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Heliox-induced Changes in the Breathing
Mechanics of Ponies during Exercise
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ABSTRACT. The changes occurring in breathing mechanics of exercising ponies
when heliox is substituted for air are reporied. Respiratory airflow, tidal volume
(Vo) and transpulmonary pressuse (Pip) were simultancously measured in § healthy
ponies {255+ 15 kg) at rest (breathing air) and while they exercised for 6 minon a
treadmiil. During exercise they first breathed air (2 min), than heliox (2 min) and
then air again {2 min) Tidal volume (Vy), respiratory rate {f;}, minute volume (Vy),
maximum Ptp changes, total pulmonary resistance (R;), mechanical wortk of breath-
ing per liter (Wrm 17"}, mechanical work per min (Wrm), dynamic compliance and
pulmonary inertance were calculated, Heliox breathing significantly increased £
and V; while V; remained unchanged. R, was reduced by 50% of its “air value”,
Wrm 1! decreased, while Wrm remained unchanged. Pulmonary inertance dropped
to 30% of its “air value™ These observations suggest that in ponies, turbulent
resistance and puimonary Inertance could be mainly responsible for the increases of
R, and Wrm 1-* during exercise.
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INTRODUCTION

In previous studies in horses, it has been
suggested that a potential mechanical limita-
tion to ventilation during strenuous exercise
could result from increases in total pulmo-
nary resistance,™ mechanical work of
breathing, and inertial pressure losses.’
With the high flow rates recorded during
strentuous exercise, physical factors such as
turbulence and friction increase dramaticai-
ly, which in turn induce an increase in flow
resistance and the work of breathing Be-
cause these physical factors are related to gas
density, it can be predicted that they will be
reduced by breathing a gas of low density.
Therefore, it may be anticipated that the
ratio of the work of breathing per cycle
(Wrm) to tidal volume (V{), would be im-
proved with helium-oxygen (heliox) breath-
ing.

The present study attempts (1) to assess
any changes that occur in ventilation and

mechanics of breathing when heliox is sub-
stituted for air and (2) to analyse whether
these modifications can be adequately ex-
plained by changes in friction, turbulence
and inertance.

MATERIALS AND METHODS

Five healthy ponies aged 2.5 to 4 years and
weighing 255415 kg (mean = SEM} were
used. They were healthy on clinical examina-
tion, endoscopic examination of the upper
airways, and arterial blood pas analysis per-
formed at rest.

All experiments were carried out on a
treadmill located outdoors and were per-
formed twice for each subject over a -2 day
interval. The 10 results were averaged for
gach parameter. Respiratory airflow (V) was
measured with a No. 5 Fleisch pneumota-
chograph mounted on a tightly fitting mask
and coupled to a differential pressure trans-
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Fig | Respiratory frequency (fy), tidal volume
(V¢) and minute volume (V) in ponies running on
a treadmill while breathing either air or heliox
(=10} “eq. line” represents the identity line.

ducer (Validyne M 143) with catheters (4 mm
ID, 6 mm QD, 220 mm long). Tidal volume
{V )} was obtained by numerical integration
of the V signal and was electronically cor-
rected for BTPS.

Esophageal pressure (Pes) was measured
with an esophageal balloon catheter (4 mm
ID, 6 mm OD, 220 mm long} coupled to a
pressure  transducer  {Bentley, Trantec
M800). The pressure in the mask (Pm) was

also recorded using a catheter (4 mm 1D, 6
mm QD, 220 mm long) and a pressure trans-
ducer. Transpulmonary pressure {Ptp) was
calculated as the difference between Pes and
Pm.!

A giant non-rebreathing Hans Rudolph
valve (Model 7280} was fitted to the Fleisch
pneumotachograph. The inspiratory side of
the valve was connected by a hose {100 mm
1D, 150 cm jong) to a 1000 1 bag contain-
ing = 79% He and = 21 % O, and 65 % satu-
rated with H,O vapor at ambient tempera-
ture. A manual 3-way stopcock valve (60
mm 1D) placed between the hose and the bag
allowed switching between air and heliox
breathing.

Calibration of the pneumotachograph was
performed with both air and He. The pres-
sure transducers were carefully calibrated
under both static and dynamic conditions,
before and after each experiment. Static cali-
bration was carried out with a water mano-
meter. Dynamic caiibration was performed
by checking the frequency 1esponse and am-
plitude of signals with a sinusoidal pump
generating alternating pressures in a closed
flask. Frequencies up to 10 Hz and pressure
changes up to 5 kPa were used. The frequen-
cy response characteristics of the system
consisting of the pneumotachograph, the
pressure fransducer, the connector catheters,
and the pressure recording system were
matched up to 10 Hz for phase compatibil-
ity. In all cases, the ampiitude responses
were flat.

