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Ventilatory and pulmonary vascular response to hypoxia
and susceptibility to high altitude pulmonary oedema
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ABSTRACT: Reduced tolerance to high altitude may be associated with a low ven-
tilatory and an increased pulmonary vascular response to hypoxia. We therefore,
examined whether individuals susceptible to acute mountain sickness (AMS) or high
altitude pulmonary oedema (HAPE) could be identified by noninvasive measure-
ments of these parameters at low altitude.

Ventilatory response to hypoxia (HVR) and hypercapnia (HCVR) at rest and dur-
ing exercise, as well as hypoxic pulmonary vascular response (HPVR) at rest, were
examined in 30 mountaineers whose susceptibility was known from previous iden-
tical exposures to high altitude.

Isocapnic HVR expressed as difference in minute ventilation related to difference
in arterial oxygen saturation (AV'E/ASa,0,) (L-min-1/%) was significantly lower in
subjects susceptible to HAPE (meanzsgm 0.8+0.1; n=10) compared to nonsuscep-
tible controls (1.5+0.2; n=10), but was not significantly different from subjects sus-
ceptible to AMS (1.2+0.2; n=10). Hypercapnic ventilatory response was not
significantly different between the three groups. Discrimination between groups
could not be improved by measurements of HVR during exercise (50% maximum
oxygen consumption (V'0,max)), or by assessing ventilation and oxygen saturation
during a 15 min steady-state exercise (35% V'0,,max) at fractional inspiratory oxy-
gen (F1,0,) of 0.14. Pulmonary artery pressure (Ppa) estimated by Doppler mea-
surements of tricuspid valve pressure at an F1,0, of 0.21 and 0.12 (10 min) did not
lead to a further discrimination between subjects susceptible to HAPE and AMS
with the exception of three subjects susceptible to HAPE who showed an exagger-
ated HPVR.

It is concluded that a low ventilatory response to hypoxia is associated with an
increased risk for high altitude pulmonary oedema, whilst susceptibility to acute
mountain sickness may be associated with a high or low ventilatory response to
hypoxia. A reliable discrimination between subjects susceptible to high altitude pul-
monary oedema and acute mountain sickness with a low ventilatory response to
hypoxia is not possible by Doppler echocardiographic estimations of hypoxic pul-
monary vascular response.
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Rapid ascent to altitudes above 3,000 m may cause
acute mountain sickness (AMS) [1], high altitude cere-
bral oedema (HACE) or high altitude pulmonary oede-
ma (HAPE). In most cases, AMS resolves spontaneously,
but it may progress to life-threatening HACE [2]. The
relationship between AMS and the potentially lethal ill-
ness HAPE [3] remains obscure. The fact that adminis-
tration of nifedipine during ascent can prevent HAPE [4]
but not AMS [5], and the observation of several cases of
HAPE which developed without preceding AMS, suggest
that additional or specific factors are involved in the patho-
physiology of HAPE compared with AMS. The degree of
preacclimatization, the rate of ascent, and the altitude
attained are important determinants for the occurrence of

these illnesses. In addition, there are considerable interindi-
vidual differences regarding susceptibility to HAPE [4],
and most likely also to AMS. It would, therefore, be de-
sirable to be able to identify susceptible mountaineers by
testing at low altitude.

A low hypoxic ventilatory response (HVR) has been
suggested to be associated with susceptibility to AMS
and HAPE. Several studies showed a significant asso-
ciation with AMS, or a history of AMS, and a low HVR
[6-8], whilst other groups found no significant correla-
tion [9, 10]. Furthermore, a low HVR was reported dur-
ing [11] and after recovery [12] from HAPE. There are,
however, other investigators who found no relationship
between HVR and a history of HAPE [13]. Taken together,
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the studies indicate that a low HVR is more frequent in
susceptible subjects than in controls [13]. There is, how-
ever, a large overlap which does not allow the identifi-
cation of susceptible mountaineers reliably by measuring
HVR at low altitude.

The crucial role of a high pulmonary artery pressure
in the pathophysiology of HAPE was demonstrated by
the beneficial effects of drugs lowering pulmonary artery
pressure for prevention and treatment of HAPE [4, 14-16].
An exaggerated hypoxic pulmonary vascular response
(HPVR) was demonstrated at low altitude in mountaineers
susceptible to HAPE by studies using cardiac catheteri-
zation [17-20]. However, there was also a considerable
overlap in pulmonary artery pressure between suscepti-
ble subjects and controls [21], especially when Doppler-
assessment was used [22].

