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Doppler assessment of hypoxic pulmonary
vasoconstriction and susceptibility to high
altitude pulmonary oedema

J L Vachiery, T McDonagh, J J Moraine, J Berre, R Naeije, H Dargie, A J Peacock

Abstract
Background - Subjects with previous high
altitude pulmonary oedema may have
stronger than normal hypoxic pulmonary
vasoconstriction. Susceptibility to high al-
titude pulmonary oedema may be de-
tectable by echo Doppler assessment of
the pulmonary vascular reactivity to
breathing a hypoxic gas mixture at sea
level.
Methods - The study included 20 healthy
controls, seven subjects with a previous
episode of high altitude pulmonary oed-
ema, and nine who had successfully
climbed to altitudes of6000-8842m during
the 40th anniversary British expedition to
Mount Everest. Echo Doppler meas-
urements of pulmonary blood flow ac-
celeration time (AT) and ejection time
(ET), and of the peak velocity of the tri-
cuspid regurgitation jet (TR), were ob-
tained under normobaric conditions of
normoxia (fraction of inspired oxygen,
FIO2, 0.21), of hyperoxia (FiO2 1.0), and of
hypoxia (FiO2 0.125).
Results - Hypoxia decreased ATIET by
mean (SE) 0-06 (0.01) in the control sub-
jects, by 0*11 (0.01) in those susceptible to
high altitude pulmonary oedema, and by
0-02 (0.02) in the successful high altitude
climbers. Hypoxia increased TR in the
three groups by 0-22 (0.06) (n=14), 0 56
(0-13) (n=5), and 0-18 (0.1) (n=7) mis,
respectively. However, ATIET and/or TR
measurements outside the normal range,
defined as mean + 2 SD of measurements
obtained in the controls under hypoxia,
were observed in only two of the subjects
susceptible to high altitude pulmonary
oedema and in five of the successful high
altitude climbers.
Conclusions - Pulmonary vascular re-
activity to hypoxia is enhanced in subjects
with previous high altitude pulmonary
oedema and decreased in successful high
altitude climbers. However, echo Doppler
estimates of hypoxic pulmonary vaso-
constriction at sea level cannot reliably
identify subjects susceptible to high al-
titude pulmonary oedema or successful
high altitude climbers from a normal con-
trol population.
(Thorax 1995;50:22-27)

Keywords: Doppler, hypoxic pulmonary vaso-
constriction, high altitude pulmonary oedema.

High altitude pulmonary oedema is an un-
common but severe complication of acute
mountain sickness that occurs in non-ac-
climatised individuals exposed to altitudes
higher than 2000-3000 m.'2 Although the
pathogenesis of high altitude pulmonary oed-
ema is still disputed, one theory relates the
condition to excessive hypoxic pulmonary vaso-
constriction (HPV).'2 Support for this theory
has come from reports of enhanced HPV"
and very high pulmonary artery pressure in
subjects with a previous history ofhigh altitude
pulmonary oedema, or during an episode.49-13
This theory is also supported by the effect-
iveness in the treatment of high altitude pul-
monary oedema1213 of nifedipine, a calcium
channel blocker which inhibits HPV in humans,'4
and the experimental demonstration of stress
failure in pulmonary capillaries.'5 The in-
cidence of high altitude pulmonary oedema
within 24 hours of a rapid ascent to 4559 m is
about 10%, but increases to 60% in subjects
with a previous episode of high altitude pul-
monary oedema.'3 Thus, there appears to be
a constitutional susceptibility to high altitude
pulmonary oedema which may relate to a more
vigorous pulmonary vascular reaction to hyp-
oxia.
Recent advances in echo Doppler technology

have allowed remarkable improvements in the
non-invasive evaluation of the pulmonary cir-
culation. 1120 The severity of pulmonary hyper-
tension can now be estimated from the peak
velocity ofthe tricuspid regurgitation jets (TR),
or from the shape of pulmonary flow-velocity
curves. 19 20 This approach has already been used
for the non-invasive study of the effects of
changes in inspired oxygen on pulmonary
haemodynamics."32"2
The purpose of the present study was to

investigate whether susceptibility to high al-
titude pulmonary oedema, or tolerance to high
altitudes, might be identified by echo Doppler
indices of HPV at sea level.

