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High-frequency oscillation during simulated altitude

exposure

ALAN R. SALTZMAN, MD; ROBERT A. KLOCKE, MD; NEEL B. ACKERMAN, Jr, MD;
PATRICIA LAND, RN; BRYDON J. B. GRANT, MD; ALAN T. AQUILINA, MD

Ventilatory requirements using high-frequency oscil-
lation (HFQ) during simulated altitude exposure were
investigated in control dogs and animals with oleic acid-
induced lung injury. F10, values of 0.21 and 1.0 were
supplied by bias flow to the normal and injured dogs,
respectively. After a control period, animals were ex-
posed to a simulated altitude of 8,000 ft (barometric
pressure 564 torr), followed by a second control period
at ground level. Both experimental groups had similar
values of Paco, at ground level and during exposure to
reduced barometric pressure. The tidal volume neces-
sary to maintain eucapnia was higher in oleic acid-
injured animals compared with the control group; car-
diac output and functional residual capacity were lower.
The alveolar-arterial oxygen difference was substan-
tially larger in the oleic acid group. Adequate gas ex-
change can be maintained with HFO during exposure
to altitude provided that ventilation and inspired Po,
are not reduced below normobaric levels. (Crit Care
Med 1990; 18:1257)

Patients with respiratory failure requiring mechanical
ventilation (MV) occasionally must be transported by
air to other medical facilities. Significant hypoxemia
can occur during air transport even in patients who are
in stable condition (1). Cabin pressures at altitudes
reached with maximum aircraft performance are sub-
stantially lower than atmospheric pressure (2), leading
to a reduction in inspired Pos.

Previous work (3) from our laboratory established
ventilatory criteria for conventional MV during
acromedical evacuation. Adequate gas exchange was
achieved during exposure to altitude in animals with
acute oleic acid-induced lung injury. This required
maintenance of ventilation at normobaric levels and an
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increment in F10, to compensate for the reduction in
barometric pressure. The present study was conducted
to determine the effect of altitude on gas exchange
during ventilation with high-frequency oscillation
(HFO).

MATERIALS AND METHODS

Male mongrel dogs (16.6 + 1.8 [sD] kg) were anes-
thetized with 4% thiamylal (6 mg/kg) iv followed im-
mediately by administration of a-chloralose in sodium
tetraborate buffer. The initial iv dose of a-chloralose
(120 mg/kg) was supplemented continuously with 43
mg/kg-h by infusion pump. After demonstrating ade-
quate anesthesia with a-chloralose, muscle paralysis
was achieved with iv pancuronium bromide. The initial
dose of 0.1 mg/kg was supplemented with doses of 0.04
mg/kg administered as needed. At the conclusion of
the experiment, the animal was killed by rapid iv injec-
tion of 50 ml saturated KCl during ECG monitoring.

Animals were intubated with a cuffed No. 10 oral
endotracheal tube. The oleic acid model of adult res-
piratory distress syndrome was induced in five of ten
experimental animals by injection of oleic acid (0.1 ml/
kg) into the right atrium via a pulmonary artery catheter
at a rate of 0.4 ml/min. The dogs were allowed to
breathe spontaneously from a reservoir containing
100% oxygen. Arterial blood gases were monitored and,
if needed, the animals were ventilated intermittently
with an Ambu bag to prevent severe respiratory aci-
dosis. Ninety minutes after the oleic acid infusion, the
animals were placed on HFO.

The high-frequency oscillator consisted of a Teflon
piston 2.5 inches in diameter contained within a brass
cylinder (Fig. 1). A threaded Plexiglas head tapered to
a 0.5-inch ID outlet was attached to the end of the brass
cylinder with an O-ring seal. The piston was driven by
a Y%-hp motor with frequency adjusted by a silicon-
controlled rectifier. Control and oleic acid-injected an-
imals were ventilated at constant rates of 15.4 and 15.9
Hz, respectively. Stroke volume of the oscillator (0 to
100 ml) was adjusted by altering the position of the
drive shaft on a motor-driven cam. Initial piston stroke
volume was set at 3 ml/kg and Paco, was determined.
If the Paco, was outside the normal range, the stroke
volume was adjusted until eucapnia was achieved as
confirmed by arterial blood gas analysis. No further
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FiG. 1. High-frequency oscillator and bias flow circuit. Bias flow
enters the system between the oscillator and the pneumotachograph.
Measured tidal volume does not include any portion of the oscillator
stroke volume which may have been diverted into the bias flow.
Airway pressure is monitored at the proximal end of the endotracheal
tube.

