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ABSTRACT. Transdiaphragmatic and intra-abdodminal pressures were measured
in 6 healthy Standardbreds during graded treadmill exercise in order to bette:
understand basic diaphragmatic function and to determine the influence of the
abdominal viscera on the diaphragm at different gait and exercise intensities.
Transdiaphragmatic pressures were measured using balloon catheters placed in the
mid-thoracic oesophagus and stomach Intragastric pressures were compared to
intraperitoneal and intrarectal pressures to determine whether abdominal pressure
changes were similar at all 3 sites Transdiaphragmatic pressures were affected by
exercise intensity and by gait, with maximal pressure swings occurring at the gallop.
Greatest values for peak transdiaphragmatic pressure were recorded during inhaia-
tion, suggesting that maxima} diaphragmatic work occuss then. Dusing exhalation,
transdiaphragmatic pressures were less than inhalation pressures at the same exer-
cise level Peak inspiratory intzapleural pressures during exercise may provide an
estimate of diaphrapmaltic performance in the horse that is as useful as direct or
derived measurement of transdiaphragmatic pressure. Three measures of intra-
abdominal pressure differed significantly. Although all catheters were phase
matched to 7 Hz, and pressure signals were in phase al rest, phase shills occurred in
abdeminal pressure signals with exercise. These shifts became more marked with
increasing exercise intensity The data indicate that an abdominal “piston™ effect
may occur during palloping, which probably facilitates exhalation Using simple
balloon catheter systems, our data indicate that intragasiric balloons may not be a
reliable way of estimating intra-abdominal or transdiaphragmatic pressures in
horses that have recently eaten
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INTRODUCTION

This study was performed to develop infor-
mation on diaphragmatic function in exer-
cising horses and relate these measurements
to pressure changes in the thorax and abdo-
men during exercise. An abdominal “pis-
ton™ effect has been postulated to explain
physiclogic advantages that horses may pain
if ventilation is facilitated by the tight link-
age of stride and breathing frequencies.”

In horses, respiratory function is thought
to be one of the factors limiting athletic per-
formance at high excrcise intensities *%!3

For humans, diaphragmatic performance is
an important influence on respiratory func-
tion. The capacity of the diaphragm to main-
tain performance despite increased work
loads reflects its ability to resist or delay the
development of fatigue. 172! As with oth-
er skeletal muscles, respiratory muscle per-
formance can be evaluated for both strength
and endurance.’! Respiratory muscle
strength can be assessed by determination of
maximal intrapleural pressures, by measure-
ment of transdiaphragmatic pressures, and
by maximai sniff pressures.'*'%*' Respira-
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tory muscle endurance is assessed by meas-
uring the ability to sustain peak respiratory
pressures, some measurement systems utiliz-
ing the addition of resistive or elastic
!oads.”’ Hrieh

Because many of the conventional tests for
human respiratory muscle strength and en-
durance are effort dependent and require
voluntary co-operation to produce maximal
respiratory excursions, these measures are
not generaily adaptable for use in animals !
Other factors may make relationships be-
tween transdiaphragmatic pressure and dia-
phiragmatic muscle work difficult to inter-
pret in large animals. There may be postural
differences attributable to the motion of the
diaphragm in exercising upright bipeds vs
the diaphragmatic motion of quadrupeds.
Certainly, thoracic wall mechanical proper-
ties differ greatly between species, and there
may be regional inhomogeneities in thoracic
wall properties'” that could cause the contri-
bution of the diaphragm to ventilation to
differ during exercise between species. Fur-
thermore, in horses there is likely to be a
considerable variation in local pressures

across regions of the diaphragm because of

stratification of intrapleural pressures due to
gravity,!' because of inhomogeneous distri-
bution of inspired air to lung regions during
cach tidal volume manoceuvre''” and be-
cause of local influences of cranial abdomi-
nal viscera upon the abdominal side of the
diaphragm.

