate threshold markers.

2.4. Airway Endoscopy

The day after the incremental test, the horses underwent a dynamic upper airway
treadmill endoscopy at racing speed. After a warm-up of a 4 min walk (1.5 m/s) and 5 min
trot (6 m/s) with a 5% slope, the treadmill was temporarily stopped. A videoendoscope
(ETM PVG-325, Storz, Tuttlingen, Germany) was passed into the nasopharynx of the
horse and held in position with straps. Then, the treadmill was rapidly accelerated up to
maximal speed (speed at maximum heart rate) for a 1600–2100 m distance or until fatigue.
Thirty minutes after the end of the exercise, tracheobronchoscopy was performed. The
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horses were restrained in a stock and contained with a twitch. A flexible videoendoscope
(EC-530WL-P, Fujifilm, Tokyo, Japan) was passed through the left nostril, and the upper
and lower tracts of the respiratory system were visualized. The eventual presence of blood
in the trachea and the mainstem bronchi was graded from 0 to 4 based on a reported scoring
system (tracheal blood score, TBS) [3].

2.5. BALf Collection and Cytological Examination

Twenty-four hours after the treadmill exercise, BALf was collected; with this aim, horses
were restrained in a stock and sedated with detomidine hydrochloride (0.01 mg/kg IV; Do-
mosedan; Vetoquinol, Italy). Airway endoscopy was performed as described above. To perform
the BAL, 60 mL of a 0.5% lidocaine hydrochloride solution was sprayed at the level of the
tracheal bifurcation in order to inhibit the coughing reflex; then, the endoscope was passed into
the bronchial tree until it was wedged firmly within a segmental bronchus. Here, a 300 mL
pre-warmed sterile saline 0.9% was instilled, and the fluid was immediately aspirated. The BALf
sample was stored in sterile ethylenediaminetetraacetic acid (EDTA) tubes and processed within
90 min. To perform the cytological examination, a few drops of pooled BALf were cytocentrifu-
gated (Rotofix 32, Hettich Cyto System, Tuttlingen, Germany) at 500 rpm for 5 min. The slides
were air dried, stained with May-Grünwald Giemsa and Perl’s Prussian blue, and observed
under a light microscope at 400× and 1000× for 400-cell leukocyte differential counting [34].
To evaluate EIPH, 100 macrophages were assessed. The percentage of hemosiderophages on
the total of macrophages was calculated and hemosiderin was scored from 0 to 4 based on the
grading of blue coloration in the cytoplasm of the macrophages [35]; then, the percentage of
hemosiderophages was multiplied by the median hemosiderin score to obtain a simplified total
hemosiderin score (sTHS), with a maximum score of 400 [36].

2.6. Statistical Analysis

All data were analyzed using descriptive statistics and evaluated for normality by
means of the Shapiro–Wilk test. The influence of age and weight on every parameter was
evaluated using the Spearman correlation, while the influence of sex was evaluated by
means of the Kruskal–Wallis test (when considering stallions, geldings, and mares) and
the Mann–Whitney test (when considering males and females). The association between
the TBS and all the fitness parameters, the BALf leukocyte differential cell count, and the
sTHS was evaluated using Spearman’s correlation. The same test was used to analyze
the relationship between the sTHS with the fitness parameters and the BALf leukocyte
differential cell count. The fitness parameters, the BALf leukocyte differential cell count,
and the sTHS in the EIPH positive (TBS ≥ 1) and negative groups were compared by
means of the Mann–Whitney test and the unpaired t test. The relationship between the
BALf leukocyte differential cell count and the fitness parameters was evaluated by means
of Spearman’s correlation. Since the percentage of neutrophils is related to some fitness
parameters [32], a group of horses presenting a neutrophils percentage of < 5% [37] in the
BALf was identified (Neu5 group); among them, the association of the different fitness
parameters with age, weight, TBS, and sTHS was evaluated with Spearman’s correlation.
The data are presented as the mean ± standard deviation (SD) if normally distributed,
and as the median and interquartile range (IQR) if not normally distributed. Statistical
significance was set at p < 0.05. The data were analyzed using a commercially available sta-
tistical software package (GraphPad Prism 9.1.0 for MacOS; GraphPad Software, San Diego,
CA, USA).

3. Results

3.1. Study Population

Among the 230 Standardbred racehorses that underwent a complete diagnostic pro-
tocol for poor performance, 81 met the inclusion criteria for the study, while 149 were
excluded for the presence of DUAOs, clinically significant cardiac arrhythmias or valvular
regurgitations, rhabdomyolysis, or lameness detected either during clinical examination
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or the treadmill tests. The study population consisted of 27 mares, 44 stallions, and
10 geldings aged from 2 to 8 years old (median 3, IQR 3–4) and weighing from 372 to 530 kg
(mean 453 ± 34.41 kg).

Twenty-six horses were EIPH-negative at tracheoscopy (32.1%), while the remaining
55 (67.9%) were EIPH-positive; 19 horses had a TBS of 1 (23.46%), 23 had a TBS of 2 (28.39%),
11 had a TBS of 3 (13.58%), and 2 had a TBS of 4 (2.47%). The sTHS ranged from 0 to 272
(median 34, IQR 12–68). The results of the BALf leukocyte differential count in the enrolled
horses and in the horses included in the Neu5 group (n = 28) are displayed in Table 1.

Table 1. Leukocyte differential counts of the bronchoalveolar lavage fluids of all horses and those
included in the Neu5 Group. Data are expressed as mean ± standard deviation if normally distributed,
or median (IQR) if not normally distributed.

Cell Population All Horses Neu5 Group

Macrophages 43.33% ± 10.66% 39.46% ± 10.59%
Lymphocytes 36.43% ± 13.71% 46% (38.25–52.75%)
Neutrophils 9% (5–17%) 3% (2.25–5%)
Eosinophils 1% (0–3%) 1.5% (0–6%)
Mast cells 4% (3–6%) 5% (4–7%)

Concerning the fitness parameters, the median VLa4 value was 8.6 m/s (IQR 7.6–9.3 m/s),
the median HRLa4 was 208 bpm (IQR 199.6–214 bpm), and the median V200 was 8 m/s
(IQR 7–8.5 m/s). The horses reached a mean peak lactate concentration of 20.5 ± 7.28 mmol/L
and a median V max of 11 m/s (IQR 11-11). The values of pH min were measured in 48 horses,
while those of Ht max in 31 horses; the average pH min was 7.152 ± 0.099 and the mean Ht
max was 64.13 ± 4.13%.

3.2. Age, Sex, and Weight

Age was positively correlated with TBS (all horses: p = 0.0038, r = 0.32; Neu5:
p = 0.0002, r = 0.65), sTHS (p = 0.0269, r = 0.25), and V max (all horses: p = 0.0013, r = 0.35;
Neu5: p = 0.0017, r = 0.58); in contrast, it was inversely correlated with the BALf eosinophils
count (p = 0.0104, r =−0.28). When considering only the Neu5 group, no association was
found between age and sTHS.

Regarding the sex, geldings were older than mares (p = 0.0113), while no differences
concerning age were observed when considering males vs. females. Females had signifi-
cantly higher BALf macrophage counts compared to males (p = 0.0106) and lower BALf
lymphocytes (p = 0.0285) and mast cells (p = 0.0308). The BALf eosinophils percentages
were higher in stallions compared to geldings (p = 0.0191). Males showed significantly
higher values of VLa4 (p = 0.0037), HRLa4 (p = 0.0013) and V200 (p = 0.047) compared to
females. No association between sex and the EIPH parameters was observed.

Weight was positively correlated with V200 (p = 0.0126, r = 0.28; Neu5: p = 0.0098,
r = 0.48); when considering only the Neu5 group, weight was also correlated with sTHS
(p = 0.0472, r = 0.38) and VLa4 (p = 0.0024, r = 0.55).

3.3. EIPH-Related Parameters

The TBS was positively correlated with the sTHS (p = 0.0430, r = 0.23); moreover, a
positive correlation was observed between the TBS and the Ht max (p = 0.0072, r = 0.47).
When considering only the Neu5 group, a statistical correlation was found between the
TBS and the V max (p = 0.0323, r = 0.41). Furthermore, horses showing to be EIPH-positive
at the tracheobronchoscopy had slightly higher BALf mast cell counts compared to EIPH-
negative horses (p = 0.0489) and reached higher values of Ht max (p = 0.0276) (Figure 1).
The sTHS was positively correlated with the BALf mast cells count (p = 0.0392, r = 0.23;
Neu5: p = 0.0024, r = 0.55) and, only in the Neu5 group, with the pH min value (p = 0.0488,
r = 0.65).
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Figure 1. Scatter plot showing the mean and standard deviation of the maximum hematocrit reached
during exercise in EIPH and non-EIPH horses. The statistical significance is shown as * (p < 0.05).

3.4. BALf Leukocyte Differential Cell Count

The percentage of BALf macrophages was inversely correlated with the values of
VLa4 (p = 0.0026, r = −0.33) and HRLa4 (p = 0.0006, r = −0.37). The lymphocytes count
was positively correlated with VLa4 (p = 0.0017, r = 0.34), HRLa4 (p = 0.0242, r = 0.25) and
V200 (p = 0.0342, r = 0.24). The count of neutrophils was inversely correlated with VLa4
(p = 0.0035, r = −0.32) and V200 (p = 0.0145, r = −0.27), and positively correlated with peak
lactate (p = 0.0027, r = 0.33). No associations were observed between the eosinophils and
mast cells counts and any fitness parameters.

4. Discussion

Since the influence of EIPH on performance in racehorses has been widely discussed
without reaching univocal results [5–16], the present study aimed to objectively define
whether EIPH affected some fitness parameters in Standardbreds based on an incremental
exercise test on a treadmill. Although our study found no association between EIPH and
the main treadmill parameters, the causative role of EIPH in poor racing performance
cannot be excluded, as it may be related to different mechanisms. Moreover, higher
values of maximum hematocrit reached during exercise were observed in EIPH-affected
horses, hinting that the hemoconcentration may contribute to the increase in pulmonary
capillary pressure.

Among the population included in the current study, post-exercise tracheobron-
choscopy revealed the presence of EIPH in 68% of the horses, which reflects the previously
reported prevalence in racehorses [2]. However, the prevalence detected in the present
work may be underestimated, as exercise on a treadmill does not accurately resemble what
happens during a race. In our study, a significant correlation was observed between the
tracheal blood score and the simplified total hemosiderin score, although a single tracheo-
bronchoscopic evaluation was performed. This finding suggests that the EIPH episodes
detected at endoscopy did not represent single and isolated events, but EIPH-positive
horses were prone to develop repeated episodes of EIPH.