Since the results of previous studies suggest that sus-
ceptibility to AMS may be associated with a low HVR
and susceptibility to HAPE with a low HVR and an exag-
gerated HPVR, we hypothesized that discrimination
between mountaineers nonsusceptible and susceptible to
AMS or HAPE could be improved by combining mea-
surements of ventilatory drives during rest and exercise
with noninvasive measurements of HPVR by Doppler
echocardiography. Therefore, we examined 30 subjects
whose susceptibility was known from previous identical
exposures to high altitude during participation in studies
performed between 1986 and 1990 at 4,559 m, during
which identical criteria for the diagnosis of AMS and
HAPE had been applied.

Methods

Subject and study design

We studied 30 healthy male mountaineers whose sus-
ceptibility to acute mountain sickness and high altitude
pulmonary oedema (10 control, 10 AMS, 10 HAPE) was
known from previous identical exposures to high alti-
tude. All were natives of low-altitude and were recruit-
ed from earlier studies performed at an altitude of 4,559
m between 1986 and 1990. During these studies, all sub-
jects had ascended from 1,170 to 4,559 m within 24 h,
with an overnight stay at 3,611 m. Symptoms of AMS
were determined by the AMS-C score of the Environmen-
tal Symptom Questionnaire (ESQ) of Sampson et al. [23],
and by the clinical score [4]. Subjects were considered
not to be susceptible to AMS when their AMS-C score
was <0.7 and the clinical score <3 in all examinations
at high altitude. Susceptibility to AMS was assumed
when the average scores obtained at 4,559 m over 2 or
3 days were >1.0 for AMS-C and >3.0 for the clinical
score. Subjects were considered susceptible to HAPE
when they had at least two radiographically document-
ed episodes of HAPE, of which one had occurred dur-
ing our high altitude studies.

The subjects were studied in Heidelberg, Germany, at
an elevation of about 100 m. None of the subjects had
stayed at altitudes above 2,000 m during the last 2 weeks,

or above 1,000 m during the last week before the study.
The examination lasted 2 days. The examiners did not
know the subject's susceptibility. On Day 1, maximum
oxygen consumption and pulmonary function tests were
measured. Doppler echocardiographic recordings were
performed whilst breathing gases with different O, con-
centrations. On Day 2, hypoxic and hypercapnic venti-
latory responses were measured during rest and during
exercise. Within the 2 day examination, the subjects were
not allowed to smoke, to take any medication, to eat
heavy food, or to drink beverages which could influence
ventilation. The protocol for the study was approved by
the Ethics Committee of the Medical Faculty of the Uni-
versity of Heidelberg, and the subjects gave their informed
consent prior to the study.

Measurement of maximal oxygen consumption

The maximum oxygen consumption (V'O,,max) was
determined in order to quantitate the subject's fitness,
and for further calculations of the exercise levels in the
ventilatory tests. The subject had to perform a progres-
sive exercise test on a bicycle ergometer, on which he
was seated in a 45° reclined position. This set-up was
chosen since a reclined, semi-seated position was nec-
essary for the ventilatory tests during exercise. Oxygen
consumption was measured with an open ergospiro-
metric system based on the breath-by-breath method
(Oxycon Beta, Mijnhardt, Bunnik, The Netherlands) and
related to the body weight. The highest V'O, average
over a 1 min period was taken as V'0O,,max.

Pulmonary function tests

A body plethysmograph with spirometer (Universal
Bodytest, Jaeger, Wiirzburg, Germany) was used for
measurements of lung volumes and spirometry. The
forced vital capacity (FVC), the forced expiratory vol-
ume in one second (FEV1), the expiratory flow rate at
mid-point of vital capacity (MEF50%) and the residual
volume (RV) were measured and expressed per square
metre of body surface area. Values of the best of three
attempts are reported. In addition, the transfer factor was
determined by the single-breath method; the volume of
carbon monoxide (7L,cO) transferred was related to the
alveolar volume (VA).

Measurement of hypoxic and hypercapnic ventilatory
responses

The ventilatory tests were performed in a quiet room
at the same time of day in all subjects. The subject
breathed through a low resistance respiratory valve
from which expired minute ventilation (V'E), end-tidal
O, tension (PET,0,) and end-tidal CO, tension (PET,CO,)
were measured by an open ergospirometric system based
on the breath-by-breath method (Oxycon Beta, Mijnhardt,
Bunnik, The Netherlands). In addition, arterial O,
saturation (Sa,0,) was continuously monitored by an
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oximeter using the finger probe (3740 Pulse Oximeter,
Ohmeda Biox, Louiseville, USA). Each subject was
familiarized with the ventilation system prior to the
first measurement. For the tests performed at rest, the
subject was seated comfortably in an armchair listen-
ing to calming music. All resting tests were performed
twice and the mean value of the two measurements is
reported. Measurements were repeated when the results
of two trials differed by more than 25% of the higher
response.