Despite these limitations, a better under-
standing of diaphragmatic function in horses
may be useful for several reasons. First, the
influence of gait upon respiratory function
remains poorly documented in horses. Al-
though the entraining of stride to breath cy-
cle is well known, it is unclear whether there
is an overall positive effect on respiratory
function.” *** It seems logical that horses at
full gallop should facilitate exhalation be-
cause of an abdominal piston effect, similar
to that described for humans exercising on a
trampoline, but the existence of this piston
effect has not been proven for horses. Sec-
ondly, onc hypothesis to account for ex-

ercise-induced pulmonary haemorrhage
(EIPH) of horses suggests that haemorrhage
occurs as a consequence of shear forces gen-
erated at the boundaries of lung regions that
have inhomogeneous ventilation, It is possi-
ble that diaphragmatic activity could con-
tribute to regional inhomogeneities in intra-
thoracic pressure in animals affected by
EPIH and account for the usual distribution
of lesions. Thirdly, the low compliance of
the equine chest wall probably restricts later-
al expansion of the thorax during inspira-
tion, and caudal displacement of the dia-
phragm may be extremely important in pro-
ducing ventilation at a relatively low energy
cost. This role of the diaphragm may be ac-
centuated for saddled horses where a tight
girth strap might further restrict chest wall
motion. Finally, in humans suffering from
asthma, physiotherapy to improve diaphrag-
matic performance can limit the disability
suffered by this airway obstructive disorder.
If respiratory function is indeed a limiting
factor for some forms of equine athletic per-
formance, then training procedures to devel-
op diaphragmatic strength and endurance
may have a rational basis.

The objectives of this study were to: (1)
describe the basic function of the diaphragm
inn horses, as assessed by transdiaphragmatic
pressure measurement: (2) document the in-
fluence of gait and exercise intensity on
transdiaphragmatic pressures; (3) determine
the extent to which regional differences in
intra-abdominal pressure occur at different
gaits and exercise intensities.

METHODS

Animals  Six clinically normal untrained
Standardbred horses weighing approximate-
ly 500 kg were studied. They were main-
tained at pasture and were acquainted with
treadmill exercise, although the horses were
not in work, They were brought in from pas-
fure immediately prior to instrumentation.
Equipment Four identical bailoon cath-
eters were constructed of polyethylene tub-
ing that had a series of side holes in the distal
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8 cm. A thin walled, 10 ¢m long latex balloon
covered this end. Catheters remained in
phase at frequencies up to 7 Hz by using an
oscillating sinusoidal pressure signal gener-
ated by a speaker-in-box system. A guide
wire passed down the length of the catheter
prevented kinking and facilitated passage of
two catheters, one placed into the mid-
thoracic oesophagus and the second into the
stomach. These catheters were passed via the
external nares into the oesophagus subse-
quent to desensitization of the cranial as-
pects of the nose with a local anaesthetic
spray. Position of the catheters was con-
firmed by radiography and by demonstra-
tion of typical pressure deflections upon in-
halation at rest. An additional catheter
placed in the palm of a hand was gently
advanced into the rectum so that it lay ap-
proximately 75-90 cm cranial to the anus,
This catheter was secured in place by taping
it to the ventral aspect of the tail. The fourth
catheter was placed free within the abdomi-
nal cavity via a midline stab incision mid-
way between the xyphoid and the umbilicus.
Placement was confirmed by the appearance
of peritoneal fluid at the stab incision site
and by the case of passage of the catheter
into the peritoneal cavity. Balloons con-
tained 1.0 ml air and were connected to Vali-
dyne differential air pressure strain gauge
transducers. The proximal ends of all cath-
eters were connected to 3-way stopcocks 50
that balloon volume could be checked prior
to each experiment and so that pressures
could be recorded relative to atmospheric
pressure. This arrangement also allowed
catheter patency to be checked when pres-
sure signals appeared attenuated. If unusual
pressure tracings were recorded, balloon vol-
ume was checked and if air could not be
injected with ease, the catheter was assumed
to be kinked, the catheter relocated and the
experiment repeated. Glass syringes were
used to evaluate balloon patency because of
their low barrel friction compared to plastic
syringes. Transducer signals were demodulat-
ed and amplified using a Gould physiograph
and pressures recorded on thermal paper us-
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ing an electrostatic thermal array recorder
(Gould TA2000). Transducers were calibrat-
ed using a waler manometer.

