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Summary. To analyse the role of changes in structure 
and function of  the left ventricle in determining cardiac 
function at rest and during exercise, several two-dimen- 
sional and Doppler echocardiographic measurements 
were performed on 11 healthy subjects immediately be- 
fore an Himalayan expedition (Nun, 7135 m), during 
acclimatization (3 weeks) and 14 days after the return. 
At rest decreases were found in cardiac index (CI) (3.23 
1 .min- l .m -2, SD 0.4 vs 3.82 1 .min- l .m -2, SD 0.58, 
P<0.01), left ventricular mass (55.3 g.m -z, SD 9.4 vs 
65.2g.m -2, SD 13.5, P<0.005) and left ventricular 
end-diastolic volume (LVEDV) (53.9 ml.m -2, SD 6.9 
vs 64.8 ml.m -2, SD 9.1, P<0.001) after acclimatiza- 
tion; by contrast the coefficient of peak arterial pres- 
sure to left ventricular end-systolic volume (PAP/ESV) 
(7.8, SD 1.6 vs 6.0, SD 1.8, P<0.005) and mean wall 
stress [286 kdyn.cm -2, SD 31 vs 250 kdyn.cm -2, SD 
21 (2.86 N.cm -2, SD 0.31 vs 2.50 N.cm -2, SD 0.21), 
P<0.005] increased. After return to sea level, low val- 
ues of CI and mass persisted despite a return to normal 
of LVEDV and preload. A reduction of PAP/ESV was 
also observed. At peak exercise, PAP/ESV (8.7, SD 2.4 
vs 12.8, SD 2.0, P<0.0025), CI (9.8 1 .min- l .m -2, SD 
2.5 vs 11.6 1.min -1 .m -2, SD 1.6, P <  0.05) and the ejec- 
tion fraction (69%, SD 6 vs 76%, SD 4, P<0.05) were 
lower after return to sea level than before departure. 
The depressed left ventricular performance after pro- 
longed exposure to hypoxia may be related to changes 
in structure and function including reduction in prel- 
oad, loss of myocardial mass and depression of ino- 
tropic state. 
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Introduction 

The mechanisms limiting exercise performance after 
high altitude acclimatization are still controversial (AI- 
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exander et al. 1967; Cerretelli 1976; West et al. 1983). 
Despite the evidence of depressed myocardial function 
in high altitude residents (Hartley et al. 1967) and in the 
goat (Tucker et al. 1976), the reduction in stroke volume 
found in humans has been related to a diminished left 
ventricular (LV) preload due to a contraction in plasma 
volume and pulmonary hypertension during high alti- 
tude exposure (Fowles and Hultgren 1983). An in- 
creased sympathetic nervous activity has been postu- 
lated to account for both higher heart rate and en- 
hanced LV contractility at altitude and to explain the 
constancy of the ejection fraction (EF) and cardiac out- 
put (Qt) (Reeves et al. 1987; Suarez et al. 1987). These 
results were interpreted as indicating that the perform- 
ance of normal humans engaged in high altitude moun- 
tain-climbing is not limited by LV systolic function. 
However, a major drawback to the studies conducted in 
hypobaric chambers is that they only enable the assess- 
ment of the effect of hypoxia. Ambient temperature, 
humidity, nutritional variables and the degree of physi- 
cal activity are not, however, negligible factors in evalu- 
ating the overall effect of high altitude on LV structure 
and function. Moreover, a morphometric study has 
shown an important reduction in limb muscle mass 
after the return of members of the Swiss Lhotse Shar 
Expedition (Boutellier et al. 1983; Hoppeler et al. 
1990). 

In our study, we analysed the role of changes in 
both LV function and structure in determining LV per- 
formance at rest and during exercise in normal subjects 
immediately before an Himalayan expedition, during 
acclimatization to high altitude (3 weeks) and 14 days 
after return. 

Methods 

Eleven healthy subjects, members of an Himalayan expedition 
(Nun, 7135 m) volunteered for the study (mean age 33.6 year, 
SD7, range 25-50). Echocardiographic measurements were car- 
ried out at rest and during upright cycle-ergometer exercise 
shortly before leaving for the expedition and 14 days after return. 
Measurements were also made of LV at rest after 3 weeks of high 
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altitude exposure, just before the return to sea level. Before the 
men left for the expedition and after their return, two-dimensional 
and Doppler echocardiographic examinations were obtained us- 
ing a Hewlett-Packard ultrasound system, A SIM 5000 echocar- 
diographic system was used for measurements at high altitude; a 
2.5 or 3.5 MHz transducer was employed to visualize the 2D- 
echocardiogram and pulsed Doppler velocity recordings. 