Hypoxic ventilatory response. The acute ventilatory
response to isocapnic hypoxia was measured by induc-
ing progressive hypoxia over 7-10 min while maintain-
ing the PET,CO, at the value observed during quiet
breathing of room air. Progressive hypoxia was achieved
by the gradual addition of nitrogen to a weather balloon
containing 35% O,. Isocapnia was obtained by adding
CO, to the inspired gas. During the test, the PET,0, was
reduced from approximately 21.3 to 5.3 kPa (160 to 40
mmHg). The test was stopped at an arterial oxygen sat-
uration of 80%. The acute ventilatory response to poik-
ilocapnic hypoxia was measured following the same
testing procedure as above, with the exception that no
CO, was added to the inspired air.

The hypoxic ventilatory response was analysed by relat-
ing V'E either to Sa,0, or to PET,0,. The relationship of
V'E to 52,0,, which is considered to be linear [24], was
analysed by fitting data to a linear equation: V'E = b
(82,0, - intercept); where b = AV'E/ASa,0,. The Sa,0,
values on the abscissa were scaled from high to low in
order to obtain a positive slope. The same scaling was
applied for the plotting of PET,0, versus V'E. The rela-
tionship of V'E to P ET,0,, which is considered to be
hyperbolic [24], was analysed by fitting data to the hy-
perbolic equation: V'E = V'0 + A /(P ET,0,-32), where
A is the shape parameter [25]. V'0 is the asymptote for
ventilation obtained by extrapolation, and 32 is the Pa,0,
at which V'E approaches infinity. A-values were cal-
culated using all data points between the beginning of
the admixture of N, and a P ET,0, which was reached
by all subjects. This PET,0, was 5.5 kPa (41 mmHg)
for the isocapnic HVR and 5.2 kPa (39 mmHg) for the
poikilocapnic HVR.

Hypercapnic ventilatory response. This was measured
using a rebreathing technique [26]. The subject was con-
nected to a closed breathing circuit initially containing
35% O,. As the subject rebreathed, his PET,CO, increased
gradually. The test was stopped after 5—7 min when the
PET,CO, had risen by 1.3 kPa (10 mmHg) over the ini-
tial value. The relationship between V'E and P ET,CO,,
which is considered to be linear [26], was analysed by
fitting data to the linear equation: V'E = c (PET,CO, -
intercept); where ¢ = AV'E/A PET,CO,.

Acute exercise ventilatory reponse. This was measured
following the same testing procedure as during exami-
nations at rest. In addition, the subject had to exercise
on a bicycle ergometer with a workload corresponding
to an O, uptake of 50% of V'O, max determined on the

previous day. Before measuring hypoxic responses, the
subject had to exercise for 5 min at this workload whilst
breathing room air. Calculations of the A-value were
performed, including all data points until a PET.,0, of 6.7
kPa (50 mmHg) for the isocapnic HVR and 6.5 kPa (49
mmHg) for the poikilocapnic HVR.

A 15 min steady-state poikilocapnic hypoxic test was
performed during exercise at a constant workload cor-
responding to 35% of V'0O,,max. After 5 min rest and 5
min exercise on room air, the subject breathed from a
reservoir bag containing 14% O, in N,. No CO, was
added to the inspired air. Throughout the 15 min of
hypoxia, V'E and Sa,0, were measured and values were
averaged over 1 min intervals. The ventilatory response
was determined at 5, 10 and 15 min by computing the
increase in V'E per reduction of Sa,0, (AV 'E/ASa2,0,)
compared to baseline values (last minute of normoxic
exercise). After 5,10 and 15 min, Sa,0, was also mea-
sured in capillary blood obtained from a hyperaemic ear
lobe on a CO-Oximeter 270 (Ciba Corning, Fernwald,
Germany).