In the present study, both the tracheal blood score and total hemosiderin score were
associated with increasing age: in fact, EIPH is a progressive condition [1], which has been
associated with the number of racings starts [38] and, consequently, with age [11,13,14].
Moreover, a correlation between age and the maximum speed reached during the treadmill
test was observed; it has been reported that trotters have their fastest racing times at about
6 years of age [39,40]. This could be explained by the fact that adult horses are more trained,
fit, and physically mature compared to two-year-old horses; furthermore, it is reasonable
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that only the best-performing horses are selected to keep racing at older ages, while, among
novice young racehorses, there may be a wider range of performance quality. Age was also
inversely correlated with BALf eosinophilia, in accordance with previous studies [31,41,42].
Males had higher values of VLa4, HRLa4, and V200 compared to females, suggesting that
sex had an influence on fitness; an association between sex and VLa4 has already been
reported [43], while another study failed to detect any relationship, probably due to the
small number of horses included [32]. Moreover, it has been reported that male racehorses
are one second faster over one mile [36] and are 1.6 times more likely to win or place than
females [44]. In our study, weight was also correlated with VLa4 and V200; it could be
hypothesized that bigger horses have a longer stride, making less effort to maintain higher
speeds by influencing the economy of locomotion. Moreover, weight was correlated with
the simplified total hemosiderin score, suggesting that heavier horses are more prone to
suffer from EIPH; to the authors’ knowledge, an association between weight and EIPH
has not been previously reported. The hypothesis that EIPH may result from locomotory
impact-induced trauma [45,46] could explain this finding; in heavier horses, the impact
pressure would be higher, and the resulting shear waves may damage the lung parenchyma
more easily. However, the exact pathogenetic mechanisms of EIPH have not been identified
yet, and this theory has not been widely accepted [47].

In the current study, all horses presented a BALf cytological profile typical of mild–
moderate equine asthma (MEA) [37]; this could be due to the fact that the population
included in the study consisted mainly of young racehorses in training, among which
MEA can have a prevalence higher than 80% [48]. Since MEA, and, in particular, BALf
neutrophilia, has been associated with poor performance [48–51], the lack of non-asthmatic
horses may represent a limitation to this study. When more than one poor-performance-
associated disease is observed in the same subject, the real cause of the lower athletic
capacity can be debatable, as it may result from the combination of different factors.
Also, in the present study, higher percentages of neutrophils were correlated with lower
VLa4 and V200, and with higher peak lactate concentration, confirming the relationship
between neutrophilic lung inflammation and lower athletic capacity observed in a previous
study [32]. Therefore, among our study population, we selected a group of horses showing
a neutrophils percentage of < 5% in order to evaluate the influence of EIPH alone on the
fitness parameters, in particular, those associated with neutrophilia (VLa4, V200, and peak
lactate). Nevertheless, no association between EIPH and V200, VLa4, HRLa4, and peak
lactate was detected, even in the Neu5 group. Similarly, previous studies including a small
number of horses failed to observe any relationship between the presence of EIPH and
blood lactate values [52,53]; only one study identified higher peak lactate after exercise in
EIPH-affected horses [54]. Moreover, no difference in the neutrophil percentage between the
EIPH-positive and negative groups was detected, and no association between neutrophils
count and sTHS was observed. This result suggests that EIPH does not directly influence
the fitness capacity of racehorses, which depends on multiple variables. However, in
our study, the maximal oxygen consumption (VO2max), expressing the maximal aerobic
capacity and reflecting athletic performance [17], was not measured; future studies may
be conducted to investigate a possible association between EIPH and VO2max. Finally,
a possible role of EIPH in the racing performance cannot be ruled out; this should not
be sought in decreased fitness, but it should be reasonably investigated in a different
way. Interestingly, horses with higher percentages of mast cells had higher tracheal blood
scores and simplified total hemosiderin scores, suggesting an association between BALf
mastocytosis and EIPH; similar results had been reported by a previous study, where the
hemosiderophage counts were higher in horses affected by mastocytic MEA compared to
those with neutrophilic MEA [55].

In our study, the tracheal blood score, observed at endoscopy after treadmill exercise,
was correlated with higher speeds reached during the treadmill test; it has been reported
that the risk of EIPH is higher for sprinter horses racing 1000–1200 m compared with horses
racing longer distances [37], and that epistaxis is more common after races < 1600 m than
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in longer races [56]. However, different studies detected no direct association between race
speed and EIPH [5,37], while a faster average early/mid-race speed has been associated
with EIPH scores of ≥ 3 [5]; this could be explained by the fact that rapid acceleration
triggers higher pulmonary vascular pressures than a gradual incremental increase to the
same speed [57]. Also, a study reported that barrel racing horses with the most severe
grade of EIPH were faster than the EIPH-negative ones [58], confirming rapid acceleration
as a risk factor for EIPH.

Moreover, EIPH-positive horses reached, in the present study, higher values of Ht max
during exercise—the more the hematocrit raises, the more the oxygen-carrying capacity
of the horse’s blood during exercise increases; however, no association has been reported
between post-exercise Ht and performance [26]. To explain the association between EIPH
and Ht, it should be considered that higher values of Ht have been related to a higher
mean arterial pressure during treadmill exercise in horses [59] and, in human medicine,
red blood cell aggregation seems to participate in the increase of pulmonary capillary
pressure [60]; therefore, a hypothetical explanation may be that hemoconcentration might
play a role in the pathogenesis of pulmonary hemorrhage in horses. Moreover, it could be
hypothesized that higher values of Ht max could provide a more efficient buffering capacity
of the acid–base disturbance during exercise [61] in EIPH-positive horses; interestingly, in
our study, the simplified total hemosiderin score was associated with higher values of pH
min reached during the treadmill test, and, therefore, a lower grade of exercise-induced
acidosis, supporting this hypothesis. However, as hematocrit variations during exercise
are influenced by different factors, such as the splenic reserve and the intercompartmental
fluid shifts, further studies are needed to investigate the relationship and the possible
pathogenetic role of Ht in EIPH.

5. Conclusions

The present study showed no influence of EIPH on treadmill parameters, such as
VLA4, HRLa4, and V200, suggesting that EIPH does not impair fitness in Standardbred
racehorses; however, this finding does not rule out the causative role of EIPH in decreased
racing performance, which should reasonably be further investigated. Interestingly, horses
affected by EIPH reached higher values of hematocrit, suggesting a possible role of hemo-
concentration in the increase of pulmonary capillary pressure.
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Simple Summary: Respiratory problems are common in horses and are often diagnosed as a cause of
poor athletic performance. The basic diagnostic techniques of the equine respiratory tract examination
are not always sufficient for a complete diagnosis of the disease, its exacerbation, remission, or re-
sponse to treatment. Therefore, advances have been introduced in the diagnosis of equine respiratory
diseases. Among them, we can distinguish the high-resolution imaging modalities like computed
tomography (CT) and magnetic resonance (MR) imaging. These techniques have revolutionized the
capability of visualizing detailed anatomy of the upper respiratory tract, offering the practitioners an
advanced view of airway pathology and allowing for appropriate management planning. On the
other hand, the pulmonary function tests (PFTs), which provide sensitive assessment of small func-
tional changes in the lungs, are able to comprehensively characterize the mechanics of the respiratory
system. Spirometry and impulse oscillation system (IOS) analyze intra-breath respiratory mechan-
ics, while electrical impedance tomography (EIT) measures changes in lung conductivity. These
methods may be successfully applied to detect airway obstruction and mechanical inhomogeneity in
breathing patterns. Presented advanced diagnostic techniques comply with owners’ and trainers’
requirements for accurate and early diagnosis of respiratory tract disorders. This paper reviews
advantages, disadvantages, and clinical applications of the advanced diagnostic techniques of the
equine respiratory tract.

Abstract: The horse, as a flight animal with a survival strategy involving rapid escape from predators,
is a natural-born athlete with enormous functional plasticity of the respiratory system. Any respira-
tory dysfunction can cause a decline in ventilation and gas exchange. Therefore, respiratory diseases
often lead to exercise intolerance and poor performance. This is one of the most frequent problems
encountered by equine internists. Routine techniques used to evaluate respiratory tract diseases
include clinical examination, endoscopic examination, radiographic and ultrasonographic imaging,
cytological evaluation, and bacterial culture of respiratory secretions. New diagnostic challenges and
the growing development of equine medicine has led to the implementation of advanced diagnostic
techniques successfully used in human medicine. Among them, the use of computed tomography
(CT) and magnetic resonance (MR) imaging significantly broadened the possibilities of anatomical
imaging, especially in the diagnosis of upper respiratory tract diseases. Moreover, the implementation
of spirometry, electrical impedance tomography (EIT), and impulse oscillation system (IOS) sheds
new light on functional diagnostics of respiratory tract diseases, especially those affecting the lower
part. Therefore, this review aimed to familiarize the clinicians with the advantages and disadvantages
of the advanced diagnostic techniques of the equine respiratory tract and introduce their recent
clinical applications in equine medicine.

Keywords: respiratory system; imaging; spirometry; electrical impedance tomography; impulse
oscillation system; horse; poor performance
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1. Introduction

Taking a detailed history and performing a good clinical examination is critical to the
diagnostic process of equine respiratory diseases. They often provide crucial data which
narrows down the diagnostic workup plan and supports the choice of the most appropriate
and informative additional examinations. In the case of the equine respiratory tract, obser-
vation of the horse from a distance is important to assess the breath rate or any symptoms
of respiratory distress. Attention should also be paid to environmental conditions like bed-
ding, ventilation, or access to the pasture. Besides the basic clinical examination, a detailed
assessment of the respiratory tract needs to be performed. The respiratory examination
is routinely performed in a sequence of inspection, palpation, auscultation, and—when
needed—percussion [1,2]. When the basic diagnosis is established, the basic diagnostic
techniques of additional examination are routinely used as the initial imaging modality
in the evaluation of most common respiratory diseases. Among the basic diagnostic tech-
niques, radiography, ultrasonography, and endoscopy are most utilized in the field of
equine practice [1,3–7]. They are often adequate for diagnosis and monitoring of equine
respiratory disorders, although advanced imaging techniques are still often required for
more detailed assessment of anatomical structures and functional evaluation (Figure 1).

Figure 1. Application of the basic and advanced diagnostic techniques for the anatomical imaging
and/or functional evaluation of the areas of the equine respiratory tract. CT—computed tomography;
MR—magnetic resonance imaging; EIT—electrical impedance tomography; IOS—impulse oscillation
system; X-ray—radiographic imaging; US—ultrasonographic imaging.

Radiography (X-ray) plays an important role in diagnosing upper respiratory tract
diseases affecting the fascial, nasal, and paranasal sinus regions of the horse skull [4]. X-ray
is a widely available, portable, inexpensive, and well-tolerated diagnostic technique that
can be rapidly and easily obtained in both the field and hospital practices. X-ray of the
horse’s head is commonly used for the diagnosis of dental or sinus diseases, head trauma,
or nasal discharge [5]. They allow visualization of sinuses, guttural pouches, and the upper
trachea, although obtaining diagnostic quality images and interpreting these findings
can be an intimidating task [4]. X-ray has inherent limitations when evaluating complex
regions such as the skull or thorax due to the complexity and overlap of the anatomic

134



Animals 2022, 12, 381

structures. X-ray is of limited value in the evaluation of soft tissue due to reduced tissue
resolution. Disease processes are detected radiographically by identifying disrupted or
altered contours, size or shape changes, or abnormal radiopacity, thus an adequate coverage
of the area of interest is necessary for proper evaluation. These alterations can be difficult
to see when there is complex anatomy [8]. To detect changes in radiopacity, mineral loss
needs to be advanced at 30% to 50% to detect osteolysis or bone resorption radiographically.
There are few pathognomonic findings for many of the disease processes, which can be
easily established when carefully assessing the radiographic findings in conjunction with
the clinical presentation.

