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Total Lung Capacity in Andean Highlanders
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Department of Anthropology, Case Western Reserve University, Cleveland,
Ohio 44106

ABSTRACT  Total lung capacity (TLC), residual volume (RV), and vital capac-
ity (VC), as well as related measures of pulmonary function, were assessed in a
sample of 39 male and 23 female native highlanders of Aymara ancestry (20.1-
28.8 years) who were residing in La Paz, Bolivia (average altitude of about 3,600
m). After controlling for body and chest size, most measures of respiratory func-
tion were significantly larger in males than females (P < .05). Absolute TLC (1
BTPS) was significantly larger in the La Paz Aymara males than in highland
Peruvian or Tibetan males (P < .05) but, after controlling for body size, TLC was
only 1 and 4% larger in the La Paz Aymara than in highland Peruvians or
Tibetans, respectively. Also, comparison of the body size-adjusted percentage in-
creases in TLC, VC and RV above U.S. sea-level reference values in selected
highland populations indicated that the enhanced TLCs of highlanders are pri-
marily due to an enhancement of RV and secondarily due to an enhancement of

VC. ©1994 Wiley-Liss, Inc.

The thorax and underlying pulmonary
system of adult Andean highlanders tend to
be larger than those of adult lowlanders
(Greksa, 1991; Hurtado, 1964; Mueller et
al., 1978; Velasquez, 1976). Hurtado (1964)
argued that the functionally significant as-
pect of this unique highland respiratory pat-
tern was an enhanced total lung capacity
(TLC), which he demonstrated to be primar-
ily due to an increase in residual volume
(RV) and secondarily to an increase in vital
capacity (VC). However, most studies of pul-
monary function in Andean highlanders
have measured only VC or chest dimensions
(e.g., Boyce et al., 1974; Frisancho, 1969;
Greksa et al., 1987; Hoff, 1974; Mueller et
al.,, 1978). In addition, the few studies which
assessed TLC in Andean highlanders did so
only in adult males (Frisancho et al., 1973;
Hurtado, 1964). The purpose of the present
report is to provide such data for a sample of
both male and female highland Andean
adults of Aymara ancestry.

SUBJECTS AND METHODS
Subjects

The sample consisted of 39 male and 23
female young adults of Aymara ancestry
(20.1-28.8 years) who were born and raised
at high altitudes (> 2,500 m) and who were
residing in La Paz, Bolivia (average altitude
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of about 3,600 m). The subjects were sam-
pled from a school for physical education
teachers and a sports club. The subjects thus
tended to be moderately trained. However,
although training affects some aspects of
ventilation in adults, it does not influence
static volumes (Astrand and Rodahl, 1977).

Both the paternal and maternal surnames
of 3.2% of the sample were Aymara, 21.0%
had one Spanish and one Aymara surname,
and 75.8% had two Spanish surnames. Sig-
nificantly more males (43.6%) than females
(17.4%) reported that they occasionally
smoked cigarettes (x*=4.4, P<.05). In
particular, one male reported smoking 1 cig-
arette per day, three males reported smok-
ing 2 cigarettes per day, and all other sub-
jects stated that they only smoked at social
events. Smokers and nonsmokers did not
differ significantly in either anthropometry
or respiratory function (P > .05).

Anthropometry and pulmonary function

The anthropometric dimensions utilized
in this report are stature, weight, transverse
chest diameter (chest width), and anterior—
posterior chest diameter (chest depth).

Received May 7, 1993; accepted January 14, 1994,
Address reprint requests to L.P. Greksa.



492

Chest width and chest depth were measured
at the end of a normal expiration and at the
level of the union of the 3rd and 4th sterne-
brae (Weiner and Lourie, 1981).

Pulmonary function was assessed with a
13.5-liter spirometer with an attached he-
lium meter and blower (Warren Collins,
Braintree, MA). The first maneuver per-
formed by each subject was a maximum
forced expiration following a maximal inspi-
ration, which was used to determine vital
capacity (VC) and forced expiratory volume
in one second (FEV). The recorded volumes
were based on the best of at least three ef-
forts. After VC, inspiratory capacity (IC) and
expiratory reserve volume (ERV) were as-
sessed, with each based on the best of at
least three efforts.