Measurement of hypoxic pulmonary vascular responses

Pulmonary vascular response to hypoxia was tested
using Doppler echocardiography to estimate pulmonary
artery pressure. After 30 min of rest in supine position,
subjects were given a mask connected to a low resis-
tance respiratory valve. The inspiratory side was con-
nected to a reservoir bag which was alternately filled
with three different humidified gases: 21% O, in Ny;
14% O, in N, and 12% O, in N,. Each gas was breathed
for a period of 15 min, with a 10 min rest on room air
between each period. Doppler echocardiographic record-
ings were started in the 10th minute of each period. The
order of the O, concentrations was random, and unknown
by both subject and examiner of the echocardiographic
study. Doppler recordings were performed using a con-
ventional ultrasound machine (Aloka SSD-870, PPG
Hellige) and 2.5 MHz Duplex probes. In order to esti-
mate systolic pulmonary artery pressure, peak flow veloc-
ities of tricuspid regurgitant jets were measured using
continuous wave Doppler guided by two-dimensional
echocardiography and colour flow Doppler. Gain set-
tings were adjusted in each case to obtain tracings with
adequate signal-to-noise ratio. The quality of Doppler
tracings was regarded as adequate when a complete out-
line of the spectral waveform could be visually iden-
tified. In order to calculate the ratio between pulmonary
artery flow velocity acceleration time (AT) and right ven-
tricular ejection time (RVET) as another estimate of pul-
monary artery pressure, flow velocity tracings of pulmonary
artery blood flow were obtained just proximal to the pul-
monary valve using pulsed wave Doppler. The record-
ing obtained after 10 min at 21% O, was taken as baseline
measurement. Data analysis was performed off-line inde-
pendently, by the second observer who did not know
from which subject a specific recording had been obtained
or what O, concentration was being breathed. The aver-
age values obtained from the analysis of three different
cycles are reported.
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Table 1. — Characteristics and V'0,max of the study groups
Control AMS HAPE p-value§

Subjects n 10 10 10
History

AMS-C score 0.210.07 1.7£0.2%* 1.58+0.4%* <0.001

Clinical score 2.5+0.2 5.8+0.4%%* 5.4%0.7%* <0.001

Episodes of HAPE 0 0 2.8(24) <0.001
Age yrs 40(26-56) 39(29-52) 41(28-55) 0.83
BMI kg-m2 23.5+0.7 23.9+0.53 25+0.85 0.29
V'0,max mL-minl-kg 49.5+2.8 48.4+2.7 47.6£1.8 0.76

Scores are taken from preceding studies. Values are presented as meantsemM. Figures in parentheses are ranges. BMI: body mass
index; V'0,max: maximal oxygen consumption; AMS: acute mountain sickness; HAPE: high altitude pulmonary oedema; AMS-C
score: of the Environmental Symptom Questionnaire (ESQ). §: p-value refers to Kruskal-Wallis test; **: p<0.01, compared to the

control group (Nemenyi test).

Table 2. — Pulmonary function data

Control AMS HAPE p-value§
Subjects n 10 10 10
FVC L-m?2 2.9940.11 2.86+0.09 2.7240.1 0.11
TLC L-m?2 4.2540.12 3.88+0.14 3.78+0.13 0.06
FEVI/FVC % 7512 81+2 80+2 0.08
MEF50% L-s-!-m? 2.484+0.32 2.94+0.24 2.73+0.25 0.42
Kco mmol-s-!-kPa-1-L-! 0.02840.001 0.030+0.001 0.034+0.001* <0.025

Data are presented as meantseM. Measurements reported are in body temperature, atmospheric pressure and saturation with water
vapour (BTPS) values. §: p-value refers to Kruskal-Wallis test; *: p<0.05, compared to control group (Nemenyi test). FVC: forced
vital capacity; TLC: total lung capacity; FEV1: forced expiratory volume in one second; MEF50%: flow rate at mid-point of vital
capacity; Kco: transfer factor for carbon monoxide related to the alveolar volume. For further abbreviations see legend to table 1

The right ventricular to right atrial tricuspid pressure
(TP) gradient was calculated from the maximum veloc-
ity (V) within the trancuspid jet of at least three beats,
using a modified Bernoulli equation: TP =4 V2 [27]. In
22 examinations involving nine subjects, pressure gra-
dients could not be calculated, because of insufficient
Doppler spectra in six and absent tricuspid regurgitation
in three subjects. AT represents the interval from the
opening snap of the pulmonary valve to peak velocity
[28], and RVET was measured as the time from onset
to end of the pulmonary flow velocity tracing.

Statistical analysis

Differences between groups were compared by non-
parametric analysis of variance (Kruskal Wallis) and
Nemenyi test for post-hoc testing. Two-sided p-values
are reported. Relationships between variables are exam-
ined by linear regression. Multiple logistic regression
was performed for HAPE versus non-HAPE susceptibles
(AMS and control group together), including various com-
binations of two parameters of ventilatory responses at
exercise or rest, of Doppler echocardiographic measure-
ments and of oxygen saturation during exercise. Values
are given as meanstSEM.