For the study at rest, several echocardiographic projections 
were used, i.e. parasternal long-axis and short-axis views, and api- 
cal four-chamber view. Systemic flow velocity was measured by 
placing a Doppler sample volume at the left ventricular outflow 
tract just below the aortic valve in the apical long-axis view. After 
positioning the subject on an upright cycle ergometer, LV visuali- 
zation from the apical four-chamber view and LV outflow tract 
Doppler velocity were recorded at rest and during exercise. All 
subjects underwent a maximal symptom-limited exercise test on 
the ergometer; exercise began at 30 W, and increased by 30 W ev- 
ery 2 min. Only 9 subjects had adequate echocardiograms for LV 
measurements during exercise. 

Before their departure to the Himalayas, the subjects did not 
follow any specific training; during the expedition, before the 
high altitude measurements, they were climbing between 4600 m 
and 6200 m. 

The LV endocardial and epicardial echocardiograms in the 
apical four-chamber and the parasternal short-axis view in three 
cycles were digitized at end-diastole (R-wave peak) and at end- 
systole (time of smallest cavity area) by two independent observ- 
ers who were not otherwise involved in the study. The averages 
for each measurement were utilized for calculation. 

The LV volume were calculated by an ellipsoid area-length 
method from the apical four-chamber view (Guaret et al. 1980). 
The EF was calculated as: EDV-ESV/EDV, where EDV and ESV 
were LV end-diastolic and end-systolic volumes. The LV myocar- 
dial mass was determined by multiplying myocardial volume by 
the specific mass of cardiac muscle. 

The LV mean wall stress (MWS), as an index of LV afterload, 
was calculated as: MWS= PAP.tin~thin, where PAP was the peak 
arterial systolic pressure measurement during echocardiographic 
examination by the cuff method and rm and thin were the average 
of end-diastolic and end-systolic LV cavity radius and LV poste- 
rior wall thickness, respectively. The MWS represented a good 
noninvasive indicator of peak left ventricular and end-systolic 
wall stress as shown by correlations with angiographic data (Qui- 
nones et al. 1980). Left ventricular shape is changed significantly 
by severe LV dilation in chronic cardiac diseases, but scarcely at 
all by reduction in LV dimensions. Thus, changes in LV shape are 
not limiting factors in comparing data obtained before and after 
high altitude acclimatization. In fact, LVEDV became reduced in 
the course of acclimatization in the subjects o f  our study (Ford 
1976). 

The PAP/ESV coefficient was used as an index of myocardial 
contractility. Theoretically, one would expect PAP/ESV, which is 
derived from a single point on the pressure-volume loop, not to be 
as reliable an index of myocardial contractility as the maximal 
elastance (Emax) (Suga and Sagawa 1984). Despite this limitation, 
several studies have applied this coefficient (which can be derived 
noninvasively) as a useful index of LV contractility (Nivatpunin et 
al. 1979). 

The LV stroke volume (SI r) was calculated from Doppler 
tracing as: SV= TFI.A, where TVI was LV outflow tract time- 
velocity integral and A was the aortic cross sectional area (Ihlem 
et al. 1985). The Ot was derived by multiplying SF by heart rate. 

The LV diastolic filling was analysed by calculating TVI of 
the early (E) and late (A) wave of the mitral inflow. 

Statistical considerations. The measurements in the text, tables 
and figures are expressed as mean and SD. Intra- and inter-group 
differences were tested by paired (two-tailed) and unpaired t-tests, 
considering P< 0.05 as significant. The relationship between car- 
diac index (CI) and PAP/ESV coefficient was assessed by linear 
regression analysis. 

Results 

The values at rest of LV left ventricular measurements 
heart rate, and CI obtained in our subjects before their 
departure for the expedition, and 3 weeks after high alti- 
tude exposure, as well as 14 days after their return to sea 
level are listed in Table 1. Using the pre-expedition val- 
ues at rest as controls, we observed that CI, EDV and LV 
myocardial mass decreased after acclimatization; due to 
the comparable reductions in LVEDV and mass, the 
mass to volume coefficient did not change. Myocardial 
contractility and LV stress increased. A reduction in the 
E-wave TVI was detected in the Doppler tracing. Follow- 
ing return to sea level, measurements at rest disclosed 
lower CI values. The persistence of a reduced LV mass 
despite EDV normalization may explain the appearance 
of  lower mass-to-volume coefficients. Of the 11 mem- 
bers, 9 showed a decrease in left ventricular mass greater 
than 10%, both in the high altitude measurements and in 
those carded out after their return. A reduction in PAP/  
ESV was observed, especially when values on the return 
and at high altitude were compared. Higher values of LV 
stress persisted after the return. The E-wave TVI re- 
turned to normal at sea level. 

Peak work load during maximal exercise on the re- 
turn had not changed compared to the pre-expedition 
control (227 W, SD 50 vs 237 W, SD 48; P, NS). 