Ultrasonography (US) is another diagnostic tool that allows inexpensive, accessible,
real-time, and radiation-free imaging. This technique is implemented in the diagnosis
of lower respiratory tract disorders like pleural effusion, pleuropneumonia, pleuritis,
pneumonia, pulmonary abscess, pneumothorax, or neoplasia [3]. In general, US provides
an assessment of pathological lesions extending mainly to the peripheral lung surface.
An accurate characterization of the amount, location, and characteristics of pleural fluid
or pleural thickening is easily obtained. Parenchymal lesions can be localized with high
accuracy but often appear very similar and cannot be differentiated via an ultrasound
examination [9]. During lung inflammation, the most common occurring artifact is comet
tail, which can be detected in 91% of horses with equine asthma or exercise-induced
pulmonary hemorrhage [10]. However, the comet-tail artifacts are not specific as they
usually suggest the presence of a small amount of fluid, without allowing to distinguish
its nature (inflammatory fluid, edema, blood, etc.) [10]. The US complements X-ray as it is
easier to use, is more sensitive in the detection of smaller amounts of fluid, and provides
information about the fluid character, however, it is limited to the lung surface and has
a low specificity [11]. For further evaluation of the pulmonary pathology, an ultrasound-
guided biopsy can be performed. Additional uses of US include doppler imaging that
offers the characterization of the vascularity of masses of the thoracic wall, neck, or pleural
space [3].

Rhinoscopy is of great use in the case of an ethmoid hematoma, rhinitis due to foreign
body, polyps, and masses causing restricted airflow [12]. It also may be useful in the case
of sinusitis when there is a discharge from the nasomaxillary opening. Endoscopy of the
pharynx may lead to the diagnosis of pharyngeal hemiplegia, cysts, epiglottic entrapment,
or palatal disorders [2]. Visualization of guttural pouches benefits the definition of problems
like mycosis, empyema, or tympany [13]. The trachea is examined to ascertain the dis-
charge presence and appearance or to diagnose anatomic defects like tracheal stenosis [14].
Examination of large bronchi provides information about discharge presence and occur-
ring inflammatory process in the lower airway. Under endoscope guidance or separately,
broncho-alveolar lavage fluid (BALF) is collected to retrieve fluid and cells lining the distal
airways and alveoli. Microscopic evaluation of BALF detects histological abnormalities in
horses with pulmonary disease and is commonly used to stage equine asthma (EA) based
on a percentage of neutrophils [15]. In clinically healthy young athletic horses, the distribu-
tion of nucleated cells in the BALF varies around 60% of macrophages, 34% of lymphocytes,
less than 5% of neutrophils, and less than 2% of mast cells or eosinophils [16]. Horses
with mild-to-moderate EA usually reveal a mild-to-moderate increase in the percentage of
neutrophils, while severe EA is characterized by severe neutrophilia (>20%) [15]. Although
the diagnosis of severe cases of EA is relatively easy, it is difficult to diagnose cases in
remission or horses with a mild form of the disease [15].

Dynamic endoscopy, in some cases, may be the only method for diagnosis of dorsal
displacement of the soft palate, especially when the symptoms occur mainly during exercise.
It then also provides an assessment of laryngeal hemiplegia during horse movement [7].
Both stationary and dynamic endoscopies are available, inexpensive, and easy to perform
under field conditions.

New diagnostic challenges and the growing development of equine medicine has
led to the implementation of advanced diagnostic techniques successfully used in human
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medicine. Among them, the use of computed tomography (CT) and magnetic resonance
(MR) imaging significantly broadened the possibilities of anatomical imaging, especially
in the diagnosis of upper respiratory tract diseases. Moreover, the implementation of
spirometry, electrical impedance tomography (EIT), and impulse oscillation system (IOS)
sheds new light on functional diagnostics of respiratory tract diseases, especially the lower
part. Therefore, this review aimed to familiarize the clinicians with the advantages and
disadvantages of the advanced diagnostic techniques of the equine respiratory tract and
introduce their recent clinical applications in equine medicine.

2. Advances in the Anatomical Imaging

2.1. Computed Tomography (CT) Imaging of Upper Respiratory Tract

Computed tomography (CT) is an advanced technique established for the detailed
imaging of the anatomical structures of the horse’s head and limbs, which nowadays
is becoming more available in equine clinics. The CT refers to a computerized X-ray
imaging procedure where the patient is radiographed slice by slice, using a rotating, highly
collimated, X-ray beam that generates cross-sectional images throughout the area of interest.
The CT image is represented by a grayscale map of the tissue’s ability to attenuate X-ray
radiation [17]. The CT is useful in imaging primarily bones and structures containing air
due to the highest and lowest ability to X-ray radiation attenuation, respectively, however,
the soft tissue evaluation by contrasting imaging is also available. The CT provides high
quality and resolution of the image and the possibility of three-dimension rotation of each
anatomical structure [18]. In the equine respiratory tract, the applicability of CT is limited
to imaging of the horse’s head due to the limited diameter of the gantry, in which the
examined area must be located during imaging [19]. Smaller horses and foals may fit
within the gantry, allowing CT examination of the thoracic cavity and lower airways [20].

2.1.1. Advantages

The CT provides diagnostically important data in situations where X-ray or US has
been unrewarding. However, because of costs and the restrictions presented below, it is
usually second in line after X-ray or US. The main advantage of CT is the ability to produce
high-resolution, three-dimensional, detailed cross-section images [18]. The CT allows
more accurate anatomic and morphologic characterization of the anatomic complexity
without superimpositions of other anatomical structures within the horse’s body. The CT
produces images of the area of interest in various planes. It provides information about
the involvement of bones and surrounding structures and may indirectly help the surgery
by defining the precise surgical margins of removal [17]. As the images are objective and
easy to display and share, using the services of a qualified radiologist from another part
of the world is possible [21]. The CT operating systems also provide the possibility to
manipulate obtained images to highlight particular structures using grey-level mapping,
contrast stretching, histogram modification or contrast enhancement [19]. To evaluate
lesions characterized by increased vascular permeability in the equine head, intra-arterial,
and intravenous contrast enhancement can be applied [22].

2.1.2. Disadvantages

Several problems related to the CT technique that have limited the availability or
usefulness in equine practice can be divided into relative and absolute groups. Within
the relative group, the high cost of CT equipment and facilities necessary for this imaging
is still the main limitation. The monthly maintenance costs of CT scanners are very high
and equipment to move anesthetized horses is also expensive [23]. As the cost of CT
scanners has come down over the last years, and together with the high demand of
horse owners to improve diagnostics, CT imaging is presently not restricted to a limited
number of veterinary institutions and large referral centers, and slowly CT examination
availability in smaller equine practices has increased [24]. The second relative problem is
a need to cooperate with a qualified radiologist. Although performing a CT scan itself is
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demanding but not very complicated, the viewing and assessment of a large set of highly
detailed CT images requires a qualified staff, as for the untrained eye CT imaging may
be incomprehensible [24]. Concerning the third relative problem of the imaging artifacts,
it should be kept in mind that CT imaging is based on X-ray, ionizing, and radiation with the
potential to cause biological effects in living tissues, therefore CT imaging should be done
carefully to avoid artifacts and the need for repeated imaging. Within the artifacts which
may limit the diagnostic value of CT by masking a lesion or by mimicking a pathologic
condition, the partial volume effect and beam hardening should be included [25].

Within the much more important absolute group, the size of the CT scanner is a serious
limitation in the use of CT imaging in equine practices. The CT scanners were designed
for people, thus in equine practice the diameter of the gantry of the CT scanner, in which
the examined area must be located during imaging, ranges from 50–85 cm and allows for
insertion of the head, distal limbs, and upper neck of adult full-sized horses [19]. The entire
body scan is available only in ponies or foals. Moreover, most available CT scanners require
general anesthesia. The horse needs to lie on a table that slides into a gantry of CT scanners.
Therefore, the necessity for general anesthesia of the horse during examination is another
drawback of CT techniques. When general anesthesia is contraindicated, CT examination
will also be contraindicated [18]. The option is the utilization of the modified multidetector
systems to perform standing, sedated CT of the equine head. However, the CT examination
in the standing position to avoid general anesthesia offers further value, but this technique
is still limited to several institutions [18].

2.1.3. Clinical Applications

A wide range of diseases affecting the upper respiratory tract have been diagnosed
successfully using CT imaging. The intravascular contrast enhancement can be used to
differentiate normal soft tissue from lesions based on an alteration in vascular permeability
and perfusion which significantly improves the diagnostic value of equine head CT imag-
ing [22]. The CT examination has been proven to be valuable for surgical and treatment
therapy planning, especially in progressing diseases where accurate diagnosis and surgical
margins play an important role in future prognosis [26]. Precise diagnosis via CT has been
emphasized in order to avoid unviable treatment approaches [27]. Malignant and benign
tumors of the nasal and paranasal sinuses including squamous cell carcinoma, undiffer-
entiated carcinoma, hemangiosarcoma, nasal adenocarcinoma, myxoma, chondroblastic
osteosarcoma, anaplastic sarcoma, and fibro-osseous lesions have been described [28–31].
Henninger et al. provided detailed CT descriptions regarding the most common features of
sinusitis and alveolitis [32]. Diagnosis and surgical treatment of sinonasal cysts have been
described [33–35]. Solano et al. depicted CT images of empyema, even though endoscopy
is the preferred method for the diagnosis process of guttural pouches [24]. Computed
tomography has been reported as a tool that overcomes endoscopy and radiography in
the evaluation of temporohyoid osteoarthropathy [36–38]. Both narrow [39] and larger
clinical studies [32,40–42] using CT on the equine head have been performed, showing
the advantages of this technique in diagnosis and therapy procedures, among which the
selected clinical applications of equine CT imaging are summarized in Table 1.

Table 1. The selected diseases of the equine head and neck area and their main findings diagnosed
based on computed tomography imaging.

Disease Area 1 Main Findings Authors

Sinusitis Paranasal
sinuses

Thickening of the respiratory epithelium, teeth involvement. The
inhomogeneous appearance of the thickened bone, sclerosis of the facial
crest, deformed shape of the maxilla, irregularly defined periostitis, bone
loss or perforation, soft tissue swelling of the face.

Henninger et al.
(2003) [32]

Tucker et al.
(2001) [19]
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Table 1. Cont.

Disease Area 1 Main Findings Authors

Laryngeal
dysplasia Larynx

Thyroid cartilage abnormalities: lack of a cricothyroid articulation, a
dorsal extension of the thyroid cartilage, absence of the caudal cornu of
the thyroid cartilage, absence of the articular process of the cricoid
cartilage, and hypoplasia or absence of the cricopharyngeus muscle.

