Do Thoroughbred and Standardbred horses have similar increases
in pulmonary vascular pressures during exertion?
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Abstract

To test the hypothesis that the pulmonary vascular pressures of Thoroughbred and Standardbred horses behave similarly during
exertion. Measurements were made on 5 Thoroughbred and 5 Standardbred horses on a treadmill at rest and during 3-minute
exercise intervals at speeds predicted to produce 75%, 90%, and 100% maximal heart rate. Left forelimb acceleration, heart rate,
esophageal pressure, and pulmonary artery pressure were measured continuously. Pulmonary capillary and wedge pressures
were measured during intermittent occlusion of the pulmonary artery. Breathing rate and gait frequency were the fundamental
frequencies of the esophageal pressure and limb acceleration signals respectively. The ratio of speed:gait frequency gave stride
length. The effects of exertion and breed were evaluated using two-way analysis of variance. Exertion produced significant
increases in pulmonary artery (P = 0.001), capillary (P = 0.002), and wedge (P = 0.005) pressures. No significant effect of breed
was detected on pulmonary artery pressure, but at exertion pulmonary capillary and wedge pressures were 15% (P = 0.03) and
23% (P = 0.04) greater in Thoroughbreds, respectively. Treadmill speed was ~12% greater (P = 0.04), stride length was ~25%
greater (P = 0.0003), gait frequency was ~10% less (P = 0.006), breathing rate was ~10% less (P = 0.001), and heart rate was ~6%
less (P = 0.06) for Thoroughbreds. There was no effect of breed on inspiratory or expiratory esophageal pressure although mean
esophageal pressure was ~2 mmHg greater (P = 0.03) in exercising Standardbreds. In conclusion, pulmonary capillary and
wedge pressures are greater in Thoroughbreds than in Standardbreds at similar fractions of maximal heart rate. This is compatible
with the higher incidence of exercise-induced pulmonary hemorrhage observed in Thoroughbreds.

Résume

Afin de vérifier I'hypothese que les pressions vasculaires pulmonaires des chevaux Thoroughbred et Standardbred se comportent de facon
similaires a 'effort, des mesures ont été prises sur 5 chevaux Thoroughbred et 5 chevaux Standardbred au repos et durant des intervalles
d’exercice de 3 minutes sur un tapis roulant a des vitesses permettant de produire 75 %, 90 % et 100 % du rythme cardiague maximal.
L'accélération du membre thoracique gauche, le rythme cardiaque, la pression aesophagienne et la pression dans I'artére pulmonaire ont été
mesurés de maniére continue. La pression d ‘occlusion pulmonaire et au niveau des capillaires pulmonaires ont été mesurées durant I'occlusion
intermittente de 'artére pulmonaire. Le rythme respiratoire et la fréquence de I'allure étaient les fréquences de base, respectivement, de la
pression cesophagienne et le signal de I'accélération des membres. Le ratio vitesse:fréquence de I'allure a donné la longueur du pas. Les effets
de leffort et de la race ont été évalués a 'aide d’une analyse de variance. L'effort a entrainé une augmentation significative de la pression
dans I'artére pulmonaire (P = 0,001), les capillaires (P = 0,002) et la pression d’occlusion pulmonaire (P = 0,005). La race n’avait aucun
effet significatif sur la pression dans 'artére pulmonaire, mais a 'effort la pression dans les capillaires pulmonaires et la pression d’occlusion
pulmonaire étaient plus élevées chez les Thoroughbred, respectivement, de 15 % (P = 0,03) et 23 % (P = 0,04). Chez les Thoroughbred, la
vitesse du tapis roulant était environ 12 % plus élevée (P = 0,04), la longueur du pas environ 25 % plus grande (P = 0,0003), la fréquence
de la démarche environ 10 % moindre (P = 0,006), le rythme respiratoire environ 10 % plus lent (P = 0,001) et le rythme cardiaque environ
6 % plus lent (P = 0,06). La race n’avait aucune influence sur la pression cesophagiennne inspiratoire ou expiratoire bien que la pression
@sophagienne moyenne était environ 2 mmHg plus élevée (P = 0,03) chez les Standardbred a I'exercice. En conclusion, la pression dans les
capillaires pulmonaires et la pression d’occlusion pulmonaire sont plus élevées chez les Thoroughbred que chez les Standardbred aux mémes
pourcentages du rythme cardiaque maximal. Ceci est compatible avec la fréquence plus élevée d’hémorragie pulmonaire induite par I'exercice
observée chez les Thoroughbred.

