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Background: Inflammatory airway disease (IAD) in horses is a widespread, performance-limiting syndrome believed to

develop in response to inhaled irritants in the barn environment.

Objectives: To evaluate changes in bronchoalveolar lavage fluid (BALF) cytology and exposure to particulates, endo-

toxin, and ammonia during horses’ first month in training.

Animals: Forty-nine client-owned 12- to 36-month-old Thoroughbred horses entering race training.

Methods: In this prospective cohort study, a convenience sample of horses was assigned to be fed hay from a net

(n = 16), whereas the remaining horses were fed hay from the ground (n = 33). BALF was collected at enrollment and

after 14 and 28 days in training. Respirable particulate, inhalable particulate, respirable endotoxin, and ammonia concen-

trations were measured at the breathing zone of each horse weekly.

Results: Median respirable particulates were significantly higher when horses were fed from hay nets than when fed

hay from the ground (hay net 0.28 mg/m3, no hay net 0.055 mg/m3, P < .001). Likewise, inhalable particulate (hay

net 8.3 mg/m3, no hay net 3.3 mg/m3, P = .0064) and respirable endotoxin (hay net 173.4 EU/m3, no hay net

59.2 EU/m3, P = .018) exposures were significantly higher when horses were fed from hay nets. Feeding hay from a

net resulted in significantly higher BALF eosinophil proportions over time (P < .001). BALF eosinophils were signifi-

cantly related to respirable particulate exposure (14 days in training rs = 0.37, P = .012, 28 days in training, rs = 0.38,

P = .017).

Conclusions and Clinical Importance: Pulmonary eosinophilic inflammation develops in response to respirable particu-

late exposure in young Thoroughbreds, indicating a potential hypersensitivity to inhaled particulate allergens.
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Inflammatory airway disease (IAD) in horses is a
widespread syndrome in which inflammation of the

lower airways results in impaired gas exchange and
poor performance.1 As the most common chronic air-
way disease of equine athletes, the prevalence of IAD
in racing 2-year-olds has been estimated to be as high
as 80%.2 IAD is the second most common cause of
lost use and need for veterinary care in young race-
horses.3 Though particularly prevalent in this popula-
tion, the disease impacts welfare and performance of
equine athletes across all disciplines. The clinical signs
of cough, poor performance, and excess mucus in the
airways can be subtle and difficult to differentiate from
cases of respiratory infection. Diagnosis is confirmed
by demonstration of increased percentages of neu-
trophils, mast cells, eosinophils, or combination of
inflammatory cell types in bronchoalveolar lavage fluid
(BALF), lower airway obstruction, airway hyperre-
sponsiveness, or impaired gas exchange in the absence
of both infection and increased respiratory effort at
rest.1 Phenotype can vary, with young horses often
exhibiting increased proportions of eosinophils and

mast cells in BALF, suggesting hypersensitivity.1 In
addition, both increased BALF mast cell and eosino-
phil percentages are associated with airway hyperre-
sponsiveness and poor performance.4–6 Different IAD
phenotypes are likely to reflect differences in etiology
and pathophysiologic mechanisms.

Exposure to airborne dust and other irritants pres-
ent in the barn environment appears to play a major
role in pathogenesis of IAD. Development of airway
inflammation in otherwise healthy horses occurs upon
introduction to barn confinement,7,8 and higher dust
environs increase the degree of airway inflamma-
tion,9,10 as do higher respirable endotoxin concentra-
tions.9 Furthermore, challenge by inhalation of
endotoxin recruits neutrophils to the alveolar space in
a dose-dependent manner.11 Experimentally, exposure
to gaseous ammonia also induces airway inflamma-
tion in the horse,12 and naturally occurring exposures
greater than 2 ppm increase the risk of tracheal neu-
trophilic inflammation.9 While the barn environment
has thus been strongly implicated in the development
of IAD, the pathogenesis of the disease remains lar-
gely unknown.1,5,7 As the carriers of aeroallergens,
particulates could be expected to induce eosinophilic
and mastocytic airway inflammation if this phenotype
does indeed arise as a consequence of hypersensitiv-
ity; however, research directly linking changes in
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BALF cytology to measures of natural environmental
exposure is lacking. Attempts to develop prevention
and treatment strategies are hindered by incomplete
knowledge of the etiology and pathophysiology of the
syndrome.