Next, functional residual capacity (FRC)
was measured using a closed-circuit method
with the rebreathing of helium. A similar
method was used successfully at high alti-
tude by Droma et al. (1991). First, the
spirometer was flushed out and then ap-
proximately 3,200 ml of room air and 900 ml
of 100% helium were added to the emptied
spirometer, providing an initial helium con-
centration of approximately 10%. A nose clip
was then applied to the subject, who began
breathing room air through the spirometer’s
mouthpiece. After the helium and room air
were thoroughly mixed and at the end of a
normal expiration, the patient was switched
into breathing the 10% helium mixture in
the spirometer. At the same time, 100% oxy-
gen was added into the spirometer at a rate
necessary to maintain the baseline (i.e., end
expiration point) of the kymograph as a hor-
izontal line. The subject rebreathed for
about 3 min, the time required to obtain a
stable final helium concentration reading.
The raw FRC determined from these data
was adjusted in two ways. First, 100 ml was
subtracted to account for the subject’s ab-
sorption of helium. A second correction was
necessary when the subject was not
switched into the spirometer at exactly the
end of a normal expiration. This switch in
error was estimated by calculating the dif-
ference between a horizontal line describing
the end expiration point and the line indi-
cating when the subject was switched onto
the spirometer. If the end-expiration line
was below the start up line, then the differ-
ence was subtracted from the raw FRC and
if the end-expiration line was above the
start up line, then the difference was added

L.P. GREKSA

to the raw FRC. Residual volume (RV) was
then calculated as FRC minus ERV. Total
lung capacity (TLC) was calculated as RV
plus VC.

Population comparisons

Comparative high-altitude data on the
three functionally most significant lung vol-
umes, or TLC, VC, and RV, are only avail-
able for males. These measures were, there-
fore, compared between the La Paz males
and those in the following samples: (1) 38
subjects of Andean Indian ancestry (mean
age = 22.3 years) residing in Morococha,
Peru at 4,540 m (Hurtado, 1964); (2) 22
males of Tibetan ancestry (mean age = 23.1
years) residing in Lhasa, Tibet at 3,658 m
(Droma et al., 1991); (3) 6 males of European
ancestry (mean age = 19.3 years) residing at
Leadville, Colorado at 3,100 m (DeGraff et
al., 1970); and (4) 60 Peruvians of unstated
(probably mestizo) ancestry (mean age =
23.0 years) residing at sea level at Lima,
Peru (Hurtado, 1964).

Since lung volumes are influenced by
body size (Polgar and Weng, 1979) and there
were significant differences in body size be-
tween some of these samples, both absolute
and body size-adjusted lung volumes were
compared between samples. Body size was
controlled using the strategy suggested by
Polgar and Weng (1979), or by calculating
the ratio of each mean volume to the mean
weight of the sample. In addition, in order to
evaluate the relative importance of en-
hancements of RV and VC for explaining the
enhanced TLCs of highlanders, the percent-
age increase in each lung volume above U.S.
sea level reference values was estimated for
each sample. This was accomplished by us-
ing body size-adjusted reference values for
U.S. lowlanders provided by Polgar and
Weng (1979): total lung capacity (82 ml/kg),
vital capacity (66 ml/kg), and residual vol-
ume (16 ml/kg). The percentage increase in
each lung volume over the low-altitude ref-
erence value was then calculated as:

% increase = [[sample mean (ml/kg) —-
reference value (mlV/kg))/[reference value
(mVlkg)]] X 100.

Thus, a sample with a percentage increase
in TLC of 25% consists of individuals whose
TLCs were 25% larger, on average, than
those of U.S. lowlanders of the same body
size.
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TABLE 1. Age and anthropometry of 39 male and 23 female Aymara adults

ANCOVA controlling for stature,

Males Females chest width and chest depth

X SD X SD t Male Female F

Age (yr) 24.0 1.9 22.9 1.5 2.6* — _— —

Stature (cm) 167.0 5.7 157.7 4.0 7.0%** — — —

Weight (kg) 61.2 6.5 57.2 5.8 2.4* — — —

Chest depth (cm) 19.7 1.1 18.3 1.7 3.8%** — — —

Chest width (cm) 213 1.4 25.0 1.1 7.0%** — — —
Total lung capacity (TLC)

(1 BTPS) 7.81 0.94 5.69 0.60 9. 7% 1.27 6.24 15.3%**
Vital capacity (VC) (1 BTPS) 5.42 0.65 4.15 0.46 8.2%** 4.95 4.62 4.0
Residual volume (RV)

(1 BTPS) 2.39 0.60 1.53 0.51 5.8%** 231 1.61 10.1**
(RV/TLC) x 100 30.4 5.4 26.6 7.3 2.3* 31.8 25.3 7.4
Functional residual

capacity (FRC) (m] BTPS) 443 063 298 055  9.1** 4.28 3.24 21.9%**
Inspiratory capacity (IC)

(ml BTPS) 3.24 0.44 257 044  59** 2.98 2.84 0.9
Expiratory reserve

volume (ERV) (m] BTPS) 2.04 0.28 1.45 0.11 9.5%** 1.91 1.57 16.5%**
Forced expiratory

volume (FEV) (ml BTPS) 4.88 0.57 3.66 0.34 9.3*** 4.51 4.03 10.8**
(FEV/VC) x 100 91.1 33 90.1 29 1.3 91.1 87.4 6.8*%
*P < .05.