adjustments were made in oscillator settings during the
experiment. Bias flow entered the circuit between the
oscillator and a No. 3 Fleisch pneumotachograph
(Dynasciences, Blue Bell, PA), which measured the
delivered tidal volume (VT). Bias flow was monitored
using a No. 1 pneumotachograph in the inspiratory bias
flow line. Pressure changes across the pneumotacho-
graphs were measured with variable reluctarice trans-
ducers (MP-45, Validyne, Northridge, CA). The expir-
atory bias flow passed through approximately 200 cm
of Ys-inch ID flexible plastic tubing, which served as a
low pass filter. The bias flow was held constant through-
out the entire experimental period. Mean bias flow was
slightly higher in the oleic acid-injected animals (14.9
L/min) than in normal animals (13.1 L/min). The
control group received an Fi0, of 0.21 via the bias flow,
while an F10, of 1.0 was administered in the oleic acid
group to prevent severe hypoxemia.

A jugular venous catheter was inserted for fluid and
drug administration. A femoral artery catheter was
utilized for BP monitoring and collection of arterial
blood samples. Body temperature was maintained with
a heating blanket. A triple-lumen pulmonary artery
thermodilution catheter was used to monitor pulmo-
nary artery (PAP) and pulmonary wedge pressures (WP)
and to sample mixed venous blood. Body temperature
was monitored with a thermistor located at the tip of
the pulmonary artery catheter.

Hemodynamic and respiratory data were recorded
simultaneously with both an eight-channel chart re-
corder (2800, Gould, Cleveland, OH) and an eight-
channel FM tape recorder (3968A, Hewlett-Packard,
San Diego, CA). The variables recorded were ECG, BP,
and PAP (P-23Db transducers, Gould), WP, airway
pressure (Paw) at the proximal end of the endotracheal
tube (MP-45, Validyne), bias flow, tracheal air flow,
and delivered VT obtained by electrical integration of
the pneumotachograph flow signal. The chart recorder
was used only for monitoring during the experiment.

obtained by numerical integration of the respective
phasic pressure signals. Ventilator rate and delivered
VT were determined from the integrated pneumotach-
ograph signal. Arterial and mixed venous blood samples
were obtained and analyzed at 37°C. Since animal
temperature was maintained between 36° and 38°C,
blood gas values were not corrected for these minor
temperature variations. Cardiac output (Qt) was deter-
mined by thermodilution using a cardiac output com-
puter (9510A, Baxter Edwards Laboratories, Irvine,
CA). Values obtained from three to five sequential 10-
ml injections of saline at room temperature were aver-
aged. Functional residual capacity (FRC) was estimated
by N, dilution using closed circuit rebreathing.

The initial data at ground level (GRD-I) were col-
lected on two occasions 20 to 30 min apart. After data
collection, the hypobaric chamber in which the animal
was situated was decompressed to a simulated level of
8,000 ft (barometric pressure equal to 564 torr). Two
sets of altitude data (ALT) were collected 20 to 30 min
apart. The hypobaric chamber was returned to ground
level and another two sets of measurements (GRD-II)
were obtained. After any change in barometric pressure,
no measurements were made for 25 to 30 min to ensure
that a steady state was reached. During this period
vascular and Paw transducers were recalibrated. The
pneumotachographs were not recalibrated. There were
no significant differences between the first and second
data sets collected under either ground or altitude con-
ditions. The average of both sets of data for each
condition is provided in Table 1.

Data were analyzed with analysis of variance for a
repeated-measures experimental design (4). For all sta-
tistical comparisons, significance was accepted at the
5% level.