Results

The characteristics of the study groups are presented
in table 1. The AMS-C and the clinical score did not
differ significantly between the AMS and HAPE group.
Subjects of the latter group had experienced 2—4 episodes

of radiographically documented HAPE. Age, body mass
index, and maximal oxygen consumption were similar
in the study groups. All subjects showed similar spiro-
metric data within normal limits (table 2). There was,
however, a tendency to lower FEV1 values and higher
lung volumes in control subjects compared with the other
groups. A comparison between control and HAPE-sus-
ceptible subjects revealed a significantly lower total lung
capacity in the latter group (p= 0.04; Mann-Whitney U-
test). Transfer factor at rest expressed as 7L,CO/VA (Kco)
was highest in the HAPE group.

Ventilatory responses at rest are presented in table 3.
Isocapnic HVR expressed as AV 'E/ASa,0, was signifi-
cantly lower in the HAPE compared to the control group.
Individual values are shown in figure 1. They demon-
strate that there was little overlap between the HAPE
and control group whilst values of the AMS group showed
a large scatter. Isocapnic HVR expressed as A-value
was also significantly lower in the HAPE than in the
control group. However, overlap of individual results
between these groups (data not shown) was consider-
ably more pronounced than with isocapnic HVR express-
ed as AV'E/ASa,0,. Poikilocapnic HVR expressed as
AV'E/ASa,0, or as A-value and HCVR were not signif-
icantly different between groups.

Ventilatory responses during exercise are presented in
table 4. Poikilocapnic and isocapnic HVR increased two-
to three fold above resting values when expressed as
AV'E/ASa,0, and four- to seven fold when expressed as
A-values. Differences between groups were comparable
with the measurements at rest, revealing significantly
lower values for the HAPE compared with the control
group. There was, however, considerable overlap of
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Fig. 1. — Individual (e) and mean (=) values of acute hypoxic ven-

tilatory response (AV 'E/ASa0,) during isocapnia at rest. *: p<0.01
for the changes of AV 'E/ASa,0, from the control group. AV 'E/AS.0,:
increase in minute ventilation per percentage reduction in arterial oxy-
gen saturation; AMS: acute mountain sickness; HAPE: high altitude
pulmonary oedema.

individual values among all groups. HCVR during exer-
cise was similar between groups and significantly high-
er compared with measurements at rest in all groups
(p<0.005 for each group; Wilcoxon test).

The steady-state exercise test (35% V'0,,max) at a frac-
tional inspiratory oxygen (FL0,) level of 0.14 revealed

no significant differences among groups after 5, 10 and
15 min duration. Sa,0, measured in arterialized capillary
blood fell to 81+2% in the control, 80+1% in the AMS
and 79+2% in the HAPE group after 15 min. The corres-
ponding increase of ventilation was 0.3620.06, 0.34+0.04
and 0.31£ 0.03 L-min"!/% Sa,0,, respectively.

The pulmonary vascular response to hypoxia is shown
in table 5 and figure 2. Due to insufficient Doppler spec-
tra or absent tricuspid regurgitation, the pressure gradi-
ent at the tricuspid valve (TP) could not be assessed in
nine subjects. The increase of TP was not significantly
different among groups at either level of hypoxia. There
was, however, a consistent trend toward lowest values
in the AMS group and highest values in the HAPE group.
Individual and mean values of TP at an F1,0, of 0.21
and 0.12 are shown in figure 2. Mean values increased
significantly in the HAPE and control group, and mean
TP at an F1,0, of 0.12 was significantly higher in the
HAPE compared with the AMS group. Only three of
eight HAPE-susceptible subjects, however, showed an
exaggerated rise in pulmonary artery pressure.

The mean values obtained for AT/RVET revealed a
similar pattern to TP measurements (table 5, and fig.
2). Individual values shown in figure 2 demonstrate that
there was an unexpected considerable increase of AT/
RVET at an F1,0, of 0.12 in five subjects of the AMS
group, leading to a small increase of the mean values
of this group. AT/RVET also increased in three and two

Table 3. — Acute hypoxic and hypercapnic responses during rest

Control AMS HAPE p-value§
Subjects n 10 10 10
HVR isocapnic
AV'E/ASa2,0, L-min''/% 1.5+0.2 1.2+0.2 0.810.1+* <0.01
A-value 255428 210443 145+15* 0.05
HVR poikilocapnic
AV'E/ASa2,0, L-min''/% 0.710.1 0.610.1 0.410.1 0.16
A-value 10517 88t15 7316 0.30
HCVR
AV'E/APET,cO, L-min"!-mmHg"! 2.3+0.2 1.9+0.2 1.9+0.3 0.30

Data are presented as meantsem. §: p-value refers to Kruskal-Wallis test; *: p<0.05; **: p<0.01 for the comparison of changes
from the control group (Nemenyi test). AV 'E/ASa,0,: increase in minute ventilation per percentage reduction in arterial oxygen
saturation; AV 'E/APET,CO,: increase in minute ventilation related to end-tidal carbon dioxide tension; HVR: hypoxic ventilatory
response; HCVR: hypercapnic ventilatory response; A: shape parameter of the hyperbolic equation V'E = V'0 + A/(PET,0, - 32),
thus the higher the A-value the greater the ventilatory response to hypoxia. For further abbreviations see legend to table 1.