Throughout each experiment, the heart
rate (HR) was recorded on a telemetric elec-
trocardiographic system (Danica Electron-
ica, DK 2880).

Measurements of Pes, Pm, V4, V and HR
were first made during quiet air breathing
following a 5 min rest period on the tread-
mill. The ponies then trotted for 2 6 min
period on the treadmitl at a speed of 3.0 m
s~! and an incline of 5° First they breathed
air, then heliox, and then air again, each for
a period of 2 min. The tracings were record-
ed during the last 30 seconds of the rest
period, air breathing, heliox breathing and
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air breathing, Ten regular and artefacts free
cycles were used for calculation.
Respiratory frequency (fy), inspiratory
and expiratory time (4, and i), the ratio of
to the total time of the breathing cycle (t)/t1),
peak inspiratory and expiratory V (Vymax
and Vgmax), Vy, mean inspiratory and ex-
piratory V (mV; and mVg), minute volume
(Vg), minimal and maximal Ptp (Ptpmin
and Ptpmax), as well as the maximal Ptp
change (maxAPtp) were calculated. The re-
corded traces also allowed compuiation of
total pulmonary resistance (R,) and me-
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Fig. 2. Inspiratory peak
and mean airflows
(Vimax and mV, respee-
tively) and expiratory
peak and mean airflows

g g‘ maX - (Vymax and mVy) i po-
wy T miesat rest, during exer-
B mve cise with air breathing

{air)), with heliox breath-
ing and with air breathing
again (airs) (n=10). *Sig-
nificantly different from
“trot air,” values with
p<0001

chanical work of breathing per Hter (Wrm
174 and per min (Wrm).

The inspiratory and expiratory volume ac-
celerations were calculated as the slope of
the flow changes at the beginning of inspira-
tion and of expiration. These values were
obtained for exercising ponies while breath-
ing air and heliox.

The following parameters were also calcu-
lated: pulmonary inertance (IL), i.e. the ratio
of the inertial pressure changes to the total
change in volume acceleration;” the dynamic
compliance {Cdyn), i.e. the amplitude of V¢

Table 1. Inspiratory and expiratory tintes (ty and tg), 1y to total breathing time ratio (1),
minimal and maximal transpulmonary pressures (Ptpmin and Ptpmax) and maximal trans-
pulmonary pressure changes (maxAPp) at rest, duving exercise with air breathing (air,), with
heliox breathing and with air breathing again (airs} in ponies (n= 10, mean ¥ SEM)

Values Units Rest air, heliox air,

1 5 1642013 (0.55+0.04 043+0.03%= (0524007
tg 5 2132023 0.53+005 0.41£0.03*** 0512006
t/te % 441 51+1 5241 5141
Ptpmin kPa ~098+004 —1R1+013 ~1.56+009* —199:+0.11]
Pipmax kPa ~023+0 14 0784023 0.39+0.18% 061024
maxAPtp kPa 0752013 2.59+0.29 1.95£0.20%** 260+0.26

*Significantly different from air, values with p<0.05; ** p<0.0F; ©** p<(.001.
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Fig 1 Total pulmonary resistance (R}, mechani-
cal work of breathing per liter (Wrm 1~') and me-
chanical work per min (Wrm) in ponies at rest,
during excrcise with air breathing (air)), with he-
liox breathing and with air breathing again (air,)
{n=10). **Significantly different from “irot air,”
valtues with p<0.01; *¥* p.<0 001

divided by the elastic pressure change which
is the difference in total pressure between
the beginning and the end of inspiration.
Significant differences between (1) air and
heliox breathing and (2) “air™ before and
“air” after heliox breathing were assessed by

a Student’s r-test for paired data, with
p<0.05 accepted as significant. Mean re-
sults = SEM are presented.

RESULTS

Fig. 1| illustrates the changes induced by he-
liox breathing in fy, V7 and Vg in the form of
identity relationships. Each point on these
graphs compares the data on air to the data
on the heliox mixture obtained from {0 ex-
periments. In response to respiratory un-
loading, i.e. change from air to heliox, Vg
increased significantly (p<0.001) by a mean
of 27%. This ventilatory increase was exclu-
sively due to an increase in f (p<0.001),
with no consistent changes in V5. Mean
and peak inspiratory and expiratory V in-
creased (Fig. 2) and t; and tg decreased, sig-
nificantly in both cases, while t,/t; remained
unichanged {Table 1). Heliox breathing also
induced a substantial decrease in maxA Pip
(p<0.001) (Table 1)