Experimental design. Catheterized horses
were placed on a treadmill at 0° inclination
and a sequence of exercises performed. Be-
cause of insufficient transducer—amplifier
systems to measure all combinations of cath-
eter pressure differences simultaneously, 3
protocols were performed with the order
randomized between horses. Transducer
configurations in the first protocol were in-
trapleural pressure-atmospheric  pressure
(Pn), intragastric  pressure-atmospheric
pressure (Py), intraperitoneal pressure—at-
mospheric pressure (P,), and intrarectal
pressure-atmospheric pressure (P;,). In the
second protocol, transducer configurations
compared Py, PPy, PiPy, and PPy, In
the third protocol, Py, Py—Py. Pi; and P
were compared. For each protocol, pressures
were recorded at rest, ata 2.0 ms~' walk, a
4.5m s ! slow trot, a 7.0 m s~ fast trot and
a 9.0 m s gallop. Horses maintained each
speed for approximately 1 min before accel-
erating to the next speed. This time was suf-
ficient to allow a constant respiratory pat-
tern to develop, as determined by the intra-
pleural pressure tracing. A minimum of 3
similar breaths per speed were analysed.
Horses rested between protocols for 10 min,
and by this time P, had returned to baseline.

Statistical analyses Data were analysed by
factorial analysis of variance; where signifi-
cant differences existed (a<0.05) Student—
Newman-Keul multiple range tests were
used to compare means.

RESULTS

Transdiaphragmatic pressures. Peak trans-
diaphragmatic pressures were influenced by
the phase of respiration and the intensity of
exercise. These values were similar to those
recorded directly for PP, (Fig. 1), except
during inhalation at the gallop. Transdia-
phragmatic pressures increased during inspi-
ration (i.e. the abdominal cavity increased in
pressure relative to the thorax) and de-
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Fig | Relationship of peak transdiaphragmatic
pressure to speed, illustrating the differences be-
tween intragastric pressure (Py) and intrapleural
pressure (P, or intrarectal pressure (P} and Py
Inhalation is denoted by solid lines and exhalation
by dashed lines

creased slightly during exhalation, These ef-
fects were greater with more iniense exer-
cise. Direct measurement of Py differed
from values derived by subtracting peak Py,
from peak P;, by as much as 20 emH,0 dur-
ing galloping.

Effect of exercise The onset of exercise
increased both inspiratory and expiratory in-
trapieural pressures. With increasing speed,
peak inspiratory pressures became progres-
sively more negative with respect to atmo-
spheric pressure and peak expiratory pres-

40 e .
T EE Inhglotion

204 [ Exhalolion
2 20 .
3 L
R 1
I ¥ !
[ i
- :_‘ o | J o,
B s E:::g o
5 B
FRI i 5
g ) by ol
& - W ;:j

30 {

e
o K[ foercn ¥ ¥ ¥ v r
Rest Wtk Siow Fast Goliap
Trot  Trot

Fig 2 Relalionship between peak intrapleural

pressures, phase of respiration, and speed The
haseline is zero with respect to atmospheric pres-
sure. * denotes significantly different from rest
and walk ** denotes significantly ditferent from
all other groups

"O] ¥ inhaiotion
120 Exhalation
o
5
B 2y .
@ 2 H
o
u i n
£ v )
& E
8.5 0 i sopet
e 1,0
b f}v}l i
o 19 E
# ! - h i
l g 4 m
[P PR [
oo el L% AW . ks
Rast Walk Show Fast Gallop
Trot Trot
Fig 3 Relationship between peak intragasiric

pressures, phase of respiration, and speed. The
baseline is zero with respect to almospheric pres-
sure, * denotes significantly different from rest.
= denotes significantly different from rest and
walk

sures became progressively more positive
{Fig. 2).

Gastric pressures were not significantly al-
tered during inspiration by increased exer-
cise intensity averaging at rest and all ¢xer-
cise levels 83+4.3 ecm H,0 (X SEM)
Gastric pressures during exhalation were sig-
nificantly increased with increases in exer-
cise intensity (Fig. 3).