**P < .01
***P < .001.
Statistical analyses pulmonary function variables but ensured

Since all of the pulmonary function vari-
ables are interrelated, comparisons between
males and females were first made with a
multivariate analysis of covariance, control-
ling for anthropometric dimensions which
are known to influence lung volumes, or
stature, chest depth, and chest width (Pol-
gar and Weng, 1979). Respiratory function
may be influenced by age (Polgar and Weng,
1979), but age did not exert a significant
effect in the present sample. Therefore, only
the analyses in which the anthropometric
dimensions were controlled are reported.
The anthropometric covariates for these
analyses were identified as follows. First,
multiple regressions in which stature, stat-
ure?, and stature® were the independent
variables were performed, using an alpha
inclusion level of 0.05. Next, separate re-
gressions were performed for chest width
and chest depth, in which the significant
stature variables identified in the initial re-
gressions were entered first, followed by a
chest dimension and it’s square. Once again,
an alpha inclusion level of 0.05 was utilized.
All anthropometric variables which were en-
tered into at least one regression (stature,
chest width, and chest depth) were used as
covariates. This method resulted in redun-
dant control of the same variation in some

that all possible anthropometry-related
variation was controlled prior to comparing
pulmonary function between sexes.

The relationship between chest size and
pulmonary function is an issue of interest in
high-altitude pulmonary function studies.
The strength of this relationship was deter-
mined by calculating the partial correlations
of each pulmonary function measure with
both chest depth and chest width, after con-
trolling for body size (as assessed by the
stature terms identified with the regres-
sions described earlier). All statistical anal-
yses were performed with SPSSPC+, Ver-
sion 3.0.

RESULTS

All measures of body and chest size, and
most measures of respiratory function, were
significantly larger in male than in female
Aymara adults in the sample (Table 1,
P < .05). Since males tend to have larger
body and chest sizes than females and since
pulmonary function volumes are influenced
by both body and chest size, comparisons
were also made between males and females
after controlling for stature, chest depth,
and chest width. A multivariate analysis of
covariance controlling for anthropometry in-
dicated that there were significant differ-



494

L.P. GREKSA

TABLE 2. Results of regressions of pulmonary function measures on stature (S) and partial correlations of pulmonary
function measures with chest depth and chest width, after controlling for stature-related variation!

Males Females
Regressions Partial correlation Regressions Partial correlation
with stature controlling for stature with stature controlling for stature
Variable Chest Chest Variable Chest Chest
entered r depth (cm) width (cm) entered r depth (cm) width (cm)
TLC S 0.71*** 0.26 0.30 S 0.16 0.22 0.19
vC S 0.64°"" 0.46** 0.54*** S 0.55% " 0.10 0.20
RV S 0427~ -0.11 -0.13 S 0.32 0.20 0.07
RV/TLC S 0.11 -0.26 -0.31 S 0.44~ 0.14 0.01
FRC S 0.62*** -0.09 0.02 S 0.26 0.22 0.02
IC S 0.45™" 0.49** 0.44** S 0.44" 0.11 0.14
ERV S 0.48*° 0.05 0.32* S 0.18 0.20 -0.21
FEV S 0.62*"" 0.36* 0.41* S 0.55** 0.27 0.16
FEV/NVC S 0.06 -0.23 -0.29 S 0.21 0.30 -0.13
!See Table 1 for abbreviations.

Measure significantly related to stature: *P < .05, **P <.01, **“P < .001.
Measure significantly related to chest dimension, after controlling for stature: *P < .05, **P < .01, ***P < .001.