(Traduit par Docteur Serge Messier)

I n t ro d uc t i on thét observed in. most oth§r mammals that have l?e.en studied (6-9) .an.d

might be a crucial factor in the etiology of conditions that could limit

Pulmonary arterial pressure more than doubles in horses during equine athletic performance, such as equine exercise-induced pulmo-
strenuous exertion (1-5). This pressure increase is much greater than nary hemorrhage (EIPH) and limitation of oxygen diffusion (10-16).
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Table I. Characteristics of Standardbred (SB) (n = 5) and Thoroughbred (TB) (n = 5) horses used in the study

Age Weight HR. ., Speed (m/s) at 75%, 90%,
Horse Breed Sex (years) (kg) (BPM) and 100% HR__,
1 SB F 3 545 197 6.5,7.5,8.2
2 SB G 4 386 211 7.2,8.5,10.6
3 SB F 5 409 223 5.0, 8.0, 11.0
4 SB F 2 386 230 7.0,9.7,12.0
5 SB F 4 409 225 6.3, 10.0, 12.0
6 B G 6 482 222 7.0,9.0, 13.0
7 B F 3 454 217 7.0, 10.0, 13.0
8 B G 15 509 204 5.0, 8.3, 12.0
9 B G 5 432 214 6.1,9.7,12.0
10 B F 8 486 204 7.8,8.7,11.0

F — female; G — gelding; HR__ — maximal heart rate; BPM — beats per minute

The incidence of EIPH reported in Thoroughbreds is higher than
that reported in Standardbreds (17-20). This could be due to greater
pulmonary vascular pressures in exercising Thoroughbreds (16).
Values reported for the mean pulmonary arterial pressure in horses
at maximal exertion vary from 70 mmHg (4) to 115 mmHg (21). This
wide range could be attributed to inherent differences between the
populations studied (such as breed), but it might also be caused by
differences between the fitness levels of the subjects; the gait at which
the subjects worked; the level of exertion at which measurements
were made; or other systematic differences, such as the method of
pressure measurement. These methodological inconsistencies in the
existing literature prevent substantiation of the thesis that
Thoroughbreds have greater pulmonary vascular pressures than
Standardbreds.

The purpose of this study was to investigate whether Standardbred
and Thoroughbred horses have similar pulmonary vascular pressures
when exercised under similar circumstances. We hypothesized that
the pulmonary vascular pressures of Thoroughbred horses would
be greater than that of Standardbred horses exercising at similar

fractions of maximal heart rate (HR ).

Materials and methods

Horses

Data from 5 Standardbreds were compared with data from
5 Thoroughbreds (Table I). Horses were determined to be in good
condition and athletically fit based on a physical examination and
hemogram. Prior to the study, normal laryngeal function was
confirmed by video endoscopy at rest. Horses were trained 5 to 6 d
per week on a treadmill for 2 mo prior to the study. Heart rate was
measured continuously using a device (Hippocard PEH 200;
Kentucky Equine Research, Versaille, Kentucky, USA) attached to
electrodes secured under the girth strap. Maximal heart rate was
determined for each horse by incrementally increasing treadmill
speed until a plateau in heart rate was reached. Within the 14 d prior
to each experiment, each horse was exercised for 3 or more episodes
(~3 min duration) at different speeds predicted to produce
submaximal heart rate, and heart rate was recorded. Heart rate was
then regressed on treadmill speed, and speeds predicted to produce

75%, 90%, and 100% HR _ were determined. These fractions of

HR_,, are equivalent to ~60%, 83%, and 100% of maximal oxygen
uptake, respectively (22). Horses were shod with stainless steel/
polyurethane shoes (Slypner; Slypner Athletic Horseshoes,
Claremont, New Hampshire, USA). All procedures complied with
applicable U.S. federal and state governmental regulations and were
approved by Cornell University’s Institutional Animal Care and Use
Committee.