Therefore, the objectives of the study were to evalu-
ate changes in BALF cytology in Thoroughbred horses
over the course of their first month in training while
measuring individual horse exposure to particulates,
endotoxin, and ammonia at the breathing zone in
order to test the hypotheses that (1) IAD is highly pre-
valent in young Thoroughbreds, with relative increases
in BALF mast cells and eosinophils occurring most
commonly; (2) individual horse exposure to airborne
particulates can be influenced by the method by which
hay is fed; and (3) airway inflammatory phenotype is
associated with the type of environmental exposure.
Specifically, the percentage of BALF neutrophils corre-
lates with ammonia and endotoxin exposures, whereas
eosinophils and mast cells correlate with particulate
exposures.

Materials and Methods

Twelve- to 36-month-old Thoroughbreds entering race training

were recruited upon arrival at a local facility if they had no evi-

dence of respiratory or other systemic disorder upon physical

examination and complete blood count, no prior history of race

training, and enrollment and initial evaluation performed within

6 days of arrival.

Upon enrollment, eligible horses had physical examination,

blood collection, and BAL performed at the facility. In order to

ensure variation in exposure, each horse was then arbitrarily

assigned by the assistant trainer to be fed hay exclusively from a

hay net or from the ground. Horses assigned to the hay net

group were a convenience sample of enrolled horses because of

the increased labor required of barn staff to feed hay from a net

for the duration of the horses’ enrollment in the study. All horses

were bedded on sawdust and fed oats and a mixture of grass and

alfalfa hay. Physical examination and BAL were repeated on

days 14 and 28. Respirable particulate, inhalable particulate, and

ammonia concentrations were measured continuously at the

breathing zone of each horse 1 day each week over the course of

4–6 hours. On each occasion, sampling was conducted between

the hours of 10 AM and 4 PM. Endotoxin content of respirable

particulate samples was determined.

IAD was diagnosed on the basis of BALF differential cytology

counts. Horses with >5% neutrophils, >2% mast cells, >1%
eosinophils, or any combination thereof were classified as IAD.1

Blood was collected by direct jugular venipuncture into an

EDTA tube for complete blood count on day 0 only. Fresh feces

were collected at enrollment, 14 days, and 28 days and submitted

for quantitative egg counts.

BAL was performed while horses were sedated with detomi-

dine hydrochloride (0.01–0.02 mg/kg IV) and butorphanol tar-

trate (0.01 mg/kg; IV). A sterile BAL tubea (10 mm outer

diameter) was passed through the nose and wedged into a periph-

eral bronchus. Local anesthesia was achieved with delivery of

60 mL of a 0.4% lidocaine solution during tube passage, and

250 mL of 0.9% NaCl was infused and recovered manually.

Manual and automated cell counts were performed on fresh

BALF. Cytologic specimens were prepared by cytospin centrifu-

gation and processed with modified Wright stain. Differential cell

counts were performed on a minimum of 400 total cells.

Air Quality

Ammonia exposure was determined with ammonia monitor

badgesb secured to the halter, near the nostril of the horse. The

badges provided a time-weighted average ammonia concentration

with a range of 3–600 ppm 9 h.