Methods
SUBJECTS
Seven subjects who had had a previous episode
of high altitude pulmonary oedema, 20 un-
selected healthy controls, and nine controls
who had successfully climbed to altitudes of
6000-8848m gave informed consent to the
study which was approved by the ethical com-
mittees of the Erasme University Hospital,
Brussels and of the Western Infirmary, Glas-
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gow. All had normal physical examinations,
chest radiographs, and electrocardiograms.
The subjects with a susceptibility to high al-
titude pulmonary oedema and the unselected
controls were investigated in Brussels. The 40th
anniversary British expedition to Mount Ever-
est offered the opportunity to investigate a
control group in Glasgow consisting of suc-
cessful high altitude climbers.
The subjects with previous high altitude pul-

monary oedema comprised six men and one
woman of mean (SD) age 38 (10) years (range
25-58) who had experienced high altitude pul-
monary oedema at altitudes ranging from
3180m to 5900 m at various locations. The
diagnosis of high altitude pulmonary oedema
was based on the following clinical criteria'2:
dyspnoea at rest or slight effort, nocturnal dys-
pnoea, orthopnoea, cough with or without
haemoptysis, and pulmonary crackles in the
context of classical symptoms of acute moun-
tain sickness (headache, nausea, insomnia), ap-
pearing within hours after a rapid ascent to an
altitude above 3000 m and improving rapidly
after returning to a lower altitude. The period
between the episode ofhigh altitude pulmonary
oedema and the study ranged from four months
to eight years.
The unselected controls were 11 men and

nine women of mean (SD) age 27 (5) years
(range 21-39) residing in Belgium and em-
ployed as nurses, physical therapists, or phys-
icians at the Erasme University Hospital. None
had ever climbed or travelled to altitudes higher
than 3000 m.
The successful high altitude climbers con-

sisted of eight men and one woman of mean
(SD) age 43 (7) years (range 30-63), all of

Echo Doppler indices ofpulmonary haemodynamics in 20 normal controls, seven subjects
with previous high altitude pulmonary oedema (HAPO), and nine successful high
altitude climbers breathing different concentrations of inspired oxygen

Fjo2
1 0-21 0-125

Normal controls (n =20):
AT (ms) 140 (3) 136 (3) 112 (2)***
ET (ms) 325 (5) 316 (7) 300 (8)***
AT/ET 0-43 (0-01) 0-43 (0-01) 0-37 (0-01)***
TR (m/s) (n= 14) 1 99 (0-06) 2-02 (0-07) 2-25 (0 06)***
Haemodynamics
HR (bpm) 65 (3)** 71 (3) 82 (2)***
BP sys (mmHg) 107 (3) 106 (2) 109 (2)*
BP dia (mm Hg) 59 (2) 60 (2) 58 (3)
Sao2 (%) 99 (0 2) 96 (0-4) 76 (1)***

Subjects with previous HAPO (n 7):
AT (ms) 157 (6) 151 (5) 110 (6)***
ET (ms) 339 (9) 337 (15) 330 (15)
AT/ET 0-46 (0-01) 0-45 (0-01) 0 33 (0-01)***
TR (m/s) (n = 5) 2-04 (0 08) 2-10 (0-07) 2-66 (0-16)**
Haemodynamics
HR (bpm) 59 (3)* 63 (4) 71 (4)***
BP sys (mm Hg) 108 (5) 106 (7) 106 (6)
BP dia (mm Hg) 60 (3) 63 (4) 62 (3)
Sao2 (%) 99 (0 2) 96 (0-6) 73 (2)***