Garrett et al.
(2010) [43]

Cysts and
cyst-like lesions

Larynx and
cranial cervical

trachea

Thickening, heterogenous signal intensity of thyroid cartilage laminae,
the ventral and lateral aspects of the cricoid cartilage, and the ventral
aspect of the first tracheal ring. The thyroid, arytenoid, and cricoid
cartilages and the first tracheal ring, presence of focal areas of
hyperintense signal consistent with fluid.
Thickening of the nasal mucosa. Narrowed nasal meati. Homogeneous
hyperintense signal, consistent with fluid of interior of the nasal septum.

Garrett et al.
(2010) [43]

Paranasal
sinuses

Focal mineralization of the soft tissue mass. Fluid lines in one or more
paranasal sinuses, dental apex flattening. Bulging and thinning of
maxillary bone, partial destruction of the osseous orbit, infraorbital canal
changes. Displacement and distortion of the osseous infraorbital or
lacrimal canal.

Fenner et al.
(2019) [33]

Paranasal
sinuses

Homogenous soft tissue/fluid filling the entire maxillary sinus.
Expansion of right maxillary sinus with the erosion of the first molar.

Tucker et al.
(2001) [19]

Paranasal
sinuses

Large, clearly demarcated mass within the left caudal maxillary and left
conchofrontal sinuses. Lysis of the sphenoid and palatine bones of the
medial left orbit and left infraorbital canal. Extension into the left
retrobulbar space, with rostral and lateral displacement of the left globe.

Annear et al.
(2008) [34]

Tumors Paranasal
sinuses

Squamosus cell carcinoma: irregularly surfaced heterogeneous soft tissue
mass filling the maxillary sinus and ventral conchal sinus.

Kowalczyk et al.
(2011) [39]

Paranasal
sinuses,

nasal cavity,
tongue,

mandible

Squamosus cell carcinoma: soft tissue attenuation filling maxillary sinus,
dorsal conchal sinus, ventral conchal sinus, while the conchofrontal and
sphenopalatine sinus showed different amount of filling.
Nodular masses involved a third of the ipsilateral rostral maxillary sinus
and less than a third of the conchofrontal sinus. Involvement of
stylohyoid bone.
Small nodular soft tissue lesions along the nasal septum.

Strohmayer et al.
(2020) [28]

Neck

Dystrophic mineralized mass at the right side of the vertebral bodies of
C3 and C4, associated with bone resorption that caused the thinning of
the right transverse process and a widening of the angle between the
transverse process and the arch of C3.

De Zani et al.
(2011) [30]

Nasal cavity,
Paranasal

sinuses

Hemangiosarcoma, nasal adenocarcinoma, myxoma, myxosarcoma,
chondroblastic osteosarcoma, anaplastic sarcoma characterized by a
homogeneous, poorly defined mass that was iso- or mildly
hypoattenuating compared to masseter muscle.

Cissel et al.
(2012) [31]

Paranasal
sinuses

Osseous fibroma: well-marginated mass in right nasal passage with
destruction of caudal aspect of nasal septum and extension of the mass
into the choanae. Rostrocaudal extent of the soft tissue density with loss
of bone density in the vicinity of the cribriform plate

Cilliers et al.
(2008) [29]

Temporohyoid
osteoarthropathy

Temporohyoid
articulation

Osseous proliferation of the stylohyoid bone and temoporohyoid
articulation, thickening of ceratohyoid bone. Lytic osseous changes of the
petrous temporal and stylohyoid bones.

Hilton et al.
(2009) [36]
Divers et al.
(2006) [37]
Bras et al.

(2014) [38]
1 Area of the respiratory tract; CT—computed tomography.

2.2. Magnetic Resonance (MR) Imaging of Upper Respiratory Tract

In horses, magnetic resonance (MR), similarly to CT, may support the diagnostic pro-
cess by providing cross-sectional images of extremities and head. The MR imaging is based
on the magnetic dipole nature of the abundant hydrogen protons within tissues and uses
the magnetic field and radio waves to create the image of hydrated tissues [19]. The MR
images excel in the evaluation of soft tissues, providing anatomic and physiologic infor-
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mation that exceeds tomographic images. The standard image can be acquired in desired
orientation, however the commonly obtained planes are sagittal, transverse, and dorsal [44].
Routine MR imaging examinations of the head include three types of pulse-echo sequences:
the T1-weighted (T1W) sequence, which is performed before and after contrast administra-
tion; proton density (PD); and T2-weighted (T2W) imaging protocols. However, additional
imaging sequences may be used [44]. The T1W sequences are based on the longitudinal
relaxation properties of tissue and are useful for anatomic detail. T1W images acquired
immediately after intravenous contrast administration are compared with identical slices
obtained before contrast to detect neovascularisation or dilatation of vessels. Contrast
enhancement results in a hyperintense signal in tissues where the contrast has extravasated.
PD images are based on the relative concentration of hydrogen protons in different tissues
and have the best anatomic detail. T2W images are based on the relaxation interactions
between protons [19]. In the equine respiratory tract, the applicability of the high-field
closed MR is much more limited than in CT due to the both small gantry diameter and the
need to place the center of the imaged object in the center of the gantry [19]. Therefore,
the high-field MR imaging of the horse’s head, but no further, is available under general
anesthesia only for ponies, foals, or the rostral part of larger horses. The equine low-field
MR scanners provide an examination in standing sedated horses; however, the scanner
should include a specific system, which is not the same as the small system designed for
the equine limb scanning [45,46].

2.2.1. Advantages

The MR provides completely different diagnostically important data than CT, X-ray,
or US. The main advantage of MR is the type of acquired data, providing not only excellent
anatomic features of soft tissue structures but also functional alterations elusive in other
imaging techniques. The MR does not use ionizing radiation, thus no negative biological
effects in living tissues have so far been demonstrated [44]. In the equine respiratory
tract, MR imaging is particularly useful for identifying space-occupying lesions (tumors,
sinonasal cysts, or ethmoid hematomata), where the high soft-tissue contrast of the images
is needed to allow differentiation of tissue types and establish an accurate relationship with
surrounding structures [42]. The second advantage of MR is the ability to produce high-
resolution, three-dimensional, detailed cross-section images which can be accomplished in
any plane, without a loss of resolution or quality regardless of the orientation of the horse’s
head in the magnetic field [19].

2.2.2. Disadvantages

The main disadvantage of the MR technique in equine practice is similar to CT imaging
limitations, and also could be divided into relative and absolute groups. Within the relative
group, as it was noted for CT that the high cost is still the main limitation, it has to be
realized that the costs of MR equipment and facilities are extremely high. The MR magnet,
especially in the high-field MR, requires a constant high voltage power supply and contin-
uous cooling with the use of liquid helium, even when no imaging is being performed.

Therefore, the monthly maintenance costs of MR scanners are much higher than those
of CT [8]. Moreover, in the case of working in a strong magnetic field, specialized non-
metallic equipment for anesthesia, monitoring, and the procedure are needed with special
precautions [8], therefore MR imaging is still restricted to a limited number of veterinary
institutions and large referral centers. The second relative problem is a need to cooperate
not only with a highly qualified radiologist, but also close cooperation with a biophysicist
or specialized technical support from the MR service company [47]. In the case of MR,
both performing an MR scan and viewing and assessing MR images requires narrow,
high-quality MR specialist competencies. For the novice, interpretation of MR images can
be more challenging than interpretation of CT scans because of the influence of the many
patients- and machine-related factors on the gray-scale display. The principles of image
contrast are unfamiliar and follow rules that are not as evident or straightforward [47].
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Although three routine sequences are mainly used for MR imaging of horses’ heads,
standardization of protocols and specialist technique knowledge is required to achieve
high-quality images [19].

As it was mentioned above, the size of the MR scanner is a serious limitation in the use
of high-field MR imaging in equine practice, which should be mentioned as an important
absolute disadvantage. The gantry diameter allows for the distal limb and rostral part of
the head to be introduced in the center for image acquisition [8]. Moreover, the center of the
imaged object has to be positioned in the center of the gantry [8], therefore the high-field
MR is available only for ponies or foals. The other option is the utilization of low-field,
semi-open MR scanners to perform standing, sedated MR of the equine head. However,
the quality, resolution, and number of available imaging sequences are much poorer than
in high-field MR imaging [47]. Concerning the second absolute problem, the target tissue,
it should be kept in mind that MR imaging displays limited clinical use in the lungs and
bones evaluation. MR imaging of the foal thorax may be limited due to the sparse soft tissue
structures and low proton density for signal production [48]. Moreover, multiple interfaces
between air and soft tissue generate susceptibility artifacts and fast signal decay, as in
high-field images the field inhomogeneity susceptibility increases with the increase of air it
contains. Therefore, the low proton density-dependent artifacts are prevalent, especially on
the boundary of air-containing sinuses as well as bone–soft tissue interfaces. The motion
of respiratory, cardiac, and vascular systems may also cause artifacts except when the
respiratory/ECG gating is available [8]. Finally, in the case of selected horse head disorders,
small lesions affecting flat bones of the skull occur which are not detectable on MR images.
Thus, for bone imaging CT images are more detailed [19]. However, the decision between
CT and MR depends not only on the target tissue, but also, and perhaps most of all,
on the time that can be spent on imaging. The MR imaging takes much more time than
performing a CT scan, which is not without significance in the case of unstable horses
during general anesthesia.

2.2.3. Clinical Applications

Due to the above limitations, a variety of clinical MR applications in equine practice
have been reported regarding limbs [49–51], while head MR imaging has a limited number
of cases. Ferrell et al. presented the clinical application of diagnosis of neurologic diseases
in twelve horses, wherein eight of them were successfully diagnosed using MR imaging [52].
Spoormakers et al. assessed the application of MR in equine brain abscesses imaging [53].
A larger study was performed by Manso-Diaz et al., where in 84 clinical cases MR imaging
showed the exact location, size of the lesions, and relation to surrounding structures due
to neurological, sinonasal, and soft tissue disorders. The disorders of the respiratory
tract diagnosed there by MR imaging included sinusitis, dental issues, nasal tumors,
nasal septum deviation, and ethmoid hematoma [42]. In the report by Tessier et al.,
the MR imaging technique was used to diagnose sinusitis, paranasal sinus cysts, ethmoid
hematoma, and neoplasia [54]. Garrett et al. reported MR as an advanced imaging method
of larynx and pharynx, presenting MR features of laryngeal dysplasia and laryngeal cyst-
like malformation [43,55,56]. Potentially, the MR might be a superior imaging technique
in the diagnosis of foal lung diseases, following the experiences from human medicine.
In human medicine, there are reports where magnetic resonance has been compared
with high resolution computed tomography (HRCT) in pneumonia diagnosing. In three
reports, the MR imaging had 91% [57], 94% [58], and 95% [59] accuracy, respectively, in the
diagnosis of pneumonia compared to HRCT with 100% accuracy. The selected current
clinical applications of equine MR imaging of the respiratory tract are summarized in
Table 2.
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Table 2. The selected diseases of the equine head and neck area and their main findings diagnosed
based on magnetic resonance imaging.

Disease Area 1 Main Findings Authors

Cyst Paranasal sinus

Homogeneous
On T1W sequences, the cyst was hypointense compared to temporal muscles,
no contrast enhancement within the cystic fluid.
rim enhancement
On T2W sequences, the contents were hyperintense to surrounding muscle,
and a wall could be observed consistently surrounding the lesion. This rim
was observed consistently around the lesion and could be differentiated from
the adjacent mucosa.