Particulate filter sampling was conducted with personal sam-

plers.c The respirable fraction was collected onto 37-mm type AE

glass fiber filters with the aluminum cycloned (50% collection effi-

ciency at 4 lm) with a flow rate of 2.5 L/min. The inhalable frac-

tion was collected onto 25 mm PVC filters with the Institute of

Occupational Medicine (IOM) personal samplerd (50% collection

efficiency at 100 lm) with a flow rate of 2.0 L/min. Sampling

pumps were calibrated before and after sampling.e The cyclone

and IOM sampler were secured to the noseband of the halter in

order to sample dust at the breathing zone of the horse. Flexible

tubingf connected samplers to the pumps, which were secured to

a surcingle placed around the girth of the horse. The horse was

free to move around the stall as usual. Before and after sampling,

filters were placed in a desiccator for at least 18 hours before

being weighed. The weight of particulates was determined gravi-

metrically. The weight of particulates was divided by volume of

air sampled to obtain airborne particulate concentration in mg

per cubic meter of air. Filters were stored at �20°C until endo-

toxin analysis.

Endotoxin content of the respirable dust was determined by a

kinetic chromogenic limulus amebocyte lysate (LAL) technique.g

Endotoxin extraction from respirable particulates was conducted

in a sterilized laboratory hood with 10 mL nonpyrogenic water

for elution. Polystyrene sample vials were agitated end-over-end

for 1 hour at room temperature, followed by centrifugation at

1,000 g for 10 min. Supernatant was analyzed immediately in

duplicate. Endotoxin activity was divided by volume of air sam-

pled to obtain respirable endotoxin concentration in endotoxin

units per cubic meter of air.

Informed consent was obtained for each horse from the trainer

or owner, and the Purdue Animal Care and Use Committee

approved all procedures.

Statistical Analysis

Weekly exposure measurements were averaged for each horse.

Differences in exposure between groups were evaluated with Wil-

coxon rank sums. Correlations among particulate, endotoxin,

and ammonia exposures were evaluated by Spearman rank corre-

lation, as were correlations between average exposure and BALF

cytology variables at day 14 and day 28, and the change in cytol-

ogy variables. Those exposure variables correlated with cytology

variables with P < .2 were chosen for inclusion in a generalized

linear mixed model of cell proportions. Generalized linear models

were constructed to judge the effect of hay net group assignment

and exposures upon cell proportions and total nucleated cell

counts (TNCC) over time by the logit link function under a bino-

mial distribution. Mixed models included the random effect of

horse upon model intercept and slope parameters. Marginal mod-

els without horse effect were constructed to provide estimates of

population-averaged response to exposures and hay net assign-

ment. Statistical significance was set at P < .05, and significance

of pairwise comparisons was controlled by Tukey’s posthoc

method. Data analysis was performed using statistical software.h

Results

Between May 2009 and October 2012, 49 horses were
recruited and enrolled into the study (Fig 1). Horses
were enrolled a median (range) of 4 (0–6) days after
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arriving at the facility. Between arrival and enrollment,
all horses were fed hay from the ground. Two horses
assigned to be fed hay from the ground had propor-
tions of eosinophils in BALF greater than 20% and
were removed from all analyses because of the likeli-
hood that these horses had previous respiratory disease
or extreme exposures that could confound results. As a
result, data from 47 horses were analyzed.

At enrollment, cytology data were not available for
1 horse and 35/46 horses (76%) had IAD. At 14 and
28 days in training respectively, 34/46 (74%) and 33/
43 (77%) horses had cytologic differential counts in
BALF indicative of IAD (Table 1).

Exposure and cytology measurements for 13 horses
fed hay exclusively from hay nets were compared to 28
horses fed hay from the ground. Hay net feeding
resulted in significantly higher respirable and inhalable
particulate exposures (P < .001, P = .0064, respec-
tively; Fig 2, Table 2). Similarly, respirable endotoxin
exposures were significantly higher in the hay net
group (P = .018). No difference in ammonia exposure
was detected between groups (P = .36). While the
number of horses with eosinophilic IAD did not differ
between groups (Table 1), significant interaction
between hay net assignment and time on eosinophil
proportions in BALF was demonstrated (P < .001,
Fig 3). BALF TNCC, mast cell proportions, and neu-
trophil proportions did not differ between groups at
any time point. Inclusion of the 2 previously excluded
horses with profound BALF eosinophilia at enrollment
had no effect upon model significance and minimal
effect upon model parameters (data not shown).