Food was withheld for 3 h prior to each experiment. Observations
were made initially with the horse standing quietly and then during
exertion on the treadmill. Each horse performed an exercise protocol
consisting of a warm-up for 4 min trotting at 4 m/s followed by
sequential 3-minute exercise intervals at speeds predicted to produce
75%, 90%, and 100% HR __ . The treadmill was horizontal throughout
and horses walked for ~2 min between each interval of exertion.

‘max”

Instrumentation for experiments

An accelerometer (Model 226C piezoelectric accelerometer;
Endevco, San Juan Capistrano, California, USA) was strapped to the
metacarpal region of the left forelimb. The heart rate was measured
in the same way as it was when HR , was determined. A 7-Fr solid-
state pressure transducer-tipped catheter (SPR-538; Millar
Instruments, Houston, Texas, USA) was passed into the esophagus
via a flexile nasogastric tube. Its tip was placed 135 to 145 cm from
the nares in a location previously found to produce similar tracheal
and esophageal pressure waveforms during inspiratory effort against
obstructed nares. Catheter sites were prepared aseptically and
infiltrated with local anesthetic. A 10-Fr catheter introducer (USCI
Angiocath Systems, Tewksbury, Massachusetts, USA) was placed in
the left jugular vein and a 2nd 7-Fr transducer-tipped catheter
(SPR-546; Millar Instruments), modified by the addition of a balloon
(volume ~2.5 mL air) just proximal to the transducer, was placed via
the jugular introducer into the pulmonary artery. The diameter of
the balloon was ~15 mm when inflated in atmospheric pressure, this
dimension was reduced < 20% by exposure to pressure of 150 mmHg
greater than atmospheric pressure (corresponding to supra maximal
pressures in the pulmonary artery). Location of the transducer was
verified by the characteristic pressure waveforms in the right
ventricle and pulmonary artery. The tip was positioned so balloon
inflation produced arterial occlusion. Wedging of the catheter was
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Table Il. Pulmonary vascular pressures (mean * S.E.) in Standardbred (SB) (n = 5) and Thoroughbred (TB) (n = 5) horses on a

treadmill

Exercise intensity (% of HR__)
Variables Breed Standing 5% 90% 100% Adjusted means
Transmural pulmonary artery SB 28 £ 3.9 59 + 6.8 65+ 7.4 77£7.6 57
pressure (mmHg) B 26+ 2.7 57+1.4 69+4.1 83+4.6 59
Transmural pulmonary SB 21 +£3.9 38 5.0 44 + 6.0 57 £ 6.7 402
capillary pressure (mmHg) B 24+ 2.0 43+2.3 54 +4.9 65+4.1 462
Transmural pulmonary SB 18 £ 4.2 3254 39148 52+ 5.3 350
wedge pressure (mmHg) B 20+ 2.6 40+ 3.6 52+5.1 61+3.4 43P

Adjusted means excluded resting data

a Syperscript letters indicate corresponding adjusted means that are different (P, 0.05) between breeds

S.E. — Standard error; HR _ — maximal heart rate

confirmed after each occlusion by observation of the characteristic
arterial and balloon pressure waveforms on a thermal ray recorder
(Gould Electronics, Cleveland, Ohio, USA). Incomplete wedging
produced high-frequency noise in the arterial pressure and/or
oscillation in the balloon pressure; this was corrected by adding a
small volume (0.1 to 0.3 mL) of air to the balloon.

The transducer-tipped catheters were calibrated at 0, 75, and
150 mmHg before and after each experiment using a mercury
sphygmomanometer (Lumiscope Company, East Brunswick,
New Jersey, USA). Calibration of the transducer-tipped catheters in
the 150 to —150 mmHg range was confirmed after each experiment
using a U-shaped column of mercury. The hydrostatic pressure
difference between the level of the catheter tip in the vascular bed
and the level of the root of the main pulmonary artery was measured
at the end of each experiment by continuously recording the pressure
while withdrawing the tip into the right ventricle from its
experimental location in the pulmonary vasculature (4). This pressure
difference was used to standardize all pressures to the level of the
root of the pulmonary trunk. Both pressure transducer-tipped
catheters were phase-matched up to 30 Hz.