Table 4. — Acute hypoxic and hypercapnic responses during exercise

Control AMS HAPE p-value§
Subjects n 10 10 10
HVR isocapnic
AV'E[/AS2,0, L-min''/% 3.1+0.3 2.8+0.4 1.920.1%* <0.025
A-value 1093+114 946187 756164* 0.05
HVR poikilocapnic
AV'E[/AS2,0, L-min''/% 2.1+0.2 1.710.2 1.40.1%* 0.01
A-value 752457 608171 520425* <0.05
HCVR
AV 'E/APET,CO, L-min"!-mmHg-! 3.810.4 3.440.5 3.1+0.3 0.36

Values are presented as meantseM. §: p-values refers to Kruskal-Wallis test; *: p<0.05; **: p<0.01 for the comparison of changes
from the control group (Nemenyi test). For abbreviations see legends to tables 1 and 3.
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Fig. 2. — Individual values and mean values (o) of a) the pressure

gradient at the tricuspid valve (TP) and; b) the changes for the accel-
eration time expressed as a fraction of the total ejection time in the
main pulmonary artery (AT/RVET) of each study group at an F10,
of 0.21 and 0.12; F10,: fractional inspiratory oxygen value. For fur-
ther abbreviations see legend to figure 1. *: p<0.05, and **: p<0.025
for comparison within a particular group (Wilcoxon test); +: p<0.05,
and ++: p<0.025 compared to AMS group for values measured at
F1,0,=0.12 (Kruskal-Wallis and Nemenyi test).

subjects of the control and HAPE group, respectively.
In most cases, however, the increases of AT/RVET were
not accompanied by a decrease of TP. Therefore, we
found no significant correlation (r=0.23; p=0.053) between
the two parameters considering the values of all mea-
surements (n=69), nor between the decrease of AT/RVET
and the increase in TP when going from 21 to 12% O,
(r=0.16; p=0.49; n=21).

Changes of TP and ET/RVET obtained at an F1,0, of
0.14 compared to those obtained at an F1,0, of 0.12 were

Table 5. — Pulmonary vascular responses to hypoxia

less pronounced, especially in the HAPE group, and re-
sulted in smaller differences between groups (table 5).
At both levels of hypoxia there was a statistically non-
significant trend towards lower oxygen saturation in the
HAPE compared to the control group and to the AMS
group at F1,0, = 0.12. Furthermore, there was a signif-
icant correlation between Sa,0, and the pressure gradi-
ent at F1,0, = 0.12 (r=0.67; p=0.001). No significant
correlation was observed between Sa,0, and hypoxia-
induced changes of AT/RVET.

Discussion

Among a group of mountaineers who had been iden-
tically exposed to high altitude prior to this investiga-
tion, we found that susceptibility to HAPE is associated
with a low HVR, which shows little overlap of indivi-
dual values with those obtained in mountaineers with a
good tolerance to high altitude. High HVR values were
not observed in HAPE-susceptible subjects in our study,
and exaggerated HPVR assessed by Doppler echo-cardio-
graphy occurred only in this group. A large variabili-
ty in HVR was found in subjects with a history of AMS.
Therefore, we conclude that a low HVR indicates an
increased risk for the development of AMS or HAPE,
whilst a normal or high HVR does not exclude suscep-
tibility to AMS but indicates a low risk for the devel-
opment of HAPE. An exaggerated HPVR, especially
in combination with a low HVR, is likely to be a reli-
able marker for susceptibility to HAPE.