Successful hgh altitude climbers (n =9):
AT (ms) 129 (4)** 116 (6) 105 (8)
ET (ms) 304 (16) 312 (16) 290 (16)*
AT/ET 0-43 (0-03)* 0-39 (0-03) 0-37 (0-03)
TR (m/s) (n=7) 1-41 (0-16) 1-35 (0-14) 1-54 (0-18)
Haemodynamics
HR (bpm) 58 (3) 61 (4) 73 (6)***
BP sys (mm Hg) 117 (3) 117 (2) 125 (3)**
BP dia (mm Hg) 63 (3) 65 (3) 64 (3)
Sao, (%) 99 (0 2) 96 (0 4) 77 (0 8)***

Fio2=fraction of inspired oxygen; AT=pulmonary blood flow acceleration time; ET=right
ventricular ejection time; TR=peak velocity of tricuspid regurgitation jet; HR=heart rate; BP
sys = systolic blood pressure; BP dia = diastolic blood pressure; Sao2 = arterial oxygen saturation.
* p<0-05, **p<0-01, ***p<0-001 Fio, of 1 or 0-125 v 0-21.

whom had successfully climbed to altitudes of
4000-8200 m. None showed symptoms ofhigh
altitude pulmonary oedema nor any change in
spirometric indices during the climb.

MEASUREMENTS
The echo Doppler examinations were per-
formed using a Hewlett-Packard SONOS 1000
ultrasound system with a combined 35 MHz
two-dimensional imaging/Doppler transducer.
Doppler recordings were obtained from the
parasternal short axis or apical position with
each subject lying with a slight left oblique
rotation. Colour mode Doppler was used to
superimpose the ultrasound beam on the flow-
velocity axis to avoid any angle correction.
The pulsed Doppler mode was used to study
pulmonary flow velocity. The sample volume
(size 3 x 3 mm) was located in the central part
of the pulmonary trunk or in the right vent-
ricular outflow tract, close to the valve. Ac-
celeration time (AT) was defined as the interval
between the onset of ejection and the peak flow
velocity. Right ventricular ejection time (ET)
was defined as the time between the onset
of ejection to that of zero flow velocity. The
maximum velocity ofthe tricuspid regurgitation
jet (TR) was measured by continuous wave
Doppler imaging. The echo Doppler ex-
aminations were recorded and cross-checked
by the cardiologists ofthe Brussels and Glasgow
teams.
Blood pressure was measured using an auto-

mated oscillometric device (Accutorr TM IA,
Datascope Corp, Paramus, New Jersey, USA).
Heart rate was determined from a continuously
monitored electrocardiographic lead. Arterial
oxygen saturation (Sao2) was measured con-
tinuously by pulse oximetry (Hewlett-Packard
or Ohmeda).

STUDY PROTOCOL
Echo Doppler measurements were performed
in triplicate when the subjects were in a steady
state as evaluated by stable heart rate, blood
pressure, and Sao, for at least 10 minutes at
each of the following fractions of inspired oxy-
gen (FiO2): 1, 0-21, and 0-125. Gases were
administered by a face mask in random order.

DATA ANALYSIS
All values are expressed as mean (SE). The
effects of changes in FiO2 were evaluated using
a three-factor repeated measure analysis ofvari-
ance. When the F ratio of the analysis of vari-
ance reached a critical p<005 value, modified
t tests with an adjustment for multiple com-
parisons were used to compare specific situ-
ations.21

Results
BASELINE MEASUREMENTS BREATHING ROOM AIR
Compared with controls, subjects with a sus-
ceptibility to high altitude pulmonary oedema
had an increased AT and ET and a decreased
heart rate (p<005), while successful high al-
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Figure 1 Hypoxia-induced increases in maximum
velocity of tricuspid regurgitation jets (TR) calculated as
TR measured at an FIO2 of 0 125 minus TR measured at
an FIO2 of 0 21 (delta TR) in normal controls, in subjects
with previous high altitude pulmonary oedema (HAPO),
and in successful high altitude climbers. Subjects with
previous high altitude pulmonary oedema had an increased
hypoxic response compared with the other groups.

titude climbers had decreased AT, heart rate,
and TR, and an increased systolic blood pres-
sure (p<005) (table). There were no other
differences in baseline variables between the
three groups.