R;, which increased significantly
(p<0.05) from rest to trot, was reduced to a
value smaller than its rest value during trot-
ting with heliox (Fig. 3). Wrm 1! was also
reduced (p<0.001), but Wrm remained un-
changed (Fig. 3). The inspiratory and expira-
tory  volume  accelerations  increased
{p<0.035) when the ponies were switched
from air to heliox breathing (Table 2), and
pulmonary inertance was reduced from
1978007 t0 6.5::042 10" kPal~!s"

For each experiment, the individual val-
ues of Cdyn calculated at rest, during exer-
cise with air breathing and during exercise
with heliox breathing are shown in Fig 4.
The mean rest value of Cdyn was 8.62 £0.69
| kPa~' In 8 out of the 10 experiments,
Cdyn became negative during exercise with
air breathing. The values of Cdyn were posi-
tive again during heliox breathing and were
significantly greater than the rest values.

HR was 42+4 bpm at rest and 163+3
bpm while trotting with air breathing. The
latter value remained unchanged throughout
the 6 min trot period.

For all parameters, there were no differ-
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ences between the “air™ values before and
after heliox.

DISCUSSION

The ventilatory effect of unloading during
exercise was shown here to cause an increase
in Vi which was exclusively due to an in-
crease in fy, with no consistant changes in
V1. In addition, the increased airflows with
gas of low density were associated with
smaller pleural pressure changes. These
changes are in keeping with those observed
in similar studies performed on humans'*!”
and on ponies.'® The intrinsic (force veloc-
ity) properties of skeletal muscles, neural re-
flexes diminishing central drive® and/or che-

exporiment
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Fig 4 Individual dynamic compli-
ance (Cdyn) in ponies a1 rest, during
exercise with air breathing, and dur-
ing exercise with heliox breathing
{(n=10).

moreflexes are mechanisms thought to con-
tribute to load compensation. They could
explain the increase of flow achieved with
less pressure. The sharp and immediate in-
crease in f, when heliox was breathed was
not compensated by a simultaneous decrease
in Vy, thus, VE increased. Although arterial
gas tensions were not measured here, similar
experiments performed on humans and po-
nies have shown that the increased Vi resuits
in an alveolar hyperventilation and arterial
hypocapnia

In humans,'? horses, ' cattle' and ponies?
the relative contribution of the upper air-
ways resistance (Ruvaw) to Ry has been
shown to be about 80%. This important rela-
tive contribution of Ruaw is partly due to

16 Y

Table 2. Inspiratory and expiratory volume accelerations (Vy and Vg, respectively} during air

and heliox breathing (mean + SEM)

V, air Vi air V| heliox V; heliox
152 152 Is™? Is~?
467614464 490 21552 54544 369%  5B58+354%

* Significantly different from air values with p<005.
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the occurrence of turbulence in that part of
the respiratory tract.'” In exercising horses,
more than in other species, turbulence may
become of major importance for two rea-
sons, First, during strenuous exercise, peak
flows as high as 80 1 s~ are reached,” and
consequently, the Reynolds number is much
greater than its critical value. Secondly,
hoises are unable to bypass the considerable
resistance of the nasal cavities® by switching
from nasal to oronasal breathing. The fact
that changing from air to heliox breathing
decreased Ry by 51% confirms the impor-
tance of turbulence in the upper airways of
ponies. Indeed, the frictional pressure losses
(P) produced by V in tubes are a function of
the flow rate, tube geometry and fluid physi-
cal propertics, The relationship between
these parameters is defined by the flow pat-
tern, which in turn is largely determined by
the Reynolds number {Re):

Re = dwp/u

where d is tube diameter, v gas velocity, p gas
density and g the gas viscosity. At low Re,
the flow is laminar with a parabolic velocity
profiie and the pressure drop is entirely due
to viscous forces, This is the case in the
peripheral airways, as described by the Poi-
seuille equation:

PmCIuV.

At high Re, when turbulent flow is fully de-
veloped (e.g. at the outlet of a localized con-
striction o1 orifice as in the larynx or in the
nasal cavities), the pressure losses are entire-
ly inertial and

This means that the resistance in the central
and upper airways is more dependent on gas
density and flow and less dependent on vis-
cosity, while the opposite is true in the pe-
ripheral airways.'? Substitution of a heliox
mixture for air decreases the density of the
respired gas (% 0.345) and only slightly alters

the viscosity. Therefore, the subsiantial
changes in R observed during the present
experiments are mainly attributable to the
changes occurring in the fluid dynamics, and
especially to the reduction of the turbulent
resistance in the upper airways.

The method used to measure [L and its
validity are discussed elsewhere.* The iner-
tance, as measured in this study, is mainly
due to the air. Because the density of the
heliox mixture is about 0.343 that of air,
heliox breathing induced a decrease of about
60% in IL Therefore, the decrease in Wrm
I=' although explained largely by the de-
crease in Ry, could be also due partly {o the
decrease in pressure necessary for volume
acceleration.