Tessier et al.
(2013) [54]

Abscess Ventral
Conchal sinus

Well-defined capsule with heterogeneous signal intensity in T2W images,
deviation of the dorsal conchal sinus wall, and infraorbital canal.

Manso
Diaz et al.
(2015) [42]

Tumors Nasal
septum

Chondrosarcoma: heterogeneous intensities on all sequences and no defined
borders of the lesion.

Tessier et al.
(2013) [54]

Middle
nasal meatus

Osteoma: irregularly shaped mass that was hypointense on both T1W and
T2W images, containing small foci isointense to muscle on T2W images,
maxillary bone atrophy.

Manso
Diaz et al.
(2015) [42]

Nasal cavity Lymphoma, squamous cell carcinoma: expansile, heterogeneously, and
moderate contrast-enhancing mass with complete occlusion of the nasal cavity.

Laryngeal
dysplasia Larynx

Lack of a cricothyroid articulation, dorsal extension of the thyroid cartilage,
absence of the caudal cornu of the thyroid cartilage, absence of the articular
process of the cricoid cartilage and hypoplasia, or absence of the
cricopharyngeus muscle.

Garrett et al.
(2009) [55]

1 Area of the respiratory tract; MR—magnetic resonance, T1W—T1 weighted image, T2W—T2 weighted image.

3. Advances in the Functional Evaluation

The above basic and advanced imaging techniques predominantly provide data of
normality or alterations of the anatomical structures of the respiratory tract. The adapta-
tion of the pulmonary function tests (PFTs) to equine medicine significantly expands the
possibilities of the functional evaluation. In contrast to static imaging techniques that allow
the direct visualization of the area of interest to diagnose changes like mucus, fluid accu-
mulation, neoplastic changes, or other anatomical abnormalities, dynamic PFTs provide
information about the respiratory system in motion. Examples of dynamic measurement
are pulmonary resistance and dynamic compliance, which are reliable indicators for air-
flow obstruction changes [60]. Respiratory abnormalities generally increase respiratory
impedance in breathing, and a reduced level of ventilation can be detected objectively
by deterioration in breathing mechanics [61]. The PFTs are valuable, noninvasive tools
in the investigation and monitoring of breathing mechanics of patients with respiratory
diseases. These techniques aid diagnosis, help monitor response to treatment, and can
guide decisions regarding further treatment and intervention [62]. However, the PFTs alone
cannot be expected to lead to a clinical diagnosis. Further studies on the normal values
and appearance of flow-volume curves in equine medicine are required to improve the
interpretation of the PETs in horses [63]. Therefore, the PET results should be evaluated in
the light of history, physical examination, and diagnostic imaging results.

Among PFS available in human medicine [62], spirometry, electrical impedance tomog-
raphy, and impulse oscillation systems have been applied to the horses and have enabled
tremendous advances in the clinical performance evaluation of the equine athlete [64–66].
The selected clinical applications are summarized in Table 3.
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Table 3. The selected diseases of the equine lung area and their main findings diagnosed based on
the consecutive pulmonary function tests.

Function Technique Area 1 Main Findings Authors

Monitor ventilator volumes and
respiratory mechanics, control the
depth of the anesthesia

Spirometry
with

pilot-based
flow meter

Lungs

Measurement of tidal volume and minute volume, dynamic
compliance (Cdyn) of the respiratory system. Visual
presentation of pressure-volume (PV) and flow-volume (FV)
loop of each breath, representing the compliance (PV) and
resistance (FV) of the respiratory system.

Moens et al.
(2010) [67]

Correlation of spirometry results
and percentage of neutrophils
(N%) in tracheal aspirates

Spirometry Lungs

Wide variation in N% in tracheal aspirates of clinically normal
horses with poor racing performance, spirometry results
significantly correlated with measurements of N% in
tracheal aspirates.

Evans et al.
(2011) [68]

Comparison of tidal breathing
flow-volume loop (TBFVL) of
healthy horses and horses
suffering from mild and to severe
asthma

Spirometry Lungs Disease-related differences in TBFVL indices are affected by the
type of work undertaken by a horse.

Herholz et al.
(2003) [69]

Measurement respiratory rate,
tidal volume, peak inspiratory and
expiratory flows, time to peak flow
in healthy horses

Spirometry Lungs
Measurements were repeatable and reproducible, however
variable breathing patterns within the same day and on a
breath-to-breath basis were present.

Burnheim et al.
(2016) [64]

Effect of sedation and salbutamol
administration on tidal breathing Spirometry Lungs

After sedation, minute ventilation was reduced in association
with reduced respiratory rate and decreased expiratory and
inspiratory flows. Relative expiratory time was reduced after
xylazine, and peak expiratory flow occurred later in the
respiratory cycle.
Salbutamol administration has a significant effect on most
parameters except the increase in peak inspiratory flow during
tidal breathing.

Raidal et al.
(2017) [70]

Monitoring of ventilation
during anesthesia EIT Lungs

Inspiratory breath-holding and the redistribution of gas from
ventral to dorsal regions of the lung after recovery from
general anesthesia.

Mosing et al.
(2016) [71]

Monitoring of recruitment
maneuvers (RM) during anesthesia EIT Lungs During recruitment maneuvers, ventilation in independent

ventral region.
Ambrisco et al.

(2015) [72]

Detection of bronchoconstriction
and bronchodilatation EIT Lungs

EIT-derived flow indices for ventilation significantly changed
after histamine administration and returned to control values
with subsequent albuterol administration.

Secombe et al.
(2021) [73]

Effect of sedation and salbutamol
administration on tidal breathing
Diagnosis and monitoring of
equine asthma EIT Lungs Healthy horses have lower peak expiratory and inspiratory flow

compare to horses with mild or severe asthma after exercise.
Herteman et al.

(2021) [65]

Diagnosis of bronchoconstriction IOS Lungs IOS parameters in the low-frequency range were sensitive
indicators of early methacholine-induced bronchoconstriction.

Van Erck et al.
(2003) [74]

Standardization of
IOS measurements IOS Lungs

IOS measurements were reliable and repeatable.
Age, sex, and bodyweight did not influence IOS measurements.
Measurements from 5 to 15 Hz were found to be most relevant.

Van Erck et al.
(2004) [75]

Effects of sedation on lung airflow IOS Lungs
Inspiratory parameters were found to be significantly
dependent on the time course of sedation, whereas expiratory
parameters were not influenced.

Klein et al.
(2006) [76]

Diagnosis and staging of
equine asthma IOS Lungs

Significant changes were present between horses in exacerbation
of EA and control horses within inspiratory and expiratory
parameters. The delta reactance (ΔX) shows the presence of
tidal expiratory flow limitation (EFLt) and dynamic airway
compression in SEA horses in exacerbation of the clinical signs.

Stucchi et al.
(2022) [77]

1 Area of the respiratory tract; EIT—electrical impedance tomography; IOS—impulse oscillometry system.

3.1. Spirometry Evaluation of Lower Respiratory Tract

Spirometry is designed to identify and quantify functional abnormalities of the res-
piratory tract. In humans, the Global Initiative for Chronic Obstructive Lung Disease
recommends spirometry as a diagnostic technique in earlier diagnosis and treatment mon-
itoring in chronic obstructive diseases [78]. In medicine, spirometry provides absolute
measures of respiratory function in a simple, reliable, and economical manner. Operating
principles are based on three bidirectional pilot flow sensors connected to the face mask
that measure breath-by-breath airflow with high resolution [79].

Spirometry begins with a full inspiration, followed by a forced expiration that rapidly
empties the lungs. Expiration is continued for as long as possible or until a plateau in
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exhaled volume is reached. Both efforts during inspiration and expiration are recorded
and graphed, demonstrating respiratory frequency, tidal volume, peak inspiratory and
expiratory flows, time to peak flow, and forced vital capacity, which is an important spiro-
metric maneuver. The forced vital capacity measurement requires the maximal inspiration
followed by the rapid expiration, which should be as complete as possible [79]. Such
maneuvers have been performed in horses; however, the use of general anesthesia was
necessary to avoid interference of conscious respiratory movements with emptying of the
lungs [60,80].

In human medicine, spirometry is the gold standard in the diagnosis of lower obstruc-
tive respiratory diseases [78], therefore the adaptation of measurement to the horse practice
seems to be a promising advancement in the functional diagnosis of equine respiratory
diseases. However, in equine medicine spirometry is still restricted to the university centers,
and there is a lack of standardized protocol for horse lung investigation [60,64,67–70,81–86].

3.1.1. Advantages

Spirometry provides repeatable and reproducible data of the respiratory function in
horses without the need of very expensive and advanced equipment, contrary to CT and MR
imaging. Spirometry is a non-invasive technique that does not require the use of ionizing
radiation; moreover, it is well tolerated by horses [82,83]. Therefore, spirometry may be
conducted on non-sedated horses in standing position [83], however, the application for a
horse’s respiratory function monitoring under sedation [70] and general anesthesia [68]
is also available. Cooperation with a qualified specialist is required at the beginning
for gaining experience with spirometry examination, as the obtained data are simple in
interpretation by the practitioners both at rest and during exercise [82,83].

3.1.2. Disadvantages

The main disadvantage of the introduction of spirometry to the equine practice is
the necessity of the horse’s cooperation to perform voluntary breathing maneuvers [81].
Because getting a non-sedated horse to maximal inspiration followed by the rapid, deep
expiration [79] is almost impossible, in equine medicine spirometry cannot be used in
the same manner as in human medicine [78]. Therefore, in horses the spirometry-based
pulmonary function tests are dependent on involuntary breathing which can be done
with much less cooperation from the horse [67–70,82–86]. However, the horse still needs
to be cooperative with wearing a mask which might be challenging or time-consuming
depending on the horse’s activity and temperament [69]. The need to accurately fit the
mask to the horse’s head also requires possession of numerous masks so that they can be
used for foals, ponies, and full-size horses [86]. Moreover, a certain period of training and
acclimatizing horses to spirometric procedures is required to achieve informative data [64].
It should be kept in mind that the horses exhibit a significant respiratory reserve, ventilation,
and are subject to rapid change in response to excitement, fear, and other emotional states.
One should mention the individual variations and age, sex, and usability-related differences
in inflow parameters as the spirometry limitations [64,69,82,83]. Therefore, larger studies
to evaluate protocols for equine spirometry are required to move spirometry to the next
stage of clinical development in equine medicine.

3.1.3. Clinical Applications

Spirometry has been primarily used to characterize the normal equine tidal breathing
flow-volume loop in healthy horses and ponies [82,83]. Afterward, Connally et al. measured
the maximal expiratory flow-volume loops in horses exercised on a treadmill, finding no
marked difference between clinically normal horses and those with airway obstruction [84].
Further reports revealed changes in breathing strategy and disappearance of biphasic
airflow pattern in horses with asthma [69,85]. Herholtz et al. provided strong evidence of
the impact of horse work on the differentiation ability in diagnosing different degrees of
asthma, as the disease-related differences in spirometry-based measures may consequently
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be obscured by the type of work undertaken by a horse [69]. Moreover, Burnheim et al.
indicated high variability of results across days rather than within traces obtained on a
single day with preserved high repeatability and reproducibility [64]. These reports suggest
the need for further bigger studies to evaluate protocols for equine spirometry.