RESULTS

Effective alveolar ventilation, as estimated by Paco,,
was normal in both oleic acid-injected and control
animals (Table 1). There was no change with altitude.
The pHa was also normal in both groups. To maintain
eucapnia, the oleic acid-injected animals required an
average delivered VT that was 50% greater than that
provided to the control group. Respiratory frequency
was essentially the same for all animals.

The delivered VT obtained from the integrated flow
signal decreased slightly with altitude. There was a
tendency for VT to decrease with time as evidenced by
the difference between the two ground-level observa-
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TABLE 1. Physiologic variables at ground level and simulated
altitude (mean + sD)

Variable

pH

Group GRD-I ALT GRD-II

7.41 £ 0.06 7.40%0.06 7.39 +0.06
7.38 £0.03 7.40+0.03 7.38 +0.03
374+36 395+42 389x59
40335 387x72 394+76
54495 51.7+87 53195
87.1 £20.3 80.9+19.7 70.8+18.7

Paco, (torr)

VT (ml)®*

Paw (mm Hg)** 5614 58%17 61+19
85+23 87+£22 10229
FRC (ml)® 954 + 168 1049 + 402 952 + 254
608 £ 241 490 + 189 581 + 125
Qt (L/min)>* 27207 26+05 23+04
1706 1.7+04 17104
MAP (mm Hg)! 10611 112+11 113+ 10
134+ 18  134+18 12812

MPAP (mm Hg)*# 19170 24380 206+69

29.1£14.6 289+ 141 323+152

cloleloRelolcNoRoNoRoloRoNoNeNoRoRoReRoRoNoNoNo)

WP (mm Hg)? 6.0£27 54+22 7.4+29
6.1 £34 32+6.0 55+29
Pao, (torr)¢ 9+ 7 63+8 97 £ 10
172+ 146 157136 199 + 186
Pvo; (torr)* 45+ 4 38+2 43+ 3
405 355 366
P(A-a)o;, (torr)*</ 3+7 -2+6 3+4
484 £ 151 321+ 140 457 + 193

C, control group; O, oleic acid-injured group.

Significant difference between C and O: “(p < .01), %(p < .05).

Significant difference between GRD and ALT values: “(p < .001),
“p < .05).

Greater effect of ALT on control animals: “(p < .001); greater
effect of ALT on oleic acid-injured animals: {p < .001).

Significant differences between GRD-I and GRD-II values:
&p < .001), #(p < .05).

tions. However, this did not achieve statistical signifi-
cance since only three observations were made in the
oleic acid-injected animals during the GRD-II period.
In the other two experiments, the pneumotachograph
became contaminated with pulmonary edema fluid,
invalidating the VT measurements during the final
ground observations.

The Paw measurement was higher in the oleic acid-
injected animals compared with the control group,
probably because of the larger delivered VT and de-
creased compliance in the oleic acid-injected animals.
Resistance to air flow also was increased because of the
decrease in FRC in the oleic acid-injected animals. FRC
was approximately 75% larger in the control group.
Observed changes in FRC with altitude were not statis-
tically significant.

Qt was significantly lower in the oleic acid group.
MAP was higher in the oleic acid-injected animals than
in the control group. This finding, combined with the
decreased Qt noted in the oleic acid-injected dogs,
reflects elevation of peripheral vascular resistance.

The MPAP measurement was higher in the oleic acid
group, but this difference failed to reach statistical
significance. PAP increased during altitude exposure in
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the control group, but not the oleic acid-injected ani-
mals. This finding is a result of hypoxic vasoconstric-
tion occurring in the control animals in response to the
lower Pao, present at altitude. In the oleic acid-injected
animals, an F10, of 1.0 prevented substantial hypox-
emia and an increase in PAP. Mean WP was similar in
both groups of animals.

Oxygen exchange was grossly abnormal in the oleic
acid-injured animals. Despite an Fi0, of 1.0, mean Pao,
was 186 torr during the ground-level observations. The
Pao, varied widely in the oleic acid-injured animals;
the lowest Pao, was 68 torr. At 8,000 ft, inspired
Po, was 517 torr, but mean Pao, was only 157 torr.
The mean alveolar-arterial oxygen pressure difference
{(P[A-a]o,) in the oleic acid group was 471 torr at GRD-
I and GRD-II, but decreased to 321 torr at altitude.