There was a significant correlation between respira-
ble particulate exposure and both inhalable particulate
and respirable endotoxin exposures (Table 3). Respira-
ble particulates, inhalable particulates, respirable endo-
toxin, ammonia, number of days in barn before
enrollment as well as the number of days in training,
and the random effect of horse were chosen for inclu-

sion in model building. There was no evidence of cor-
relation between fecal ova counts and BALF
eosinophils (Table 4). Respirable particulate exposure,
number of days in training, and random horse effect
remained significant in the exposure model (P < .001
for each), and this generalized linear mixed model fit
the observed data well. When the random factor of
horse was removed from the model, the resulting mar-
ginal model describes the population-averaged
response to respirable particulates according to the
equation below (Fig 4): LN (% Eosinophil/100 � %
Eosinophils) = �5.3 + 0.75 (Dust) � 0.009 (Days) +
0.03248 (Days 9 Dust)

Where LN is the natural log, Dust is the average
respirable particulate exposure in mg/m3, Days is the
number of days in training, and Days 9 Dust is the
interaction term between days in training and respira-
ble particulate exposure. Inclusion of the 2 horses with
profound BALF eosinophilia at enrollment in the
model had no effect upon model significance and mini-
mal effect upon model parameters (data not shown).

Inhalable particulates, respirable endotoxin, ammo-
nia, or number of days in the barn before enrollment
satisfied Spearman rank correlation criteria but did
not achieve statistical significance or improve model
fit. None of the measured exposure variables
accounted for significant variation in either BALF
mast cells or neutrophils over time.

Discussion

The majority of young Thoroughbred horses were
diagnosed with IAD during their first month in train-
ing in this study. Elevation of hay in a net resulted in
increased exposure to particulates and endotoxin, but
did not affect ammonia exposure. The increased partic-
ulate exposures of horses fed hay from a net were
accompanied by an increase in eosinophil proportions
in BALF.

Fig 1. Flow diagram of study subject enrollment and exclusion.
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IAD was highly prevalent in the study population,
with relative increases in mast cells and eosinophils the
predominant abnormality and mast cells >2% in
BALF in 31/46 horses at enrollment. These findings
are similar to the diagnosis of mastocytic IAD in 10/
13 adult sporthorses confined to stalls bedded with
straw.13 While no other studies report IAD prevalence
in young racehorses by cytologic analysis of BALF for
diagnosis, prevalence of increased tracheal mucus in a
similar population of young Thoroughbreds reached
only 20%.2 The impact of mastocytic airway inflam-
mation during the first month of training upon later
training and racing performance is unknown. Exercise
intolerance,5,6 increased airway reactivity,5 and pulmo-
nary dysfunction14 have been associated with BALF
mastocytosis, but it is not known how long airway
inflammation persists. Estimates of IAD duration
range from 15.5 days when disease is defined as
increased tracheal mucus, flocculent tracheal lavage
fluid, or both15 to 8 weeks by a disease definition of
increased visual tracheal mucus and increased tracheal
lavage neutrophils.2

Hay net assignment resulted in significantly different
exposures to respirable and inhalable particulates and
respirable endotoxin, with higher concentrations mea-
sured when hay was fed from a net. Correspondingly,
proportions of eosinophils in BALF were significantly
higher in the hay net group when compared to the no
hay net group after 14 and 28 days in training. The
effect of hay net feeding appears to arise from
increased respirable particulates, as evidenced by the
highly significant effect of respirable particulate expo-
sure upon the proportion of eosinophils in BALF.
Comparison of the accuracy with which the mixed
model and the marginal model fit the observed data
highlights the magnitude of the random effect of horse,

Fig 2. Comparison of particulate exposures between groups.