Raidal et al. used spirometry for evaluation of the effect of xylazine, acepromazine,
and salbutamol on lung function in horses where respiration was significantly reduced by
the sedative agents in comparison to salbutamol, where no significant changes were noticed
except increased peak inspiratory flow [70], whereas previous studies have suggested that
bronchodilation therapy has little effect on healthy horses [86]. Moens et al. investigated
the continuous measurement of tidal and minute volume on a breath-to-breath basis in
anesthetized horses and concluded that spirometry was useful in the detection of changes
like depth of sedation or non-fitted tracheal cuff [68].

Among the direct clinical applications of spirometry in the diagnosis of equine res-
piratory diseases, the spirometry-based early diagnosis of equine asthma was investi-
gated [60,67]. Evans et al. correlated the percentage of neutrophil from tracheal aspirates
with spirometry results obtained after exercise and reported that horses with a higher
percentage of neutrophils in tracheal aspirates consistently had lower flowtime curves
during the second half of both inspiration and expiration [68]. These lower values may be
attributed to narrowed airways due to inflammatory exudate, dynamic collapse, and/or
airway hyperreactivity associated with asthma. Therefore, the need for pulmonary testing
in combination with cytology for compressive diagnosis of equine asthma was strongly
suggested [67].

3.2. Electrical Impedance Tomography (EIT) Evaluation of Lower Respiratory Tract

Electrical impedance tomography (EIT) is a non-invasive, radiation-free, real-time
imaging modality which allows the assessment of lung ventilation and perfusion [87].
The EIT reconstructs a cross-sectional image of the lung’s regional conductivity using
electrodes placed circumferentially around the thorax. During EIT examination, a weak
alternating current of high frequency and low amplitude is applied between an adjacent
pair of electrodes and resulting surface potentials are measured by the remaining electrodes.
The measured potentials depend on the tissue bioimpedance and are used to create the
functional image of the lower respiratory tract [88]. The tissue bioimpedance changes
depending on the fluid content, ion concentration, fat accumulation, or amount of air.
Therefore, pathological changes of the tissue composition such as pleural effusion, lung
fibrosis, or alveolar fluid accumulation can be easily detected by EIT [87].

In human medicine, EIT is frequently used for functional chest examinations, espe-
cially for monitoring regional lung ventilation in mechanically ventilated patients, and for
regional PFT in people with chronic lung diseases [87]. The EIT is well situated for adults,
neonates, and pediatric patients [89]. In the veterinary field, EIT is at an early stage of
clinical development, however, in equine medicine the global and regional peak respiratory
flows have recently been investigated [73,90–93].

3.2.1. Advantages

The EIT provides functionally unique clinical data of the lower respiratory tract
ventilation which is difficult to obtain by other diagnostic techniques. The data are real-time
measured and thus reflect continuous ventilation [94]. The EIT allows for the analysis of
the individual region of interest in the lung and comparison, for example, of the dorsal with
ventral parts of lung regions, the right and left lung, or the same regions that underwent
different conditions [65,93]. The electrical currents used by EIT are imperceptible and safe
for body surface application with no ionizing radiation exuded [83]. In contrast to CT
and MR imaging and similar to spirometry, the equipment and facilities are affordable;
easy to implement; well-tolerated by standing, non-sedated horses; and portable, which
makes the EIT system suitable for the field conditions [90]. Electrodes are mainly integrated
into one electrode belt which makes the application more user-friendly. The EIT working
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principle does not limit its use to any size of animal, thus the EIT belt can be adjusted
to small and full-sized horses [65,95]. Cooperation with a qualified specialist is required
during the first period of operation with the EIT belt, but quick and friendly training can
also be done online [87]. As reconstruction algorithms have already been adapted to the
horse anatomy [65,90,96], the possibility of the EIT application in equine clinical practice
has significantly increased.

3.2.2. Disadvantages

Despite many advantages, the EIT imaging modality shows several limitations. EIT is
characterized by very low spatial resolution compared with other imaging techniques, such
as CT or MR imaging [93]. The EIT images represent a single cross-section of the thorax [89],
whereas CT and MR provide three-dimensional images constructed based on the numerous
detailed cross-sections [19]. Other disadvantages are the complexity of EIT data and
susceptibility to artifacts. For the understanding of obtained data, specialized training is
needed, however, compared to other advanced techniques described here, getting started
with the EIT is relatively easy [87]. Concerning the alterations in obtaining data, any patient
movement or touching of electrodes during EIT data acquisition leads to the production
of the artifacts and thus anatomical and functional distortion. The horse needs to stand
quietly, which sometimes may be challenging, and artifacts may still be produced due to
gross movement of muscles from muscle fasciculations, interactions with the investigator,
sniffing, scratching, or fat tissue accumulation. However, contrary to CT and MR imaging
and similar to spirometry, neither general anesthesia or sedation are required [65]. Finally,
it should be kept in mind that the EIT in equine medicine is still at an early stage of clinical
development, therefore some references and protocols still need to be established [73].

3.2.3. Clinical Applications

The first studies on the EIT application in equine practice have focused on the assess-
ment of ventilation in healthy standing horses [65,93]. Regional distribution of ventilation,
the left-to-right lung region impedance ratios, and ventral-to-dorsal lung region impedance
ratios were calculated. In healthy physiologically breathing horses, the right lung received
a larger fraction of the tidal volume than the left, and the ventral-dependent lung region
was more ventilated than the dorsal nondependent one [72]. Schramel et al. described the
shift of regional ventilation towards dorsal nondependent regions in progressing pregnancy
ponies that reversed seven days after foaling [95].

Application of EIT in anesthetized horses has been well described by Mosing et al. [71].
The EIT-based evaluation of the breathing pattern, distribution of ventilation, and gas
exchange during anesthesia revealed the phenomenon of inspiratory breath-holding and
the redistribution of gas from ventral to dorsal regions of the lung after recovery from
general anesthesia [97]. The phenomenon of auto-recruitment by breath-holding has not
been described previously and thus shed new light on horse anesthetized lung function.
Mosing et al. also compared the lung function in spontaneously breathing and controlled
mechanical ventilation anesthetized horses. In the spontaneously breathing horses, ventila-
tion was essentially centered within dorsal regions of the lungs, while during controlled
mechanical ventilation it shifted towards ventral regions [71]. Auer et al. repeated a sim-
ilar protocol on the lateral recumbent ponies. The ventral shift of the ventilation region
was explained by the loss of dorsal movement of the diaphragm when switching from
spontaneous ventilation to controlled mechanical ventilation [98].

Moens et al., Wettstein et al., and Mosing et al. made an effort for a better under-
standing of horse ventilation by applying EIT measurements for continuous monitoring
of the dynamic changes in the distribution of ventilation [71,93,99]. The EIT has been pro-
posed as a monitoring tool in alveolar recruitment maneuvers in horses [93,97]. In alveolar
recruitment maneuvers, lung opening is based on the implementation of sufficient peak
inspiratory pressure and the immediate application of partial end-expiratory pressure [99].
These high airway pressures inevitably induce cardiovascular and pulmonary side ef-
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fects such as decreases in cardiac output and blood pressure, as well as overdistension
of lung parenchyma which results in augmented dead space fractions [93]. Therefore,
positive end-expiratory pressure should be adjusted to the lowest pressure that prevents
alveolar decruitment [93]. It is worth noting that the EIT-measured effects of the peak
inspiratory pressure and partial end-expiratory pressure on the distribution of ventilation
were in line with spirometry results in horses [73]. Moreover, the application of EIT in
dorsally recumbent anesthetized horses allows for establishing the level of continuous
positive airway pressure at which the number of silent spaces in the dependent parts of the
lungs decreases [100]. However, to implement this ventilation strategy in clinical practice,
the widespread awareness of the possible use of EIT or other appropriate monitoring tools
in equine medicine needs to be greatly increased [101,102].

Among the direct clinical applications of the EIT in equine practice, recent research
described the global and regional peak respiratory flows in the horses that underwent
histamine challenges and drug-induced bronchodilatation [73,90], as well as those suffer-
ing from equine asthma [96]. The main component of equine asthma, a chronic disease
that greatly affects the horse’s physical capacity, is airway inflammation that causes bron-
choconstriction with recurring obstruction of air passages, excessive mucus production,
and bronchial and pulmonary hyperresponsiveness [103]. It is worth noting that the EIT
measurements proved to be effective in the evaluation of histamine-provoked bronchocon-
striction in horses [73,90]. Horses were nebulized using histamine saline, and the total
impedance change during inspiration and expiration, peak global inspiratory, and peak
expiratory global flow were evaluated by calculating the first derivative of the EIT volume
signal. In both studies, inspiratory and expiratory global EIT flow variables incrementally
increased with bronchoconstriction. A reversal of airflow changes induced by the adminis-
tration of albuterol after histamine challenge was also EIT detectable [73]. In subsequent
studies, EIT was implemented to compare effort-dependent ventilation between horses
with asthma and the healthy group. The global expiratory flow was significantly higher in
horses affected with mild and severe asthma after 15 min of exercise of the lunge. In horses
with airway obstruction, the breathing strategy changes, and the biphasic airflow pattern
disappears [90]. In healthy horses, the normal breathing strategy is reflected by a biphasic
inspiratory and expiratory airflow pattern [82]. In asthmatic horses, the increase in global
flow is more pronounced during expiration, with an increase of 94% compared to inspira-
tion during which an increase of 83% was observed. The EIT measurements proved that
asthma affects expiration more than inspiration [65].

3.3. Impulse Oscillation System (IOS) Evaluation of Lower Respiratory Tract

The impulse oscillometry system (IOS) is a non-invasive effort-independent functional
modality that allows for measuring both airway resistance (R) and airway reactance (X) [95].
The IOS gains a huge interest in pediatrics, wherein younger children’s ability to follow
instructions is not required [104]. For a similar reason, the IOS successfully has been
introduced into the veterinary field. In the equine application, the harmonic sound waves
generated by a loudspeaker flow through the horses’ respiratory tract [66]. The harmonic
sound waves may flow through the tube attached to the face mask during IOS examination
on a standing, non-sedated horse or to the endotracheal tube during anesthesia. Therefore,
the IOS may be applied in both clinical applications [75]. A loudspeaker generates the
single or multiple frequency harmonic sound waves, which usually range from between
1 and 5 Hz to between 10 and 25 Hz. The impulses generated by the loudspeaker travel
superimposed during normal tidal breathing through the large and small airways. Higher
frequency harmonic sound waves penetrate out to the lung periphery, thus reflecting the
large airways, whereas lower frequency waves travel deeper into the lung reflecting the
lower airways. Finally, the inspiratory and expiratory flow and pressure are measured
by the pressure and flow transducers [104]. The pressure and flow signals are separated
from the breathing pattern by signal filtering. The signal coming back from the airways
carries the data representing respiratory impedance which is the sum of all the resistance
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and reactance opposing the IOS-produced oscillations. The air resistance (R) is a force
proportional to energy required to propagate the pressure wave through the airways,
whereas the air reactance (X) is another force proportional to the amount of recoil generated
against that pressure wave [104].