EFFECTS OF CHANGES IN FI02
In the control subjects hyperoxia decreased
heart rate, while hypoxia decreased AT, ET,
AT/ET, and Sao2 and increased TR, heart rate,
and systolic blood pressure (table). In the sub-
jects susceptible to high altitude pulmonary
oedema hyperoxia decreased heart rate while
hypoxia decreased AT, ET, AT/ET, and Sao2
and increased TR and heart rate (table). In
the successful high altitude climbers hyperoxia
increased AT and AT/ET, while hypoxia in-
creased heart rate and systolic blood pressure

Figure 3 Maximum velocity of tricuspid regurgitation jets
(TR) in hypoxia in subjects with previous high altitude
pulmonary oedema (HAPO) (0) and in successful high
altitude climbers (A). The shaded area represents limits of
normal calculated from mean + 2 SD of measurements in
14 controls. Two offive subjects with previous high
altitude pulmonary oedema had greater than normal
hypoxic TR, and four of seven high altitude climbers had
lower than normal hypoxic TR.

and decreased Sao2 and ET, but did not affect
AT, AT/ET or TR (table).

HYPOXIA-INDUCED CHANGES IN PULMONARY
HAEMODYNAMICS
The hypoxia-induced increase in TR was sim-
ilar in controls and successful high altitude
climbers, but was enhanced in subjects sus-
ceptible to high altitude pulmonary oedema
compared with the two other groups (fig 1).
The hypoxia-induced decrease in AT/ET was
increased in subjects susceptible to high al-
titude pulmonary oedema compared with con-
trols, and decreased in successful high altitude
climbers (fig 2). Two of the five subjects sus-
ceptible to high altitude pulmonary oedema
and three of the seven successful high altitude
climbers in whom the measurements could be
obtained had a TR outside the normal range
(defined as mean + 2 SD of the measurements

A
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Figure 2 Hypoxia-induced decreases in pulmonary blood
flow acceleration time (AT) on right ventricular ejection
time (ET) calculated as AT/ET at an Fio2 of 0 21 minus
ATIET at an FIO2 of 0-125 (delta ATIET) in normal
controls, in subjects with previous high altitude pulmonary
oedema (HAPO), and in successful high altitude climbers.
The hypoxic response was increased in subjects with
previous high altitude pulmonary oedema and decreased in
successful high altitude climbers.

Figure 4 Ratio ofpulmonary blood flow acceleration time
(AT) to right ventricular ejection time (ET) in hypoxia in
subjects with previous high altitude pulmonary oedema
(HAPO) (0) and in successful high altitude climbers
(A). The shaded area represents limits of normal
calculated as mean + 2 SD of measurements in 20
controls. None of the subjects with previous high altitude
pulmonary oedema had lower than normal hypoxic ATI
ET Successful high altitude climbers had normal, higher
than normal, or lower than normal ATIET
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obtained in 14 of the normal controls) (fig 3).
None ofthe subjects susceptible to high altitude
pulmonary oedema and four of the successful
high altitude climbers had an AT/ET value
outside the normal range (defined as mean
+ 2 SD of the measurements, obtained in the
20 controls) (fig 4).

Discussion
Our results suggest that the pulmonary vascular
reactivity to hypoxia is enhanced in subjects
with previous high altitude pulmonary oedema
and decreased in successful high altitude climb-
ers. However, echo Doppler estimation ofHPV
at sea level cannot reliably identify subjects
susceptible to high altitude pulmonary oedema,
nor successful high altitude climbers, from a

general control population.
Several approaches based on echo Doppler

technology have been developed for the non-

invasive evaluation ofpulmonary hypertension.
Among these, the calculation ofa transtricuspid
pressure gradient based on the maximum ve-

locity of triscuspid regurgitation jets'7 and time
to peak velocity measured on a pulmonary
flow-velocity curve'6 have proved most useful
clinically.'20 Triscuspid regurgitation jets are