Data collection and analysis

Accelerometer and pressure signals were collected at 250 Hz,
stored on computer disc, and analyzed using software (LabView,
version 5.0; National Instruments, Austin, Texas, USA). All pressure
data were low-pass filtered at 12 Hz before analysis. To derive the
transmural pulmonary arterial pressure (P,,) signal, the esophageal
pressure signal was subtracted from the raw arterial pressure signal.
The P, tracing, thus derived, was used subsequently to calculate all
of the vascular pressures reported here. Pulmonary capillary pres-
sure was calculated by the arterial occlusion technique (4,23-26).
The instant of occlusion was defined as that point after balloon
inflation when the pulmonary arterial pressure tracing deviated
from the expected waveform without occlusion (26). Three occlu-
sions from the last 1.5 min at each level of exertion were analyzed
and the results averaged. Mean P, was the arithmetic mean of
the transmural pressure signal over 2 to 6 s just prior to occlusion.
Mean transmural wedge pressure (P, ) was the arithmetic mean
of the transmural pressure signal over 2 to 6 s after the pressure
signal approximated a plateau. A mono-exponential curve was
fitted to all data points of the transmural pressure signal within

3 to 6 s after occlusion, and the pressure on this curve at the instant
of occlusion was defined as transmural pulmonary capillary pressure
(P,) (16). Peak inspiratory, peak expiratory, and mean esophageal
pressures were averaged over ~16 s near the end of exertion at each
level.

By applying fast Fourier transformations to data from the last
minute of exertion at each level, fundamental frequencies were
determined for the esophageal pressure (breathing rate) and limb
acceleration (gait frequency). The ratio of treadmill speed to gait
frequency gave stride length.

A paired f-test was used to determine, a priori, whether the heart
rates measured during data collection at each level of exertion were
different from the target heart rates. A student ¢-test was used to
identify if there was a breed effect on either the actual or the target
HR_, observed. Mean pulmonary vascular pressures, expressed
both as absolute values and as percentages of resting values,
were analyzed using a two-way analysis of variance (ANOVA)
blocked on breed and exercise intensity, followed by Tukey’s
multiple comparison procedure (for exercise intensity). The two-
way interaction terms (breed and exercise intensity) were used as
the error terms. Missing data were replaced by their least-squares
estimates. The heart rate, and the fundamental frequencies of the
esophageal pressure and limb acceleration were also subjected to
a two-way ANOVA blocked on breed and exercise intensity, fol-
lowed by Tukey’s multiple comparison procedure for exercise. A
significant difference between means was indicated when P < 0.05
(2-sided).

Target HR , was 212 + 3.6 beats/min for the Thoroughbred
horses and 217 + 5.9 beats/min for the Standardbred horses; no
difference was detected between these values and the heart rates
achieved during the experiments at this level of exertion. Likewise,
there were no significant differences between the target heart rates
and the actual heart rates of Standardbreds and Thoroughbreds at
75% and 90% HR_, . All of the horses galloped at 90% and 100%
HR_, , but some trotted or cantered at 75% HR_, . One horse (#1)
was excluded from analysis involving breathing rate because its gait
frequency and breathing rate were observed to be in the ratio of
2:1. The accelerometer also failed on this horse so that gait frequency
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Table Ill. Data (mean t S.E.) from 5 Standardbred (SB) and 5 Thoroughbred (TB) horses on a treadmill