Intraperitoneal pressures did not change
with exercise intensity for either inhalation
or exhalation (inhalation, 2.1 0.4 cm H,0;
exhalation, 3.7+ 1.3 cm H.O) Rectal pres-
sures were significantly affected by exercise
for both inhalation and exhalation (Fig. 4),
but peak pressures during cxhalation were
greatest at the fast trot, not the gallop.

Measures of pressures on the abdominal
side of the diaphragm. Intrapieural pressures
were highly reproducible and repeated meas-
urements on the same horse always gave
similar pressure tracings. However, the mag-
nitude of differences between P, and the
various intra-abdominal pressures was vari-
abie, due not only to the site of pressuic
measurement within the abdomen, but also
because of great variation between results
from repeated measurements in the same
animal. There were significant interactions
between phase of the respiratory cycle, exer-



& inholotion
£ fxhatotion

ctal
{cm of Ha0)

i - l

b L

Rest Yol

Fig 4 Relationship between peak intrarectal pres-
sures, phase of respiration and speed. The baseline
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cise intensity and site of abdominal pressure
measurement. Py, P, and P;. were similar in
horses at rest (Fig. 5), but differences be-
came progressively more apparent with in-
creasing intensity of exercise, all measures
differing significantly in horses at the gallop
during inhalation. In general, rectal pres-
sures were greater than pressures recorded in
either the peritoneal cavity or the stomach.
However, the data in Fig. 5 do not adequate-
ly depict ather considerations relating to ab-
dominal pressure measurement. The pres-
sure waveforms were complex (Figs. 6 A~E)
and the maximal value alone did not ade-
quately describe the relationships between
intrathoracic and intra-abdominal pressures
for each speed. Fig. 6 A illustrates pressure
tracings with the horse standing quietly on
the treadmill, and peak pressures at inhala-
tion and exhalation are in phase. At a walk
(Fig. 6B), only some pressure spikes were
transmitted into the thorax, and pressure
peaks did not occur simultaneously, espe-
cially during exhalation. Changes in respira-
tory frequency were common, especially at
the slow trot (Fig. 6 C). The differences be-
tween the 3 abdominal pressures were strik-
ing at speeds above the slow trot. At the fast
trot, respiration was closely linked with gait,
but pressure changes associated with the gait
were only obvious on the rectal pressure
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tracing and did not appear consistently on
the gastric pressure tracing (Fig. 613). At the
gallop there was !:1 entraining of veatila-
tion with stride. Rectal pressure and intra-
pleural pressure were similar (Fig. 6F) al-
though they appeared 180° out of phase.
Maximal recorded pressure swings during
galloping were —40 to +45 emH.O (intra-
pleural pressures) and 66 to - 100 cnH,0
{intrarectal pressures)

DISCUSSION

Determination of intra-abdominal pressures
using the 3 balloon catheters demonstrated
that considerable regional variations exist.
The data clearly show differences in pres-
sures obtained from each of the balloons
piaced in the abdomen. There were also in-
consistent readings for each catheter, espe-
cially P;,. There may be several causes for
these results. There are probably real differ-
ences in regional pressures throughout the
abdomen attributable to elastic, resistive
and inertial effects of different regions of the
visceral mass. Our data also suggest that
some of the differences measured may be
spurious. Accurate estimates of pressure ns-
ing balloon-catheter sysiems rely on the bal-
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Fig 7. Pressure recordings from 2 catheters placed
in the stomach (channel | and channel 2) At A,
both catheters lay close to the mucosa, and com-
pression led to identical pressure spikes in both
channels At B, the balloon in the catheter in chan-
nel 2 was buried in ingesta. Note the attenuation
of pressure signal in channel 2 compared to chan-
nel 1 (arrows).