Compared to pre-expedition exercise values, LV 
myocardial contractility, CI, and EF decreased at high 
workloads and at peak exercise after return to sea level. 
No significant changes in EDV were demonstrated. 
Heart rate reached the same value at peak exercise, but 
showed a decrease at the initial workload in the post- 
expedition exercise tests (Table 2). 

A linear correlation between PAP/ESV and CI at 
peak exercise was demonstrated, when considering pre- 
and post-expedition values together (Fig. 1). 

Discussion 

During the ascent to high altitude by normal men, the 
reduction in SV has generally been related to fight ventri- 
cular systolic hypertension and reduced preload due to 
plasma volume contraction (Alexander et al. 1967; Cer- 
retelli 1976; Fowles and Hultgren 1983; West et al. 1983; 
Surks et al. 1966). Hypobaric chamber studies (Reeves et 
al. 1987; Suarez et al. 1987) showed that LV systolic 
function was maintained or somewhat enhanced in asso- 
ciation with augmented sympathetic activity. It was sug- 
gested that depressed cardiac function was not responsi- 
ble for the observed reduction in exercise capacity at 
high altitude (Reeves et al. 1987; Suarez et al. 1987); on 
the other hand, increased circulating catecholamine lev- 
els (Cunningham et al. 1965; Watanabe 1983) may ac- 
count for both higher heart rate and enhanced myocar- 
dial contractility at simulated altitude. High altitude si- 
mulation in a hypobaric chamber is designed to study the 
effects of chronic hypoxia on LV performance under 
controlled conditions of temperature, humidity, activity 
and nutrition. Our study was conducted under natural 



Table 1. Resting left ventricular measurements, heart rate and cardiac index before departure, at high altitude (Nun) 
level 

75 

and after return to sea 

Before Nun After 

mean SD mean SD mean SD 

Cardiac index (1.min-~-m -1) 3.82 0.58 3.23 0.4* 3.4 0.54* 
LVEDV (ml) 114.6 24.8 91.4 18.4"** 104.9 20.0 
LVEDVI (ml.m -2) 64.8 9.1 53.9 6.9*** 60.6 7.6 
EF (%) 66 6.5 65.8 4.7 60.6 7.4* 
Mass (g) 117.0 35.2 97.5 22.6** 89.8 26.6*** 
Mass index (g-m -z) 65.2 13.5 55.3 9.4** 51.5 11.4"** 
PAP/ESV (mm-ml-1) 6.0 1.8 7.8 1.6"* 4.8 1.6" ° ° ° 
m/V (g. ml - 1) 1.0 0.15 1.0 0.09 0.83 0.11 *** 
fc (beats. rain- 1) 62 13.5 67 11.2 62 13 
BPs (mmHg) 122 7 134 12"* 114 10.5 

(kPa) (16.3 0.93) (17.9 1.60) (15.2 1.40) 
BPD (mmHg) 76 7 90 6.6*** 77 6 

(kPa) (10.1 0.93) (12.0 0.88) (10.3 0.80) 
MWS (kdyn-m-2) 250 21 286 31"* 284 25"* 

(N.m -2) (2.50 0.21) (2.86 0.31) (2.84 0.25) 
A 4.2 1 4.8 1.1 4.6 1.4 
E 12.6 2.6 10.1 2.2* 11.9 2.8 

Statistical significance: in comparison with pre-expedition control values (before) * P<  0.01, ** P< 0.005, *** P< 0.001 ; comparison be- 
tween the values recorded at high altitude (Nun) and after return o o o p <  0.001 ; LVEDV, left ventricular end-diastolic volume; LVEDVI, 
left ventricular end-diastolic volume index; EF, ejection fraction; PAP/ESV, peak arterial pressure to end-systolic volume coefficient; 
m/V, mass to volume coefficient;fc, heart rate; BPs, systolic blood pressure; BPD, diastolic blood pressure; MWS, mean wall stress; E, 
early filling time-velocity integral; A, late filling time-velocity integral 

Table 2. Pre- and post-expedition exercise values of heart rate, cardiac index, left ventricular end-diastolic volume, ejection fraction and 
peak arterial pressure to end-systolic volume coefficient 

Load 

One-third Two-thirds Peak 

B R B R B R 

mean SD mean SD mean SD mean SD mean SD mean SD 

PAP/ESV (mm-m1-1) 7.8 2.0 7.0 2.7 12.0 3.4 8.2 2.4*** 12.8 2.0 8.7 2.4**** 
CI (1.min-l-m -2) 6.9 1.2 6.3 1.3 9.6 1.2 8.8 1.1" 11.6 1.6 9.8 2.5* 
LVEDV (ml-m -2) 63.4 14.3 70.4 9.6* 66.8 15 74.2 7.8 70.4 17.6 74.6 10.4 
f¢ (beats. min -1 ) 114 22 106 15" 141 19 136 21 174 20 175 17 
EF (%) 67 7 69 9 75 5 72 6 76 4 69 6* 