3.3.1. Advantages

The IOS provides reliable, repeatable, and informative pulmonary functional data
of the lower respiratory tract [75], completely different than the data obtained with other
diagnostic techniques described. Therefore, it seems to be a very good complement, not a
replacement for the basic and advanced diagnostic techniques of the equine respiratory
tract. The IOS is non-invasive, fast, and easy to calibrate, and does not require the use of
either ionizing radiation or electrical currents. Similar to spirometry and EIT, the equipment
and facilities are affordable, portable, easy to implement, and well-tolerated by standing,
non-sedated horses, thus the application of the IOS in the field conditions is promising [77].
Contrary to classic spirometry, the IOS requires only passive horse cooperation which is a
great advantage in veterinary practice [77] and is the second indicator of applicability for
field measurements in equine medicine. Cooperation with a qualified specialist is required
during the first measurements conducted with the IOS, and online support of acquired
data interpretation is also available [66].

3.3.2. Disadvantages

Although the IOS has many useful promising clinical applications, the examination
protocol is subject to some limitations. Despite the IOS protocol being effort-independent,
the horse still needs to be cooperative, especially regarding wearing a mask that sometimes
might be challenging and time-consuming [77]. Moreover, similar to spirometry, the horse
masks need to be adjusted for each horse to avoid air leaks that may interfere with results.
Thus, buying a wide spectrum of facemasks is needed to fit them properly to foals, small,
and full-sized horses [66]. Maybe for this reason, despite the many advantages, the IOS
is currently restricted to research institutions and referrals [66]. Moreover, similar to both
spirometry and EIT, the IOS in equine medicine is still at an early stage of clinical develop-
ment, and research remains ongoing regarding the protocols, interpretation, and clinical
application in horses, although more reports are still needed [66].

3.3.3. Clinical Applications

Van Erc et al. made a cornerstone in equine IOS application, providing the normal
reference values for adult horses and standardizing the examination protocol concerning
the effect of unfitted masks or position of the head. The horse’s gender, age, and general
physical morphology determined by individual biometrics did not significantly affect
the results of IOS measurements [75]. In other studies, van Erck et al. reported that
bronchoconstriction resulted in an increase in R at 5 Hz and a decrease in X at 5, 10, 15, 20
Hz frequencies. Young et al. confirmed those results, however, at frequencies between 1
and 3 Hz [74]. Klein et al. investigated the effect of xylazine sedation on the IOS parameters
and revealed significant alterations mainly during inspiration [76]. Richard et al. revealed
the significant increase in R and decrease in X at lower frequencies 1–10 Hz in a horse group
with mild equine asthma [105]. These promising results direct further research towards
the assessment of the suitability of the IOS in the diagnosis of equine asthma at an early
stage. Stucci et al. initiated the measurement of the Delta X (ΔX) in a horse’s respiratory
tract, and defined ΔX as the difference between the inspiratory and expiratory reactance
at each frequency [77]. In human medicine, ΔX is used in the detection of tidal expiratory
flow limitation in chronic obstructive pulmonary disease and human asthma [106]. Based
on the Stucci et al. results, ΔX could be used in monitoring the exacerbation or remission of
the clinical signs of severe equine asthma and healthy controls, indicating the important
clinical application of the IOS in the diagnostic and treatment of diseases of the lower
equine respiratory tract [77].
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4. Future Development and Practical Applications

In human medicine, specialized centers for respiratory diseases are present and the
future may lead to development of similar facilities for horses, as respiratory problems
highly impact the equids population. In many cases, the complexity of respiratory disorders
makes the full diagnosis under field conditions inapplicable. Thus, specialized centers fully
equipped to provide comprehensive diagnoses are needed. Except for the endoscopes and
US machines, the remainder of the specialized equipment is not portable. Ambulatory
X-ray systems are not suitable for thoracic radiography in adult horses, this area can only be
achieved using high powered X-rays which are mainly stationary. Lung function tests are a
very promising tool, especially regarding the worldwide occurrence of EA. Early asthmatic
horses may not show recognizable signs, but their airway hyperactivity can be detected
using a pulmonary function test. PFTs may be especially helpful in early diagnosis of high-
performance horses where the smallest amount of respiratory disease may affect the future
outcome. PFTs may be also helpful in the evaluation of response to treatment protocol
and are more sensitive than BALF retake. Hopefully high demand from the owners and
trainers will result in the wide implementation of those techniques in equine respiratory
diseases diagnosis, as it would support effective management of affected horses, improve
the outcomes, and improve the horses’ welfare.

5. Conclusions

Huge improvements have been observed in the last decades and continuous technical
progress is changing the capability of the diagnostic techniques, allowing for more accurate
anatomical and functional studies of the equine respiratory tract. Within the advanced
techniques, the sensitive diagnostic modalities like CT or MR have provided the detailed
anatomical features of upper respiratory tract diseases, allowing for the exact visualization
of changes and providing vital information for surgical staff in the case of a planned
procedure. The further implementation of pulmonary function tests is promising as a
non-invasive tool to facilitate an earlier diagnosis of equine lower respiratory tract diseases,
especially in the case of equine asthma. However, more studies in the presented field are
needed to create protocols that may be widely implemented by equine practitioners.
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Simple Summary: Equine asthma shares similarities with human asthma. The aim of the study
was to evaluate whether within breath analysis improved the sensitivity of oscillometry at detecting
subclinical airway obstruction in horses with asthma in remission of clinical signs. From this study,
we can conclude that the within-breath oscillometry is sensitive in discriminating horses with severe
asthma in clinical remission of the disease from control horses. Additionally, oscillometry allowed to
identify the increase in expiratory reactance similar to that due to expiratory flow limitation observed
in human asthmatic patients with airway obstruction.

Abstract: Oscillometry is a technique that measures the resistance (R) and the reactance (X) of the
respiratory system. In humans, analysis of inspiratory and expiratory R and X allows to identify the
presence of tidal expiratory flow limitation (EFLt). The aim of this study was to describe inspiratory
and expiratory R and X measured by impulse oscillometry system (IOS) in horses with severe asthma
(SEA) when in clinical remission (n = 7) or in exacerbation (n = 7) of the condition. Seven healthy,
age-matched control horses were also studied. Data at 3, 5, and 7 Hz with coherence > 0.85 at 3 Hz and
>0.9 at 5 and 7 Hz were considered. The mean, inspiratory and expiratory R and X and the difference
between inspiratory and expiratory X (ΔX) were calculated at each frequency. The data from the three
groups were statistically compared. Results indicated that in horses during exacerbation of severe
asthma, X during expiratory phase is more negative than during inspiration, such as in humans in
presence of EFLt. The evaluation of X during inspiration is promising in discriminating between
horses with SEA in remission and control horses.

Keywords: equine asthma; impulse oscillometry; airway obstruction; lung function test

1. Introduction

Horses can spontaneously develop equine asthma, a non-infectious chronic lower
airway disorder of adult horses, which shares several similarities with human asthma [1,2].
Based on the severity and the clinical presentation, the disease is classified as mild-moderate
or severe equine asthma. Severe equine asthma (SEA) is characterized by coughing, exercise
intolerance, and recurrent episodes of increased respiratory effort at rest, representing the
exacerbation of the condition, alternated with periods of remission of the clinical signs [3].
The gold standard for the diagnosis of SEA is the cytological examination of bronchoalveolar
lavage fluid (BALf) in horses with compatible clinical signs, that shows the presence of a
marked neutrophilic inflammation [4]. Nevertheless, BALf collection is a relatively invasive
procedure, that requires the sedation of the patient and the instillation of a large volume of
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fluid in the lungs of the horse. Moreover, during the remission of the clinical signs, BALf
cytology may not allow to discriminate between healthy and affected horses [5]. In humans,
the gold standard for the asthma diagnosis is the detection of alterations in pulmonary
function testing [6]. In horses affected by SEA, conventional lung mechanics allows to
identify the presence of airway obstruction [7–9]; however, this technique requires the use
of an esophageal balloon and shows a low sensitivity for mild obstruction [10], therefore
it is currently performed only in research settings. For this reason, in the last 30 years the
attention of the researchers has been focused on oscillometry, a technique currently used
in humans for the evaluation of asthmatic patients. As described by Dubois et al. [11],
oscillometry allows to measure the mechanical properties of the lung (i.e., resistance, R, and
reactance, X), evaluating the response of the respiratory system to external forcing over-
imposed to spontaneous breathing. The Impulse Oscillation System (IOS) is a method based
on a repetition of impulses generated from a loudspeaker and applied to the respiratory
system that allows the determination of R and X across multiple frequencies [12]. Van
Erck et al. [13–16] first reported on the use of IOS in horses with severe asthma, in which
they evaluated the frequencies from 5 to 20 Hz. They reported that the results of IOS and
conventional lung mechanics were well correlated. Moreover, IOS was more sensitive
than standard mechanics during bronchoprovocation tests. Lower airway obstruction was
characterized by negative frequency dependence of R, positive frequency dependence of
X and negative X values throughout the frequency range. In 2006, Klein and colleagues
evaluated the results of IOS at frequencies of 1, 5, and 10 Hz, that were considered the most
representative of equine lower airways [17]. For the first time, the within-breath analysis
was performed, and inspiratory and expiratory R and X were reported. Additionally, the
within-breath analysis of asthmatic horses with subclinical inflammation, showed higher R
values and lower X values when compared to those of controls [18]. Recently, other authors
reported an association between R measured by IOS and histopathological findings of the
airways of SEA horses [19]. To date, there is no report of IOS values of SEA when horses
are in remission of the clinical signs.

In humans, the within-breath analysis of X allows to calculate the parameter Delta X
(ΔX), defined as the difference between the inspiratory and expiratory reactance at each
frequency. It has been shown that this parameter allows the detection of tidal expiratory
flow limitation (EFLt) in COPD and asthma. This measure has an important diagnostic
value [20,21], but it has not been applied for the evaluation of asthmatic horses. The aim of
the present work was therefore to describe the results of within-breath analysis, including
ΔX, measured by IOS in horses with severe asthma when they are in the exacerbation and
in the remission phases of the disease.