loon being surrounded by a fluid medium for
local changes in pressure to be transmitted
accurately to the balloon. The attenuated sig-
nal that was always present from the perito-
neal catheter is presumably because the vis-
cera surround the catheter and buffer pres-
sure changes in the abdomen. Similarly, if
the gastric balloon were to become embed-
ded in the ingesta found in the stomach, the
pressure signal would be attenuated. In order
to evaluate whether gastric ingesta could at-
tenuate measurement of rising intragastric
pressure, an experiment was conducted in
which the stomach was removed intact from
a recently killed horse (destroyed because of
a limb fracture), the oesophageal and duode-
nal openings ligated, and 2 identical cath-
eters placed in the stomach. One catheter
was manipulated to lic against the mucosa,
the other so that the balloon tip was buried
within ingesta. Pressures measured by both
catheters were compared during cycles of ex-
ternal compression and decompression of
the stomach. Fig. 7 illustrates that there was
significant attenuation of the pressure signal
in the balloon catheter buried in the ingesta
compared with the other catheter. We con-
cluded that gastric contents could affect the
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Fig & Pressure recordings from intrapleural (P},
intragastric (P,,) and intrarectal (P;) balloon caih-
eters from horse 6 during two separate runs (8A
and 8 B) at the gallop. Open triangles denote plant-
ing of the lead foot, as recorded with an event
marker on the physiograph. Solid arrows denote
positive intrapleural pressure spikes that occurred
during exhalation.

reliability of intragastric pressure measure-
ments in unfasted horses.

A second factor that also was likely to pro-
foundly influence local pressure estimations
was the motion of viscera around the cath-
eter during exercise. This could have ac-
counted for the pressure deflections of simi-
lar sign during inspiration for P, and Py,
{FFigs. 6 A and 6 B). Although phase matched
at rest, pressure peaks in the different bal-
loon catheters demonstrated obvious phase
lags during exercise that became larger with
increasing speed. This phenomenon may be
caused by the effects of inertia on different
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parts of the abdomen when the visceral mass
is accelerated and decelerated 1apidly during
exercise. Measurement of abdominal iner-
tance was not done in this study, but would
be necessary to evaluate this hypothesis.

Despite the occasional inconsistencies in
in{ragastric pressure recordings, it was obvi-
ous that transdiaphragmatic pressure in-
creased progressively during inhalation with
increasing exercise intensity. This sugpgests
that in horses undergoing vigorous exeicise,
the diaphragm contributes significantly to
inspiratory effort. Conversely, during exha-
lation, transdiaphragmatic pressure did not
change significantly with increased exercise
intensity, indicating that the role of the dia-
phragm remains relatively passive during
this phase of respiration.

Intrarectal pressures were the most con-
sistent of the 3 measures of intra-abdominal
pressure. However, use of different catheters
and either withholding feed or drenching the
horse to Hquefy stomach contents, might
make intragastric balloon measurements
more reliable, Other workers®'® with-held
feed from their animais for 12 hours prior to
study, thus their Py, measurements may have
been more reproducilie than ours, However,
it would be preferable not to with-hold feed
in horses in work that are presented for per-
formance testing.

The use of peak inspiratory pressures may
be useful in performance testing, because it
is a simple procedure unlikely to be influ-
enced by the measurement system, as are
more elaborate systems of pulmonary me-
chanics measurement.® Respiratory mechan-
ics are useful in determining sites of abnor-
mality within the respiratory system,'>®
whereas peak inspiratory pressures assess the
respiratory muscles’ capacity for work, ¢ 173
Whether such measurements will prove use-
ful as predictors of athletic ability or in refin-
ing training techniques that affect respira-
tory muscle function remains to be deter-
mined. It is possible that intragastric pres-
sures are influenced by the degree of gastric
filling with ingesta, by treadmitl slope and by
gait during exercise testing These factors

will need to be carefully standardised, even
in maximal exercise tests, in order to pro-
vide useful data.