TABLE 3. Total lung capacity (TLC), vital capacity (VC), and residual volume (RV) in selected populations

of adult males
TLC vC RV Estimated mean
(1 BTPS) (1 BTPS) (1 BTPS) (ml BTPS/kg weight)
X SD X SD X SD TLC vC RV
La Paz Aymara 7.81 0.94 5.42 0.65 2.39 0.60 127.7 88.6 39.1
Peru (high-altitude) 6.96 0.74 4.88 0.68 2.07 0.37 126.1 88.4 37.5
Tibet . 6.80 0.89 5.00 0.50 1.86 0.56 123.2 90.6 33.7
Leadville 6.41 1.04 4.68 0.65 1.73 0.57 97.2 70.8 26.4
Peru (low-altitude) 6.50 0.62 5.00 0.54 1.50 0.23 103.5 79.6 23.9

ences between males and females in respira-
tory function (F = 4.9, P <.001). Analyses
of covariance indicated that, after control-
ling for body and chest size, all measures
with the exception of VC and IC were signif-
icantly larger in males than in females (Ta-
ble 1, P < .05), although VC approached sig-
nificance (P = .051). The greatest difference
between males and females was in RV,
which was about 43% larger in males than
in females, after controlling for body and
chest size (Table 1).

The results of regressions of each pulmo-
nary function measure against stature are
included in Table 2. With the exception of
RV/TLC and FEV/VC, all variables were sig-
nificantly and positively related to stature
in males (P < .05). All variables were also
positively related to stature in females but
only the relationships with VC, RV/TLC, IC,
and FEV were significant (P < .05). All of
these relationships were linear. Examina-
tion of the coefficient of correlation (r) indi-

cates that, with the exception of RV/TLC
and FEV/VC, all relationships were stronger
in males than in females.

Partial correlations of chest depth and
chest width with each measure of lung func-
tion, while controlling for stature, are also
presented in Table 2. After controlling for
stature, only VC, IC, and FEV were signifi-
cantly related to chest depth in males while
these same measures plus ERV were signif-
icantly related to chest width in males
(P < .05). None of the partial correlations
were statistically significant in females
(P > .05).

Absolute TLC, VC, and RV (e.g., ex-
pressed in 1 BTPS) in the La Paz males and
in selected comparison samples are included
in Table 3. Absolute TLC, VC, and RV were
all significantly greater in the La Paz males
than in all of the comparison samples (¢s of
2.6-8.9, P <.05). For example, TLC (1
BTPS) in the La Paz males was about 12%
larger than in highland Peruvians and
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about 15% larger than in Tibetans (P < .05).
However, there were substantial body size
differences between samples and, as noted
earlier, lung volumes are influenced by body
size. Estimated means of each measure after
controlling for body weight are, therefore,
also included in Table 3. Since these values
were estimated from published means, sta-
tistical comparisons were not possible. Nev-
ertheless, it is clear that the differences
between the three samples of native high-
landers (La Paz Aymara, Peruvian high-
landers, and Tibetans) are considerably re-
duced once body weight is controlled. For
example, body size adjusted TLC is only
about 1 and 4% larger, respectively, in the
La Paz Aymara than in the highland Peruvi-
ans and Tibetans. On the other hand, con-
trol of body size tends to amplify the magni-
tude of the difference between the three
samples of native highlanders and the Lead-
ville Caucasians. For example, absolute
TLC is about 22% larger in the La Paz Ay-
mara than in Leadville Caucasians while

vC RV

Percentage increases in TLC, VC, and RV above U.S. low-altitude reference values.

body size adjusted TLC is 31% larger in the
La Paz Aymara. In addition, the increases in
TLC, VC, and RV relative to U.S. lowlanders
were all larger in lowland Peruvians than in
the sample of high-altitude Leadville Cauca-
sians.

Finally, Figure 1 describes the percentage
increases in TLC, VC, and RV above U.S.
low-altitude reference values, after control-
ling for body size. Several points are note-
worthy. First, the enhanced TLCs of all
groups were primarily due to an enhance-
ment of RV and secondarily due to an en-
hancement of VC above those of U.S. low-
landers. Second, the percentage increases in
both TLC and VC relative to U.S. lowlanders
were fairly similar in the three groups with
a long history of residence at high altitudes
(La Paz Aymara, Peruvian highlanders, and
Tibetans). However, after controlling for
body size, the La Paz Aymara displayed a
relative increase in RV above reference val-
ues for U.S. lowlanders of about 145%, as
compared to 134% in the Morococha Que-



496

chua and only 111% in the Lhasa Tibetans.
For the reason given earlier, it cannot be
determined whether or not these differences
are statistically significant.