The overestimation of Cdyn in large ani-
mal breathing with high fj, and V has been
reported.” !
Cdyn results from the fact that in diseased or
exercising large animals the inertance, and
consequently the inertial pressures, are no
longer negligible. Classically, Cdyn is meas-
ured at points of zero V and may be defined
by the equation:’

measured Cdyn = ——————V—-'~;--~w---
APel [V 1IL]
where APel is the change in elastic pressure
and =211, [ being the respiratory frequen-
cy in Hz. [V 1L] is generally considered to
be negligible, but in large animals with large
IL, fy and Vq, [w’VIL] becomes very im-
portant, and during exercise its absolute val-
ue can be greater than APel This explains
why, in these specific conditions, Cdyn is
overestimated and may even be negative.'?
In conclusion, heliox breathing in exercis-
ing ponies induced (1) the same modified
breathing pattern previously reported for
man, (2) a sharp decrease in R and Wrm 1™
suggesting that the inciease in Ry during ex-
ercise is mainly due to increased turbulence
in the extrathoracic airways and (3) a sharp
decrease in IL suggesting that the increase of
Wrm |~! is partly associated with the high
inertial pressures.

The error in the computation of
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Alleviation of Exercise-induced Hypoxemia
Utilizing Inspired 79 % Helium 20.95 % Oxygen

B K ERICKSON, R, L. PIESCHL and H. H. ERICKSON
College of Veterinary Medicine, Kansay Staie University, Manhattan, KS 66306, USAH

ABSTRACT We investigated the cffect of reducing pas density on arterial and
mixed venous PO, and PCO,, pulmonary artery {PAP) and esophagezl pressures
(ESP), and ventilatory and cardiac frequencies (IR, HR) during treadmil exercise in
the horse. Four horses wete exercised for 4 min on separate gccasions at 10 m s™!
and 11-13 m 57" while breathing ambient air {time 0-2 min) and thea when gas
density was reduced by substituting helium (He-Q.) for nitrogen in the inspirate
{time 2-4 min). At 10 m s~' and 11-13 m s~ He-0, produced increases in PaQ,
from 63.1 (8 41) to 86.5 {11.53) mm Hg (kPa) and from 62 2 (8.29) to 75.7 (10 09)
mmHg {(kPa) At both work rates, He~O, induced a 6 mmHg (G.79 kPa) decrease in
PaCO, and a 11-14 mmHg (1.46-1.86 kPa) decrease in peak inspiratory to expira-
tory ESP difference. Mean PAP, HR, and mixed venous PO, and PCO, did not
change with He~O,. The data show that the hyperventilation produced by He-0,

could not explain the increased PaO,.

Koy words. Horses; blood gases; ventilation; esophageal; pulmonary artery.

INTRODUCTION

Strenuously exercised horses routinely de-
velop hypoxemia and hypercapnia concur-
rent with severe acidosis >80 According-
ly, hypotheses have been advanced suggest-
ing that ventilation is mechanically restrict-
ed, because of the 1:1 phase locking of
breath to stride frequency.*¥ At a locked
hreath frequency {siagle breath time of ap-
proximately 200-250 ms}, tidal volume and,
therefore, alveolar ventiiation are Inad-
equate to maintain arterial blood gas homeo-
stasis.’ Consequently, hypoventilation pro-
duces hypercapnia and hypoxemia, despite
the increased ventilatory stimulation of aci-
dosis. However, extending exercise time 1e-
duced the PaCQ, to hypocapnic values yet
PaQ, remained unchanged.* This means that
despite increased alveolar ventilation (VA)
either ventilation-perfusion (V/Q) worsened
or diffusion impairment increased. Recent
studies demonstrated during heavy exercise
that V/Q mismatch and hypoventilation ac-
counted for approximately 25% of the hyp-

oxemia; shunt, 1 %; and diffusion limitation,
nearly 70% '' The question of relative con-
tributions to hypoxemia by either hypoven-
tilation or V/Q mismatch remains unre-
solved.

To gain insight into the contribution of the
hypoventilation to hypoxemia, we have alle-
viated the hypoventilation by reducing air-
way resistance using low density He instead
of N, in the insptred gas.

METHODS

Three Quarterhorses and one Thoroughbred
(495+32 kg SEM, age 4-8 years) free of any
known disease were studied. These animals
were experienced in running on a high speed
treadmill and in appropriate physical condi-
tion to complete the exercise protocol.

Exercise protocols and gas administration

Each horse exercised on the treadmill (3°
incline) at 2 m s~! for 2 min followed by 4
min at 10 m s~ and on a separale oceasion