Exercise intensity expressed as percentage of HR__

Variables Breed Standing 75% 90% 100% Adjusted means
Heart rate (beats/min) SB 46+ 5.6 171+ 7.0 191 +£5.9 214 + 8.7 192°
B 45+ 5.5 158+ 4.1 179+ 6.1 208+ 2.1 181°
Respiratory rate (per min) SBe 40+ 5.4 112 + 3.8 128 + 2.7 134 £+ 0.6 125¢
B 73+ 31.2 99+ 9.0 115+ 3.0 122+ 2.4 113¢
Gait frequency (per min) SBe 0 119+ 26.4 129+ 2.0 134+ 0.8 1274
B 0 106 =+ 23.4 115+ 3.5 122+ 2.6 115¢
Speed (m/sec) SB 0 6.4+ 0.39 8.7+ 0.48 10.8 £ 0.70 8.6¢
B 0 7.2+ 0.38 9.5+ 0.48 12.2 £ 0.37 9.6°
Stride length (m) SBe 0 2.8+ 0.25 3.5+£0.29 45+ 0.29 3.6
B 0 3.6+ 0.25 4.4 £ 0.25 5.4+ 0.25 4.5f
Breathing rate:gait frequency SBe — 0.94 + 0.02 0.99 £ 0.016 1.00 £ 0.001 0.98
B — 0.94 + 0.08 1.00 £ 0.001 0.99 £ 0.000 0.98

Adjusted means excluded resting data

S.E. — Standard error; HR __ — maximal heart rate

an=4

bedef Superscript letters indicate corresponding adjusted means that are different (P < 0.05) between breeds

Table IV. Esophageal pressures (mean % S.E.) in Standardbred (SB) (n = 5) and Thoroughbred (TB) (n = 5) horses on a treadmill

Exercise intensity expressed as percentage of HR__

Variables Breed Standing 75% 90% 100% Adjusted means
Expiratory esophageal pressure (mmHg) SB 021 21+ 3.7 28 + 3.2 34+ 4.2 20

B 3+15 19+1.3 29+ 3.4 40 + 3.7 23
Inspiratory esophageal pressure (mmHg) SB -6+ 1.3 —20+1.1 —23+ 1.0 —30+1.9 —-20

B -5+ 06 —-19+24 —27+ 1.6 —36+ 3.4 —22
Mean esophageal pressure (mmHg) SB -4+ 1.6 —4+15 -3+ 14 —2+21 —3e

B -1+ 0.6 —2+0.8 —-1+£1.2 —2+1.2 —12

Adjusted means excluded resting data
S.E. — Standard error; HR _ — maximal heart rate
@ Superscript letters indicate corresponding adjusted means that are different (P < 0.05) between breeds

and its derivatives are missing. Horse 1 had the slowest HR _and
slowest speed to achieve HR  ; nevertheless, pressure data from

Effects of exercise

After accounting for the effects of breed in the ANOVA, exertion
produced significant increases in P (P = 0.001), P, (P = 0.002), and
P, (P =0.005) with respect to standing values.

After accounting for the effects of breed in the ANOVA, gait
frequency at 90% (adjusted least-squares mean = 120 strides per min)
and 100% HR __ (126 strides per min) was significantly greater (P = 0.01)

this horse were not outliers and were not excluded from analysis.

Effects of breed

After controlling for exercise intensity in the analysis of variance,
we detected no significant effect of breed on P, but mean P, and P,
were 15% (P = 0.03) and 23% (P = 0.04) greater in Thoroughbreds,

respectively (Table II). Heart rate was ~6% less (P = 0.06), breathing than at75% HR,, (114 strides per min). Likewise, respiratory frequency
rate was ~10% less (P = 0.001), gait frequency was ~10% less at 90% (114 breaths per min) and 100% HR__ (120 breaths per min) was

tc

(P =0.006), treadmill speed was ~12% greater (P = 0.04), and stride

length was ~25% greater (P = 0.003) for Thoroughbreds (Table III). No
significant difference between the 2 breeds was detected, in the ratio
of breathing frequency to gait frequency. Restricting the data to
galloping horses by excluding the data collected at 75% HR__ did not
change which parameters were significantly different between breeds.
After controlling for exercise intensity using ANOVA, there was no
effect of breed on inspiratory or expiratory esophageal pressure
(Table IV). However, the mean esophageal pressure of Standardbreds
was 2 mmHg lower than that of Thoroughbreds (P = 0.03).

significantly greater (P = 0.03) than that at 75% HR , (102 breaths per
min). The ratio of breathing frequency to gait frequency was similar at
75% (0.94),90% (0.96), and 100% HR _(1.00).