recovered in 70-90% ofpatients and have been
found to correlate well with systolic right vent-
ricular pressure measured at right heart cath-
eterisation with correlation coefficients from
0.87 to 0 97.'7`'9 The recovery rate of TR
in subjects without pulmonary hypertension is
lower at about 70%,21 24 as in the present study.
Pulmonary flow-velocity curves are recovered
in 70-91% of patients,'6'9 and AT has been
found to correlate highly with invasive meas-

urements of mean pulmonary artery pressure
with correlation coefficients from -0-65 to
-0.85.1618 Since AT decreases when heart rate
increases, it is understandable that these cor-

relations are improved by adding a correction
for heart rate'618 - for example, by dividing AT
by ET.16'920 In the present study pulmonary
flow-velocity curves could be recovered in all
subjects at every value of Fio2.
Based on linear or curvilinear best fits of

multipoint plots of TR, AT, or AT/ET versus

simultaneous invasive determinations of pul-
monary artery pressure or pulmonary vascular
resistance, several equations have been pro-
posed for the conversion of the Doppler meas-

urements into pressures or resistances.'120 In
spite ofthe above mentioned good correlations,
the predictive value of these equations on an

individual basis is relatively poor. This is ex-

plained by the many assumptions upon which
conversions of Doppler measurements to pres-
sures or resistances are based. The conversion
of TR to a systolic pulmonary artery pressure
rests on the use of a simplified form of the
Bernouilli equation and the clinical evaluation
of right atrial pressure.'920 The shape of a pul-
monary flow-velocity curve is determined not
only by pressure, but by a dynamic interplay
between volume flow, resistance, elastance, and
wave reflections."' We therefore report the ac-
tual Doppler data instead ofless reliable derived
pressures or calculated resistances.

Doppler flow-velocity patterns may be very
sensitive to sample location. ' Acceleration time
and, eventually, AT/ET can be significantly
shortened when sampling is done within the
pulmonary trunk only a little further away from
the pulmonary valve or closer to the posterior
pulmonary wall.'9 A careful review of our re-
cordings showed that this was the most likely
explanation for the shorter AT and wider scat-
tering ofAT/ET in the successful high altitude
climbers. This limits any comparison of
absolute values ofAT and AT/ET between the
subjects studied in Glasgow and in Brussels.
Small differences in the sampling site probably
account for the very low AT/ET values reported
in normal subjects close to sea level in other
studies. 3 Indices of pulmonary flow-velocity
curves are dependent on the examiner, even
when, as in the present study, care is taken to
use exactly the same method.

Breathing 100% oxygen has almost no effect
on normal pulmonary artery pressure or vas-
cular resistance.25 It is not surprising, therefore,
that hyperoxia had no effect on TR in any of
our three study groups, nor on AT or AT/
ET in the normal control subjects and those
susceptible to high altitude pulmonary oedema.
However, 100% oxygen increased AT and AT/
ET in the successful high altitude climbers. An
increase in AT which persisted after correction
for decreased heart rate has been reported in
normal volunteers studied in Tucson at an
altitude of about 1000 m.22 This may be ex-
plained by release of a slight degree of HPV at
this altitude. In our study oxygen reduced the
heart rate in the normal controls and in the
subjects susceptible to high altitude pulmonary
oedema, but not significantly in the high al-
titude climbers. Alternatively, the sampling site
closer to the posterior wall of the pulmonary
artery in the high altitude climbers may have
made the flow-velocity curves more sensitive
to changes in pulmonary vascular impedance. 9
Oxygen-induced increases in AT and in AT/
ET in this group could thus be accounted
for by subtle decreases in pulmonary vascular
elastance and/or reflected waves, which may
conceivably occur in the absence of actual
changes in pulmonary vascular resistance.
The hypoxia-induced increases in TR and