In subjects with a low HVR it was not possible to disc-
riminate reliably between AMS and HAPE-susceptibles
by Doppler echocardiographic estimation of the pres-
sure gradient at the tricuspid valve (TP) with the excep-
tion of three subjects with an exaggerated response (fig.
3). The lack of sufficient discrimination may, in part,
be attributed to the limitations associated with this non-
invasive measurement for detecting small differences of

Control AMS HAPE p-value§
ATP mmHg
0.14 F10, 6.6£1.81 4314 43122 0.52
(n=T7) (n=8) (n=8)
0.12 F1,0, 9.241.0 3.3£2.2 13.745.5 0.08
(n=6) (n=7) (n=8)
AAT/RVET
0.14 F10, -0.04£0.01 0.02+0.03 -0.02+0.03 0.12
(n=10) (n=10) (n=10)
0.12 F10, -0.03+0.01 0.03£0.02 -0.07£0.02%** <0.01
(n=10) (n=10) (n=10)
S$2,0, %
0.14 F10, 89.310.6 87.6£0.8 88.6£0.5 0.13
(n=10) (n=10) (n=10)
0.12 F10, 82.3+1.3 80.2+1.0 77.9+1.3 0.11
(n=10) (n=10) (n=10)

Values are presented as meantseM. Figures in parenthesis represent number of subjects. TP: pressure gradient at tricuspid valve;
AT/RVET: acceleration time in pulmonary artery expressed as fraction of the right ventricular ejection time; Sa,0,: arterial oxy-
gen saturation; F1,0,: fractional inspiratory oxygen; A-values represent the data measured at 14 and 12% respectively, F1,0,, minus
data measured at 21% F1,0,. §: p-value refers to Kruskal-Wallis test; **: p<0.001, compared to the AMS group (Nemenyi test).

For further abbreviations see legend to table 1.
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pulmonary artery pressure, which were in the order of
0.7-1.3 kPa (5-10 mmHg) among subjects of compara-
ble previous invasive studies [18-20]. Further limitation
of Doppler echocardiographic measurements, especially
with regard to TP, may be associated with the skills of
the examiner, the type of equipment used, and the fact
that regurgitation jets cannot always be recovered. The
examiner involved in this study was a cardiologist with
long-standing experience in echocardiography, and his
recovery rate of regurgitation jets (75%) was compara-
ble to that of other investigators [4, 22]. Thus, we exclude
the possibility that particular factors restricted to the pre-
sent study have caused the negative finding regarding
reliable identification of HAPE-susceptible subjects.
Although the changes of AT/RVET appear to dis-
criminate better than TP measurements between AMS
and HAPE-susceptibles (fig. 3), we hesitate to accept
these values as a reflection of changes in pulmonary
artery pressure, because the improved separation is due
mainly to an increase of AT/RVET in several subjects
of the AMS group, suggesting a decrease of pulmonary
artery pressure under hypoxia in these subjects. This is,
however, very unlikely to have occurred, and is not sup-
ported by estimations based on tricuspid regurgitation
jets of our study (fig. 2) and invasive measurements
reported in comparable studies [18-21]. Our unexpected
findings may be explained by a larger variability of the
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Fig. 3. — Individual values of the isocapnic HVR plotted against the
HPVR. HVR is expressed as AV 'E/Sa,0,. HPVR is expressed as: a)
the changes of the pressure gradient at the tricuspid valve (TP) and;
b) the changes in the acceleration time expressed as a fraction of the
total ejection time in the main pulmonary artery (AT/RVET) when
breathing air containing 12% compared with 21% O,. HVR: hypox-
ic ventilatory response; HPVR: hypoxic pulmonary vascular response.
For further abbreviations see legend to figure 1. O: control; ¢: HAPE;
A : AMS

assessment of AT/RVET compared with tricuspid regur-
gitation jets [29], possibly due to sampling errors, the
small changes in pulmonary artery pressure in the order
of 0.7-2.0 kPa (5-15 mmHg), and the fact that we
carefully eliminated possible examiner bias since the
examiner and the subject did not know which gas was
supplied. Furthermore, the history of the subject was
not known to the examiner and an independent investi-
gator analysed the tapes off-line.

The lack of discrimination between AMS and HAPE-
susceptible subjects with a low HVR may not only be
attributed to an insufficient ratio of the variability of the
method to the size of the effect. It is conceivable that
additional, unknown factors associated with suscepti-
bility to HAPE must be considered, or else that a short
exposure lasting 10 min at an FL,0, of 0.12-0.14 may
not give rise to the full HPVR which occurs during expo-
sure at high altitude.