Values measured at one-third and two-thirds o f  maximum load and at the peak of exercise. Statistical significance: * P<0.05, 
• * P < 0.025, *** P< 0.01, **** P< 0.0025; B, before expedition; R, after return; PAP/ESV, peak arterial pressure to end-systolic volume 
coefficient; CI, cardiac index; LVEDV, left ventricular end-diastolic volume; fc, heart rate; EF, ejection fraction 

environmental  conditions,  in 11 healthy participants o f  
the Nun  Himalayan  Expedit ion (7135 m), and conf i rmed 
some haemodynamic  changes and LV adaptive mecha-  
nisms. At high altitudes, a reduced CI  was associated 
with a reduct ion in E DV and E-wave TVI of  the mitral 
inflow, indicating a diminished preload. After acclimati- 
zation, LV mass decreased concomitant ly  with EDV. 
Thus, a normal  mass to volume coeff icient ,was main- 
tained. The importance o f  structural LV changes (in 
terms o f  loss in myocardia l  mass) clearly appeared  after 
the return to normal  o f  the LV preload, and disappear-  
ance or  a t tenuat ion o f  adrenergic activation following re- 
turn to sea level. The persistence o f  a reduced LV mass, 
despite the LV dimension becoming normal,  p roduced  a 
condi t ion o f  high LV MWS at any systolic pressure at 

rest and during exercise. Moreover,  the disappearance o f  
adrenergic activation unmasked  a depressed LV myocar-  
dial contractile level. 

These LV changes, which were due to pro longed ex- 
posure  to hypoxia  and persisted for  14 days after return 
to sea level, were the main factors determining the reduc- 
t ion in CI,  EF, and myocardial  contractility at peak exer- 
cise (Table 2). The peak exercise CI  to P A P / E S V  rela- 
t ionship (Fig. 1) shows that  the depressed myocardia l  
per formance  was  an important  cause o f  the reduced ca- 
pacity to improve CI  during exercise. The loss o f  myo-  
cardial per formance  may explain both  the reduced basal 
contractile level which was detected after return, and the 
reduced increase in myocardial  contractility during exer- 
cise. Moreover ,  the net loss o f  myocardia l  mass, which 
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Fig. 1. Correlation between peak arterial pressure to end-systolic 
volume coefficient (PAP/ESIO and cardiac index (CI), consider- 
ing pre- and post-expedition exercise values together 

led to a higher level of  LV afterload, may have further 
decreased the CI  at any contractile level (Table 2). In our 
study we assessed myocardial  contractility as a PAP/  
ESV coefficient. This has been proposed as a simplified 
estimate of  the slope of  the linear pressure-volume rela- 
tionship. This is a controversial simplification obtained 
from the analysis of  a single beat. The critical assump- 
tion is that the volume of  the unloaded ventricle at the 
end of  systole is exactly zero. This coefficient is generally 
independent of  preload but is clearly affected by LV aft- 
erload (Starling et al. 1989): it increases by interventions 
which increase LV afterload. However, it is probably safe 
to say that, if afterload is high and the coefficient is low 
despite the increased aftefload, the contractile function 
is depressed (Carabello 1989). From practical concept it 
is possible to suggest that myocardial  contractility was 
depressed after the return to sea level because the PAP/  
ESV coefficient was lower, while LV stress (afterload) 
was higher, than before departure. 

These myocardial  structural changes may have oc- 
curred in parallel with the reduction in limb muscle mass 
observed after a prolonged period spent at high altitude 
(Boutellier et al. 1983; Hoppeler  et al. 1990). 

An hypoxia-related blunted response offl-adrenergic 
myocardial  receptors has been found in humans (Rich- 
alet et al. 1988). This particular mechanism, together with 
the net loss of  contractile elements due to reduction in 
myocardial  mass, could have accounted for the de- 
p res sed  contractility detected after return, both at rest 
and at peak exercise. The late chronotropic response 
during exercise in these subjects on return could also 
have been related to the blunted response offl-receptors,  
due to the prolonged exposure to high catecholamine 
concentration during high altitude acclimatization. 

In conclusion, the reduction in CI  at high altitudes 
may have been related to complex pathophysiological 
mechanisms including reduction in preload, loss of  myo- 
cardial mass, and depressed contractility. An excessive 
LV aftefload and an inadequate contractile recruitment 
may have caused the reduction in LV pump performance 
during exercise after return. A fl-adrenergic activation 

and optimization of peripheral gas exchange would rep- 
resent the adaptative mechanisms to depressed LV per- 
formance at high altitude. 
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