decreases in AT/ET were greater in subjects
with previous high altitude pulmonary oedema
than controls, in keeping with the hypothesis
that susceptibility to high altitude pulmonary
oedema is somehow linked to enhanced HPV. 2
These data agree with some, but not all, pre-
vious invasive haemodynamic studies in sub-
jects susceptible to high altitude pulmonary
oedema challenged acutely with an Fio, of
0 12-0-15 in normobaric conditions. In one
study five men with previous high altitude pul-
monary oedema had abnormally high pul-
monary artery pressures when a rapid ascent
to 3100m was combined with prolonged ex-
ercise.' However, when tested at sea level only
one had an enhanced hypoxic pulmonary
pressor response. Furthermore, acute relief of
hypoxia at high altitude did not restore pul-
monary vascular resistance to normal, sug-
gesting that some factor other than hypoxia
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accounted for the excessive pulmonary
hypertension supposedly responsible for pul-
monary oedema formation at high altitude.3
One of the two subjects with high altitude
pulmonary oedema reported by Penazola and
Sime was subsequently investigated at sea level
and showed a normal increase in pulmonary
artery pressures in response to a hypoxic chal-
lenge.4 In another study 44 Indian soldiers with
previous high altitude pulmonary oedema had
their hypoxic pulmonary pressor response com-
pared with that of 51 soldiers who had also
been on duty in the Himalayan regions at
altitudes of 3000-6000 m but without evidence
of high altitude pulmonary oedema.5 Sus-
ceptibility to high altitude pulmonary oedema
was associated with a slightly enhanced hypoxic
pulmonary pressor response but the overlap
between the groups was considerable and the
difference of dubious significance. Seven chil-
dren with previous high altitude pulmonary
oedema showed an increase in mean pulmonary
artery pressure from 22 to 56 mm Hg breathing
a FiO2 of 0-16, compared with a rise from 17
to 19 mm Hg in six controls.6 However, five of
these seven children with previous high altitude
pulmonary oedema resided at Leadville
(3060 m) until the day before the hypoxic test-
ing in Denver (1600 m), so these results are
difficult to compare with those of studies per-
formed on adults at sea level. Interestingly,
the controls had a surprisingly small hypoxic
pressor response. A greater normobaric hyp-
oxia-induced increase in pulmonary artery
pressures has been reported in five men with
previous high altitude pulmonary oedema at
altitudes around 3000 m compared with five
controls who had climbed above this altitude
without any symptoms of high altitude pul-
monary oedema.7 The same was found in eight
subjects with previous high altitude pulmonary
oedema compared with six successful climbers
at altitudes around 3000 m.' However, normal
normobaric hypoxic pulmonary pressor re-
sponses have been reported in two subjects
with previous high altitude pulmonary oedema
compared with a normal unselected control
population.2627
The magnitude of HPV varies considerably

from one species to another and, within a
species, from one individual to another.28 If the
limits of normal human HPV are defined using
right heart catheterisation studies performed in
32 healthy volunteers aged 21-42 years (mean
25), it is apparent that most previously reported
subjects with a susceptibility to high altitude
pulmonary oedema actually had a normal nor-
mobaric HPV.2627 In the present study only
two of the subjects with previous high altitude
pulmonary oedema had a TR above normal in
hypoxia, and none had a lower than normal
AT/ET in hypoxia. However, differences in
hypoxic responses were more important with a
minimal overlap between subjects susceptible
to high altitude pulmonary oedema and suc-
cessful high altitude climbers. This is in keeping
with previous invasive studies in which subjects
susceptible to high altitude pulmonary oedema
have been compared with successful high al-
titude climbers or dwellers.8

Interestingly, participants in the 40th an-
niversary British expedition to Mount Everest
who successfully reached extremely high al-
titudes had a blunted hypoxic pulmonary
pressor response. Very small or absent HPV
has been reported previously in some,67 but
not all,58 subjects who went without problem
to altitudes of 3000-4000 m. It may be that a
blunted HPV is needed for a successful climb to
the summit ofMount Everest. Native Tibetans,
probably the world's highest and longest dwell-
ing high altitude population, have minimal hyp-
oxic pulmonary hypertension.29 Native high
altitude cattle present with structural and func-
tional adaptations leading to decreased pul-
monary vascular reactivity to hypoxia.30 A
decreased HPV might protect against high al-
titude pulmonary oedema and perhaps is as-
sociated with yet other unknown characteristics
essential for a successful acute, as well as
chronic, adaptation to altitudes.
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