2. Materials and Methods

2.1. Sample Selection

To perform the study, seven horses with SEA in exacerbation of the clinical signs
(4 geldings and 3 mares, age of 11.9 ± 3.4 years), seven horses with SEA in clinical remission
(1 gelding and 6 mares, aged 16.4 ± 5.0 years) and seven age matched healthy controls
(7 mares, with a mean age of 13.1 ± 3.5 years) were studied. The horses with SEA were
selected from a well-characterized population of asthmatic horses of the research herd of
the Equine Asthma Laboratory, Faculty of Veterinary Medicine, University of Montréal.
Horses in asthma exacerbation were kept in stable and fed hay; horses in remission of the
clinical signs were kept at pasture 24 h/day for at least 6 months and fed pelleted hay
when needed. Control horses were from the teaching herd of the Faculty of Veterinary
Medicine of the University of Montréal and were considered free from respiratory diseases
based on history and clinical examination. All horses had been previously trained to IOS
measurement. The study was approved by the Animal Care Committee of the Université
de Montréal (Protocol Rech-1324) and conducted in compliance with the guidelines of the
Canadian Council on Animal Care.
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2.2. IOS Measurement

Horses were restrained in stock and underwent IOS measurement by Equine IOS
MasterScreen (Jaeger, Würzburg, Germany), as previously described [13]. Briefly, the
system consisted in a plastic mask adapted to fit on the muzzle of the horse, sealed by
a rubber tape. The mask was attached through a tube to a loudspeaker that produced
the impulses, and to a pneumotachograph placed directly in front of the face mask. The
pressure and flow response of the respiratory system to the impulses superimposed to the
animal spontaneous breathing were measured. Prior to each experiment, the system was
calibrated by means of a 2-L calibration syringe, forcing known volumes of air through the
pneumotachograph. At least three measurements of 30 s each were performed, and the
mean value of the three measurements was studied.

The data collected by LabManager (version 4.53, Jaeger, Würzburg, Germany) was then
analyzed using Fast-Fourier transformation (FAMOS imc, Meβsysteme, Berlin, Germany).
The mean total, inspiratory and expiratory R and X and the corresponding coherence (Co)
of the respiratory system at all frequencies of impulses (from 0.1 to 20 Hz) was obtained.
For this study, only values at 3, 5, and 7 Hz were studied, as they were the only frequencies
with Co considered adequate (Co > 0.85 at 3 Hz and 0.9 at 5 and 7 Hz). Co reflects the
quality of the measurement [17]. The ΔX, measured as the difference between the mean
inspiratory and expiratory reactance at each frequency, was also calculated.

2.3. Statistical Analysis

The mean inspiratory and expiratory R and X and the ΔX were calculated at each
frequency for the three groups and collected on an electronic spreadsheet (Microsoft Excel,
Redmont, WA, USA). Data distribution was evaluated by means of Shapiro–Wilk normality
test. If data were normally distributed, the comparison between the three groups was
performed by means of one-way ANOVA and Dunnett’s multiple comparison test. If data
were not normally distributed, the comparison was performed by Kruskal–Wallis test and
Dunn’s multiple comparison test. Statistical analysis was performed using a statistical
software (Prism Graphpad 9.1.0 for MacOs; San Diego, CA, USA). Statistical significance
was set at p < 0.05.

3. Results

The Shapiro–Wilk normality test showed a normal distribution for all the parameters,
except for inspiratory R at 3 Hz (R3i) and ΔX at 7 Hz (ΔX7). Results of IOS measurement
are reported in Table 1.

Statistical comparison between groups showed significant differences between SEA
horses in exacerbation and control horses for R at 3 Hz, for mean (R3, p = 0.0002), inspiratory
(R3i, p = 0.0011) and expiratory (R3e, p = 0.0008) parameters.

For X, significant differences were present between horses in exacerbation and control
horses at each frequency for mean (X3, p < 0.0001; X5, p < 0.0001; X7, p < 0.0001), inspiratory
(X3i, p < 0.0001; X5i, p < 0.0001; X7i p = 0.0007), and expiratory parameters (X3e, p < 0.0001;
X5e, p < 0.0001; X7e, p < 0.0001). Between control horses and asthmatic horses in remission,
differences were present for mean X at 7 Hz (X7, p = 0.0173) and for inspiratory X at 3, 5
and 7 Hz (X3i, p = 0.009; X5i, p = 0.0017; X7i, p = 0.012).

The ΔX values were significantly higher in horses in exacerbation of severe asthma
than in control horses at 3 and 5 Hz (ΔX3, p = 0.0029; ΔX5, p = 0.001), indicating a worsening
of the airway obstruction during the expiratory phase of breathing.
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Table 1. Results of IOS measurement in the three group. Normally distributed data are displayed as
mean ± standard deviation. Non-normal distributed values are presented as median and interquartile
range. (* = p < 0.05; ** = p < 0.01; *** = p < 0.001).

Controls
(cmH2O * s/L)

Remission
(cmH2O * s/L)

Exacerbation
(cmH2O * s/L)

Mean

R3 0.68 (±0.21) 0.87 (±0.35) 0.142 (±0.24) ***

R5 0.75 (±0.22) 0.86 (±0.32) 0.93 (±0.09)

R7 0.91 (±0.24) 0.92 (±0.34) 0.82 (±0.12)

X3 0.12 (±0.06) −0.03 (±0.14) −0.97 (±0.56) ***

X5 0.21 (±0.06) −0.01 (±0.2) −0.67 (±0.35) ***

X7 0.24 (±0.11) −0.03 (±0.2) * −0.49 (±0.24) ***

Inspiratory

R3i 0.60(0.053–0.77) 0.95 (0.76–1.05) 1.2 (1.17–1.35) **

R5i 0.72 (±0.2) 0.88 (±0.32) 0.92 (±0.07)

R7i 0.87 (±0.21) 0.93 (±0.31) 0.80 (±0.19)

X3i 0.16 (±0.09) −0.06 (±0.15) ** −0.39 (±0.14) ***

X5i 0.22 (±0.05) −0.05 (±0.17) ** −0.31 (±0.14) ***

X7i 0.28 (±0.01) −0.05 (±0.18) * −0.18 (±0.28) ***

Expiratory

R3e 0.71 (±0.24) 0.85 (±0.35) 1.4 (±0.27) ***

R5e 0.79 (±0.24) 0.85 (±0.31) 0.9 (±0.11)

R7e 0.97 (±0.27) 0.92 (±0.35) 0.8 (±0.14)

X3e 0.08 (±0.05) −0.02 (±0.15) −1.15 (±0.68) ***

X5e 0.19 (±0.08) 0.01 (±0.21) −0.8 (±0.43) ***

X7e 0.2 (±0.13) −0.02 (±0.22) −0.54 (±0.27) ***

Delta (Δ) X

ΔX3 0.08 (±0.07) −0.05 (±0.1) 0.76 (±0.58) **

ΔX5 0.03 (±0.04) −0.06 (±0.1) 0.47 (±0.32) **

ΔX7 0.05 (0.03–0.07) −0.01 (−0.14–0.04) 0.16 (0.13–0.47)

4. Discussion

The present study represents the first report on IOS measurements and ΔX in asthmatic
horses in remission of the disease. Horses in remission of severe asthma are of particular
interest, because they can be used as a model for subclinical airway obstruction. A previous
study, in fact, demonstrated the presence of a residual bronchoconstriction even after one
year of treatment with inhaled corticosteroids or strict antigen avoidance [5].

Concerning the measurement technique, IOS generated a spectrum of frequencies
ranging from 0.1 to 20 Hz. Nevertheless, it has been demonstrated that the frequencies
lower than 10 Hz are the most representative of the lower airways in the equine species [17].
Moreover, in a previous study reporting data obtained in horses by means of forced
oscillations (FOT), the frequencies considered as the most sensitive were 1, 2, and 3 Hz [22].
For this reason, we decided to evaluate only the results at 3, 5, and 7 Hz; we excluded the
data at lower frequencies because the oscillations generated by the IOS could interfere with
higher harmonics of spontaneous respiratory frequencies, and therefore the quality of data
could be negatively influenced [23]. For the same reason, and as suggested previously [17],
only impedance data showing high values of coherence (>0.85 at 3 Hz and >0.9 at 5 and
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7 Hz) were included, in order to optimize the quality of data. Other studies on IOS values
in horses with asthma did not report the coherence values [13–16,18], and therefore the
comparison with our data is not possible.

In agreement with previous reports, IOS identified several differences between horses
with SEA in exacerbation of the clinical signs and controls [13–16]. Differences in R were
found only at the frequency of 3 Hz for the whole breath and for inspiratory and expiratory
R. This result is similar to what reported in a recent study [19]. In human medicine, the
increase in R at low frequencies is indicative of the presence of lower airway obstruction
during clinical exacerbation of asthma [24]. The absence of differences at higher frequen-
cies is also coherent with previous reports, as SEA horses are characterized by negative
frequency dependence of R [16].

In the present study, horses in asthma exacerbation also showed significant lower
values of X compared to controls, at all frequencies and for all the phases of breathing. This
finding agrees with previous reports [15,19]. Negative values of X at low frequencies reflect
peripheral airway obstruction [12]. In humans, X is decreased in the presence of various
obstructive respiratory diseases, including asthma, chronic obstructive pulmonary disease
(COPD), and emphysema [25].

Moreover, our results showed that the values of ΔX at 3 and 5 Hz in the SEA group
in exacerbation were significantly higher than in controls, meaning that the expiratory
X was significantly lower than the inspiratory X. Similar findings have been observed in
human patients with COPD, but specifically only in patients where the airflow during
expiration did not increase despite increasing efforts of the patient. This conditions, called
tidal Expiratory Flow Limitation (EFLt), is due to the narrowing of some airways (chock
points) consequent from the dynamic compression of peripheral airways [26]. During
an IOS measurement, the oscillations cannot penetrate through the choke points and,
therefore, impedance data represents the mechanical properties of the part of the lung
between choke points and airway opening only. As most of lung compliance is located in
the lung periphery (i.e., between chock points and alveoli), when choke points develop, the
expiratory reactance drops [20]. In a similar way, exacerbation of SEA is characterized by
an early peak of expiration, and a consequent decrease in the expiratory flow [27]. This also
may be due to the presence of some choke points that cause a drop in expiratory X and a
consequent increase in ΔX. This supports the presence of EFLt in SEA, which may contribute
to pulmonary hyperinflation and exercise intolerance, as reported in humans [28].

Finally, IOS allowed to identify significantly lower X7, X3i, X5i, and X7i in SEA horses
in remission compared to controls. This is the first report of the sensitivity of IOS in
discriminating between healthy and horses in remission of severe asthma. This finding is
surprising because negative values of inspiratory reactance are suggestive of restrictive
diseases, such as interstitial lung disease, more than obstructive [29]. Moreover, horses with
SEA in clinical remission of the clinical signs have normal lung function when evaluated
using standard lung mechanics, despite the presence of a residual airway obstruction has
been demonstrated [5]. It could be hypothesized that this residual bronchospasm does
not interfere with the measurement of expiratory reactance by IOS. Nevertheless, it has
been reported that asthmatic horses suffer from a chronic remodeling of the airways, that
involves not only the smooth muscle mass [5], but also the vessels [30], the epithelium
and the interstitial tissue [31], that is only partially improved by treatment or antigen
avoidance. As the presence of pulmonary fibrosis and emphysema induces lower values
of inspiratory X in humans [32], it could be speculated that the presence of a persistent
subepithelial fibrosis and hyperinflation in horse with SEA in clinical remission [31] could
have contributed to the decrease in inspiratory X.

5. Conclusions

The within breath analysis of IOS measurement showed some differences between
control horses and SEA horses in remission, that could be a promising result for the
identification of asthmatic horses in absence of clinical signs. Moreover, the parameter
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ΔX suggests the presence of EFLt and dynamic airway compression in SEA horses in
exacerbation of the clinical signs.
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