Blood gas values in the control animals under
ground-level conditions were unremarkable. At 8,000
ft, inspired Po, decreased to 108 torr. This decrease in
inspired Po, of 39 torr from ground conditions resulted
in an average decrease in Pao, of 35 torr, from 98 torr
(GRD-I and GRD-II) to 63 torr during altitude
exposure.

The Pvo, measurement was slightly, but not signifi-
cantly, higher in the control group than in the oleic
acid group. A small but statistically significant decline
in PY0, occurred with altitude, paralleling the decrease
inP a0,.

DISCUSSION

The influence of decreased barometric pressure on
the efficacy of HFO has not been examined previously.
It is not possible to predict this effect on theoretical
grounds because the role of different mechanisms of
gas transport in HFO has not been delineated (5). In
this study, we used an empirical approach to determine
if HFO would be affected by hypobaric conditions. The
fact that Paco, did not change during hypobaric con-
ditions indicated that HFO supplied constant effective
alveolar ventilation throughout the experiments. Be-
cause the mechanisms underlying HFO are poorly
understood, Paco, is the only practical means to judge
the effectiveness of ventilation (5). These data indicate
that as long as the oscillator maintains its stroke volume
at altitude, no change in Paco, or acid-base status will
occur.

The normal animals exhibited an average decrease in
Pao, at 8,000 ft of 35 torr, approximately equal to the
decrease in inspired Po, of 39 torr that occurred with
the transition to altitude. The normal group also had a
significant increase in MPAP at a simulated altitude of
8,000 ft. If inspired Po, were increased at altitude to
the same value present at ground level, neither the
hypoxemia nor the hypoxic pulmonary vasoconstric-
tion would occur (3). This situation could be achieved
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by administering an F10, of 0.29 at 8,000 ft, resulting
in the same inspired Po, (149 torr) present at sea level.
Thus, it is sufficient to administer an F10, of ~0.30
during air transport to prevent undesirable effects of
hypoxemia in patients with normal lungs who require
MV.

The five animals with oleic acid-induced lung injury
had markedly elevated P(A-a)o, measurements occur-
ring as a consequence of diffuse lung injury. Potential
errors associated with measurement of high partial pres-
sures of oxygen in blood could affect the calculated
P(A-a)0, in these animals. However, the difference in
P(a-a)0, between the two experimental groups is far too
great to be the result of this relatively minor problem.
The changes in Pao, with altitude were greater in
animals with lung injury than in the control group. In
the latter, alveolar Po, (PA0,) and Pao, decreased in an
approximately equal manner. In the oleic acid-injured
animals, the decrease in PAo, with altitude was much
greater than the decline in Pao,. Mean PAo, was 657
torr at ground level and 476 torr at altitude. This
difference of 181 torr in Pao, between ground and
altitude resulted in only a mean decrease of 29 torr in
Pao,. This is the corollary to the usual clinical situation
seen in patients with the adult respiratory distress syn-
drome in which Pao, is relatively insensitive to in-
creases in F10; (6).

The decrease in oxygenation occurring in patients
exposed to reduced barometric pressure is a function
of PV0,, the degree of ventilation/perfusion inequality,
and the magnitude of right-to-left shunt. These factors
vary widely from patient to patient and their impact on
Pao, cannot be predicted with sufficient accuracy to
avoid hypoxemia during air transport in some individ-
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uals. The best means of ensuring adequate oxygenation
in patients transported by air is to maintain inspired
Po, at the value required to produce adequate oxygen-
ation at ground level. There is considerable risk that
severe hypoxemia may develop during air transporta-
tion in a patient who requires an F10, of 1.0 at sea level
to maintain a Pao, <100 torr.

In conclusion, exposure to reduced barometric pres-
sure during air transport will not have a deleterious
effect on a patient as long as inspired Po, and minute
ventilation are not altered. The former can be achieved
by increasing F10,. The latter is a function of ventilator
performance and is not dependent on whether the
patient is receiving conventional MV or HFO.
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