Dark gray = respirable particulates; light gray = inhalable partic-

ulates; Line = median; triangle = mean respirable particulates;

diamond = mean inhalable particulates; box = interquartile

range; whiskers = range; open circles = outliers; ***P < .001,

**P = .0064.
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likely a reflection of individual variation in susceptibil-
ity to eosinophilic airway inflammation.

In humans, airway eosinophilia is considered a hall-
mark of atopic asthma, and the role of eosinophils as
antigen-presenting cells, regulators of the inflamma-
tory response, or destructive effector cells is a topic of
active debate and research.16–19 The recruitment of
eosinophils to the airway and surrounding bronchial
tissue after allergen challenge in atopic asthmatic sub-
jects has long been recognized.20,21 In the horse,
BALF eosinophilia is associated with clinical signs of
respiratory disease and airway hyperreactivity.4 In
yearling Thoroughbred colts, there is an association

between increased BALF neutrophils, eosinophils, and
TNCC and race training but not stabling.22 No mea-
sures of particulate or endotoxin exposures were
made, so conclusions cannot be drawn between the
severities of exposure compared to this study. In the
current report, all horses were entering training and
underwent similar physical activity, so the effect of
exercise upon the observed relationship between eosin-
ophilic airway inflammation and particulate exposure

Table 3. Spearman rank correlation between concen-
trations of particles, endotoxin, ammonia, in the
breathing zone of horses.

Respirable

Particulates

Inhalable

Particulates

Respirable

Endotoxin

Respirable

Particulates

1

Inhalable

Particulates

0.56 (0.0016) 1

Respirable

Endotoxin

0.65 (<0.001) 0.35 (0.072) 1

NH3 �0.13 (0.35) �0.12 (0.52) �0.049 (0.67)

Rs (P-value). Statistically significant correlations are in bold.

Fig 3. Marginal generalized linear model of predicted % eosin-

ophils in BALF over time. Dotted line = no hay net group; solid

line = hay net group; bands = 95% confidence intervals of pre-

dicted marginal means. BALF, bronchoalveolar lavage fluid.

Table 4. Spearman rank correlation between mea-
sures of exposure to particles, endotoxin, ammonia,
and fecal ova counts and proportion of eosinophils in
bronchoalveolar lavage fluid (BALF).

% Eosinophils in BALF

14 Days in

Training

28 Days in

Training

Respirable

Particulates [mg/m3]

0.37 (0.012) 0.38 (0.017)

Inhalable

Particulates [mg/m3]

0.32 (0.085) 0.36 (0.088)

Respirable

Endotoxin [EU/m3]

0.34 (0.020) 0.37 (0.018)

NH3 [ppm] �0.29 (0.062) �0.27 (0.088)

Number of days in

barn before enrollment

�0.28 (0.11) �0.32 (0.10)

Ova [eggs/g] �0.041 (0.80) 0.29 (0.79)

Rs (P-value).

Fig 4. Fit plot of marginal generalized linear model at 28 days

in training: % eosinophils in BALF versus respirable particulate

exposure. Circles = observed; line = marginal generalized linear

mixed model; band = 95% confidence interval of the predicted

marginal mean. BALF, bronchoalveolar lavage fluid.

Table 2. Exposure of horses to particulates, endotoxin, and ammonia.

Respirable Particulates (mg/m3) Inhalable Particulates (mg/m3) Ammonia (ppm) Respirable Endotoxin (EU/m3)

Hay net 0.28 (0.039–2.4)*** 8.3 (2.8–19.4)** 2.87 (0.96–3.77) 173.4 (32.4–997.6)*
No hay net 0.055 (ND–1.01)*** 3.3 (0.50–9.8)** 3.5 (1.2–12.7) 59.2 (6.9–730.9)*

Median (range). ND, not detectable; limit of detection = 0.028 mg/m3.