The influence of gait on respiratory func-
tion has been studied™ ** and an abdominal
piston effect has been identified in trotting
ponies.* Qur data support an abdominal pis-
ton effect during exhalation of galloping
horses as indicated by the 3 positive pressure
spikes seen in P, during exhalation (Fig. 8).
Fig. 8 illustrates the relationship between
pressures on an expanded scale for 2 series of
gallops. Rectal and intrapleural pressures are
very similar between the 2 exercise trials, but
P, is markedly attenuated in Fig 8B Dur-
ing exhalation, intrapleural pressure traces
showed a consistent triple positive spiked
pattern. At the time the first spike occurs,
rectal pressure is decreasing. This could re-
present diaphragmatic relaxation at the initi-
ation of exhalation, allowing passive cranial
motion of abdominal contents and a de-
crease in abdominal pressure. The second
spike in intrapleural pressure during exhala-
tion is preceded by planting of the lead foot
and a rise in intragastric and intrarectal pres-
sures. It could be caused by abdominal com-
pression and projection of abdominal con-
tents cranially. The third pressure spike oc-
curs despite decreasing abdominal pressures
and might reflect continued forward motion
of the abdominal contents cranially and de-
compression of the abdomen against a re-
laxed diaphragm. Inhalation was not associ-
ated with the development of pressure spikes
in P, at the gallop and negative pressures in
the thorax were associated with increased
abdominal pressure, presumably because of
diaphragmatic contraction and expansion of
thoracic contents caudally, Based on the
studies by Attenburrow,’ the 3 pressure
spikes noted upon exhalation cannot be ac-
counted for solely because of foot placement,
hecause only one foot is planted during exha-
lation at the gailop; 3 strike during inhala-
tion and lift during exhalation ’ However,
Attenburrow suggested that exhalation is fa-
cititated by weight bearing in the forelimbs;
later in exhalation, flexion of the back and



abdominal contraction were thought to con-
tribute to expiratory effort.’

Our study is of limited value because we
were not able to measure diaphragmatic con-
traction (via clectromyography}, abdominal
inertance or exactly record the relationship
of individual foot placement to respiratory
events for each gait. These data would be
necessary 1o support our supgestions regard-
ing the abdominal piston.
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ABSTRACT. Six Standardbred trotters exercised on 2 horizontal treadmill with
consecutively increasing draught load (D-test) or speed {S-test). D-test was per-
formed at a walk of 2 m s~'. Oxygen uptake (VQ,), heart rate (HR) and minute
ventilation (VE) increased linearly in both tests and reached a mean of 73+9 mi
kg=' min~', 172212 bpm and 917 93 I min~' at the heaviest draught load (107.1
kp). The values for HR and VO, were close to those measured at a speed of 8 m s~
in the S-test The relationships between VO, and MR, VE and blood lactate concen-
tration did not differ between the two tests. Stride frequency increased in both tests,
whereas stride length increased in S-test and decreased in D-test In conclusion,
similar cardiopulmonary and lactate responses were aobtained in the two tests. D-test
may therefore be an alternative to S-test for horses which have difficulty trotting fast

enough for exercise tolerance testing.
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INTRODUCTION

Pulmonary ventilation and oxygen uptake
have previously been measured in several
studies in horses performing exercise at dif-
ferent speeds on a treadmill 2381113 Little is
known however, about respiratory gas ex-
change during draught work. This is worthy
of study, as draught-ioaded exercise is used
as a method of training Standardbred horses
for racing.

When Standardbred trotters are trained
conventionally, the work intensity is in-
creased by increasing speed. During draught-
loaded exercise the work intensity may be
enhanced by increasing draught resistance,
by which high work intensities can be
reached at low velocities. This may affect the
cardiorespiratory system, blood lactate re-
sponse and locomotion pattern differently
The purpose of this study was to compare
incremental draught load versus speed in ex-
ercise tolerance testing using oxygen uptake,
heart rate and blood lactate responses as pa-
rameters.

MATERIALS AND METHODS

Six clinically healthy, lightly trained Stand-
ardbred trotters were used. They were |
mare, 4 geldings and [ stallion ranging in age
between 4 and 13 years {mean = 7+4),

Incremental draught work was performed
on a horizontal treadmill {Sikob) at a walk of
2 m s!. Weights were suspended from a
rope which was horizontally connected to
the harness and passed over a puliey mount-
ed on a support behind the treadmill. The
draught resistance, beginning at 4.1 kilo-
pond (kp), was increased by 20.6 kp every 2
min up to a final level of 107.1 kp. One
kilopond = 1 kg m s~ *=9.81 N ¢ The horses
wore a mask for determination of oxygen
uptake (VO,)} during the test. The draught
resistance was measured before the test by a
force transducer (strain-gauge, Type KRG-4)
fastened between the harness and the rope
and coupled to a transducer indicator (Type
BKI-1). From this the output signal was
scaled, low-pass filtered and recorded by a
stripchart recorder (modified Moseley Mod-
el 680 M).