The low HVR of HAPE-susceptible mountaineers con-
firms the results of two previous studies measuring poik-
ilocapnic HVR during HAPE [11], and isocapnic HVR
in mountaineers with a history of HAPE [12], both
expressed as AV 'E/ASa,0,. We found only minimal
overlap between healthy controls and HAPE-suscepti-
ble mountaineers, in contrast to a previous investigation
in which acclimatized mountaineers [11] or subjects with
self-reported good tolerance to high altitude [12] were
used as controls. Our data indicate that this overlap may
be minimized when tolerance to high altitude is evalua-
ted under more standardized conditions. Mountaineers
who could ascend to 4,559 m within 24 h without get-
ting AMS as defined by our criteria all had an HVR >1
L-min''/% 8a,0,. None of our HAPE susceptible sub-
jects had an HVR >1 L:min"'/% S$a,0, or an A-value
over 200. It was recently reported that three of four
mountaineers with a history suggesting HAPE had A-
values between 200 and 400 [13]. However, suscepti-
bility to HAPE was less certain in this investigation
compared to the present study in which all susceptible
subjects had at least two episodes of radiographically
documented HAPE. Nevertheless, a high HVR may not
necessarily protect from HAPE. HPVR, which was not
measured in the subjects of SELLAND ef al. [13], must
also be considered as a possible independent risk fac-
tor. On the other hand, the correlation between the
increase of pulmonary artery pressure at 12% O, and
Sa,0, observed in the present study suggest that a low
HVR may contribute to an increase of HPVR by enhanc-
ing alveolar hypoxia, the primary stimulus for hypoxic
vasoconstriction of pulmonary arterioles.

The wide scatter of HVR in the AMS group is in agree-
ment with the results of previous studies which used
comparable methods of assessing HVR [9, 10, 30], and
which found no association between this measurement
at low altitude and the occurrence of AMS during expo-
sure to high altitude. Of three studies reporting a sig-
nificant negative association between HVR and AMS,
two used different methods [7, 8], and the third found,
in a small group of 12 subjects (eight susceptibles and
four controls), significant differences in the poikilo-
capnic but not the isocapnic response between the AMS
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and the control group [6]. The latter study suggests, how-
ever, that hypoxic depression of ventilation may be asso-
ciated with AMS. Indeed, direct or indirect measurements
of ventilation performed at real or simulated altitude sug-
gest hypoventilation of subjects with AMS compared
with controls [5, 6, 8, 10, 31]. These observations could
be explained by differences in hypoxic depression of ven-
tilation or else by changes of the HVR occurring at high
altitude. In summary, several studies, including the pre-
sent investigation, have demonstrated that susceptibility
to AMS cannot be predicted by measuring HVR at low
altitude.

In agreement with previous investigations [6, 9, 30]
we found no significant differences of HCVR between
mountaineers nonsusceptible and susceptible to HAPE
or AMS. Furthermore, pulmonary function tests revealed
no significant differences between the three groups.
Although measurements of HAPE-susceptible subjects
prior to the first episode of HAPE are not available, our
data indicate that repeated episodes of HAPE do not lead
to persistent pulmonary dysfunction detectable at rest.
Interestingly, HAPE-susceptible subjects have lower lung
volumes than controls. Comparable results have been
reported by other investigators ([20]; personal commu-
nication by P. Wagner). Thus, it is conceivable that a
presumably smaller vascular capacity due to smaller lung
volumes may contribute to higher pulmonary artery pres-
sures, especially during exercise.

The exercise tests did not discriminate better between
groups. Both HVR and HCVR were increased with exer-
cise but showed a similar pattern to the measurements per-
formed at rest. Individual values showed a slightly greater
overlap compared to resting values. In contrast to a pre-
vious study, we found no significant differences between
groups in the decrease of Sa,0, and the increase of venti-
lation during a steady-state exercise over 15 min [32]. The
discrepancy may be due to a lower level of exercise inten-
sity (35 vs, 50%V'0,max) and hypoxia (14 vs 11.5%)
which were chosen for reasons of safety.

Multiple logistic regression, including parameters of
ventilatory response at rest or exercise, echocardiographic
data and/or oxygen saturation during exercise, did not
lead to a statistically significant model for prediction of
susceptibility to HAPE, except for the combination of
AT/RVET and isocapnic HVR which is presented in fig-
ure 3b. As stated above, AT/RVET does not appear to
have given a reliable estimation of HPVR in this study;
Therefore, we do not report the regression equation of
this model.

This investigation demonstrates that susceptibility to
AMS and HAPE cannot be reliably identified by mea-
surements of HVR at rest or exercise and Doppler echocar-
diographic estimation of HPVR, although a low HVR
appears to predispose to these conditions. It is possible
that discrimination could be improved by direct measure-
ments of pulmonary artery pressure possibly during more
severe and prolonged hypoxic exposure. However, such
a procedure would not be applicable for clinical use because
it is invasive and it would lead to levels of hypoxaemia
below 80% Sa,0,, considered as the safety limit in this
study.
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