***P < .001, **P = .0064, *P = .018.
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cannot be determined. BALF eosinophilia is recog-
nized in cases of pulmonary parasite migration23 and
has also been proposed to be an indicator of intesti-
nal parasitism.24 There was no evidence of a relation-
ship between BALF eosinophils and intestinal parasite
load as judged by quantitative fecal flotation in this
study. Eosinophilic inflammation of the airway was
significantly associated with respirable particulate
exposure.

Contrary to our hypothesis, the proportion of neu-
trophils in BALF was not related to respirable endo-
toxin or ammonia exposures. The median respirable
endotoxin concentration measured at the breathing
zone of horses in the hay net group (21.6 ng/m3)
exceeds that which induces neutrophilic inflammation
in otherwise healthy mature control horses (3.95 ng/
m3).11 While care must be taken when comparing
endotoxin concentrations among studies with different
sampling, handling, and assay protocols,25 our results
support an age-related difference in the response of
our study population, rather than insufficient exposure.
The time-weighted average ammonia exposure mea-
sured in this study exceeded the 2 ppm threshold asso-
ciated with neutrophilic inflammation detected by
cytology of tracheal lavage fluid.9 Cytology often dif-
fers drastically between the BAL and tracheal wash
fluids,26 and the relationship between IAD as it is cur-
rently defined and the syndrome of tracheal neutro-
philic inflammation is unknown.1,27

The relative importance of respirable particulate
exposure over that of inhalable particulate and respira-
ble endotoxin requires further evaluation in an envi-
ronment with less pronounced correlation between
exposures. There is a synergistic effect between particu-
lates and endotoxin in eliciting a neutrophilic inflam-
matory response from the airway of mature horses
exposed to fractionated hay dust suspension.28 Similar
experimental challenge studies in juvenile horses might
demonstrate comparable synergy that was not discern-
able in this observational study.

Proportions of mast cells in BALF showed minimal
evidence of response to the environmental exposures
measured in this study. Mast cell counts and percent-
ages had little within-horse variation over the course of
the first month in training, potentially indicating a resi-
dent pulmonary function for this cell in juvenile horses.
Postmortem examination of the respiratory tract of
healthy adult horses ranging in age from 2 to 12 years
has confirmed the presence of mast cells at each level of
the respiratory tract, with 35% of mast cells found in
the connective tissue surrounding blood vessels, 20% in
the airway walls, 15% in alveolar walls, and less than
3% in the alveolar spaces.29 There is significant associa-
tion between the Thoroughbred breed and airway
inflammation that includes increased BALF eosinoph-
ils, mast cells, or both,30 and this association might
partially explain the prevalence of mastocytic and
eosinophilic inflammation seen in this study.

In contrast to the current report, Halflinger horses
between 6 and 14 years of age exhibit a positive corre-
lation between BALF mast cell percentages and partic-

ulate exposure, with significant within-horse variation
under differing environmental conditions.31 The dispar-
ity between this study and the current report further
emphasizes the importance of age in determining air-
way response to exposure and highlights a possible
effect of breed.

In conclusion, this cohort exposure study of Thor-
oughbreds entering training confirms that airway
inflammation in young horses most commonly mani-
fests as an increase in airway mast cells, eosinophils,
or both. Furthermore, in this population, recruitment
of eosinophils to the airway is associated with respira-
ble particulate exposure. This finding supports the
hypothesis that IAD develops in response to inhaled
environmental irritants and offers the first epidemio-
logic evidence that eosinophilic IAD might represent a
hypersensitivity to inhaled particulate allergens.

Footnotes

a Mila International Inc, Erlanger, KY
b ChromAir badge, Morphix Technologies, Virginia Beach, VA
c AirCheck 2000, SKC, Inc, Eighty Four, PA
d SKC, Inc, Eighty Four, PA
e Defender Bios calibrator, SKC, Inc
f Tygon, Saint Gobain, Courbevoie, France
g Kinetic-QCL, Lonza, Basel, Switzerland
h SAS statistical software, release 9.3, SAS Institute, Inc, Cary,
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