After accounting for the effect of breed using ANOVA, the esophageal
pressure was greater during expiration at 75% (20 mmHg), 90%
(29 mmHg), and 100% HR_, (37 mmHg) compared with the resting
value (1 mmHg) (P = 0.003). Esophageal pressure was lower during
inspiration at 75% (—19 mmHg), 90% (—25 mmHg), and 100% HR
(—33 mmHg) compared with the resting value (—5 mmHg) (P = 0.005).
There was no effect of exercise on mean esophageal pressure.
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Pulmonary vascular pressures increased with exertion in both
breeds. Although mean P,, was not different between breeds, both
mean P,_and P were ~20% greater in Thoroughbreds than in
Standardbreds at exertion. This suggests that transmural capillary
pressure in Thoroughbreds is more likely to exceed the pressure at
where stress failure can occur, which is compatible with the higher
incidence of EIPH that has been reported in Thoroughbreds. Although
the qualitative changes in pulmonary vascular pressures were similar
in Thoroughbreds and Standardbreds, the quantitative differences
were enough to suggest that extrapolation of pulmonary vascular
pressures between breeds is unwarranted. Because the horses all
galloped at the greater levels of exertion, the difference in mean P
and P, cannot be attributed to differences in the type of gait.

Inspection of Table II suggests that the pressure gradient across
the whole pulmonary vascular bed (P, — P, ) at maximal exertion
is similar regardless of breed. These data also suggest that the
distribution of pre-capillary (mean P, — P,) and post-capillary
(mean P, — P ) pressure gradients and, hence, the corresponding
distribution of resistance to flow, are also independent of breed. The
greater increase in pulmonary vascular pressures in Thoroughbreds
is, thus, probably largely attributable to greater left atrial pressure
in this breed at exertion. Confirmation of this would require direct
measurement of left atrial pressure in both breeds at similar levels
of exertion. The etiology of the greater pulmonary vascular pressures
observed in Thoroughbreds is unclear.

With the exception of 1 horse, breathing rate:gait frequency was
~1.00 at all levels of exertion, hence breathing and stride were largely
entrained in this ratio even in those horses that trotted or cantered at
75% HR_, (27). Although exertion caused a decrease in inspiratory
pleural (esophageal) pressure and an increase in expiratory pleural
pressure, there was no effect on mean pleural pressure. Although
inspiratory and expiratory pleural pressures were not different
between breeds, Standardbreds had mean esophageal pressures
2 mmHg greater than Thoroughbreds; however, even if this difference
were confirmed in other horses, we think that it is unlikely to be
biologically important. The vascular pressures reported here are
transmural pressures and are the instantaneous difference between
pulmonary intravascular and esophageal pressures; the difference in
mean esophageal pressure between Standardbreds and Thoroughbreds
is too small to be an important component of the vascular transmural
pressure differences between the breeds. The general similarity of
esophageal pressures in both breeds at each fraction of HR _ is
compatible with similar work of breathing and supports the extrapo-
lation of airway mechanical observations from one breed to another
in normal horses. One Standardbred (#1, Table I) was observed to have
gait frequency and breathing rate in a ratio of 2:1; this individual had
the slowest HR  and the slowest speed when achieving HR . This
is compatible with the reduced energetic efficiency when gait and
breathing are not entrained 1:1.

The smaller Standardbreds had faster heart rates, faster gaits,
faster breathing rates, slower speeds, and shorter stride lengths at
similar fractions of maximal heart rate. Hence, at similar levels of
exertion at the gallop, Thoroughbreds travel faster than

Standardbreds by using a much longer stride length that operates
at a slower frequency.

We conclude that P,_and P, are greater in Thoroughbreds than
in Standardbreds at similar levels of exertion and that this is
compatible with the higher incidence of EIPH in Thoroughbreds.
This conclusion is predicated on the assumption that the fractions
of HR , used in these experiments produce similar levels of
exertion in these breeds. Confirmation of these results using
speeds that clamp other independent variables, such as oxygen
consumption, may be warranted. During racing, speeds often
exceed those that produce HR . Exhaustion toward the end of
a race may be associated with a shorter gait length, increased gait
frequency, and uncoupling of breathing and gait. For these
reasons, extrapolation of these results to racing animals should
be undertaken with caution.
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