DISCUSSION

Stature, weight, chest depth, and chest
width were all significantly larger in the
young adult males than in the young adult
females in the present study (Table 1). This
finding is consistent with expectation
(Greksa and Beall, 1989). In addition, males
were significantly older, by 1.1 years on av-
erage, than females (P < .05). However, al-
though respiratory function is influenced by
age, the older age of the male sample did not
influence the analyses reported here, proba-
bly because of the relatively small age range
of the sample. After controlling for stature-,
chest depth-, and chest width-related varia-
tion, there were a number of significant dif-
ferences in respiratory function between the
young adult males and females in the
present study, including in TLC and RV (Ta-
ble 1). Respiratory function has not been re-
ported for both adult males and females in
any other study of highlanders but similar
sex differences have been reported in low-
landers (Astrand and Rodahl, 1977).

Stature was more likely to be significantly
related to measures of respiratory function
in males than in females (Table 2). For ex-
ample, TLC, RV, and VC were all signifi-
cantly related to stature in males while, of
these three measures, only VC was signifi-
cantly related to stature in females. The
greater tendency for respiratory function
measures to be significantly related to stat-
ure in males may simply reflect the greater
stature variation in the male sample
(Table1).

Several studies have found significant re-
lationships between measures of chest size
and FVC (e.g., VC) in adult male highland-
ers (Droma et al.,, 1991; Frisancho et al.,
1973; Hurtado, 1932; Mueller et al., 1978).
After controlling for stature, VC (but not
TLC or RV) was also significantly related to
chest size in Aymara males (Table 2). In the
one study of FVC in adult female highland-
ers, Mueller et al. (1978) found that FVC
was significantly related to maximum chest
circumference in adult female Aymara, after
controlling for stature. However, in the
present study, none of the measures of respi-
ratory function, including VC, RV, and TLC,
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were significantly related to chest size in
adult female Aymara, after controlling for
stature (Table 2). The Mueller et al. (1978)
sample included adults ranging in age from
20 to 80 years while the present study in-
cluded females between the ages of 20 and
30 years. Thus, the differing results of these
two studies may be a consequence of the
wider age range of the Mueller et al. (1978)
sample.

Highlanders have long been noted for
their enhanced lung volumes, generally as
assessed by FVC, relative to lowlanders
(Greksa and Beall, 1989). As noted earlier,
Hurtado (1964) hypothesized that the func-
tionally significant aspect of these enhanced
lung volumes was an enhanced TLC, and
particularly the RV subcomponent, which
he demonstrated to be primarily responsible
for the enhanced TLC of Quechua highland-
ers. The present study was not designed to
test this hypothesis but the results pre-
sented in Figure 1 are consistent with expec-
tation. In particular, the enhancement of
TLC in male Aymara, Peruvian, Tibetan,
and Caucasian highlanders is primarily due
to enhancements in RV and secondarily to
enhancements in VC. For example, RV in
Aymara males displayed an average in-
crease over U.S. low-altitude reference val-
ues of about 145% while VC displayed an
average increase of only about 34%.

There has been some discussion in the lit-
erature as to whether or not lung volumes
(particularly TLC), as well as their associ-
ated chest dimensions, differ between And-
ean and Tibetan highlanders (Beall, 1982;
Droma et al., 1991; Greksa and Beall, 1989).
The absolute value of TLC was in fact signif-
icantly larger in the La Paz Aymara than in
Tibetans (Table 3, P < .05). However, after
controlling for body size, TLC was only
about 4% larger in the La Paz Aymara than
in Tibetans. Also, the average percentage
increase in TLC over U.S. low-altitude refer-
ence values was only slightly lower in Tibet-
ans than in the two Andean samples, while
the average percentage increase in VC over
U.S. low-altitude reference values was only
slightly greater in Tibetans (Fig. 1). On the
other hand, the average percentage increase
in RV over U.S. low-altitude reference val-
ues was substantially less in Tibetan (111%)
than in Aymara (145%) highlanders. How-
ever, since TLC is calculated by summing
VC and RV and since the average percent-
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age increases in both TLC and VC over U.S.
low-altitude reference values were very sim-
ilar in these highland populations, it is not
clear if these data reflect true differences
between samples or if they are simply an
artifact of the statistical procedure. Thus, it
seems reasonable to conclude that, after
controlling for body size, there are only mi-
nor differences between Tibetan and And-
ean highlanders in at least TLC and VC, and
possibly in RV.

Finally, although body size-adjusted TLC
is similar between these Andean and Hima-
layan samples, it should be noted that this
does not necessarily imply that the magni-
tude of enhancement in TLC over and above
what it would be in a lowlander of similar
ancestry (e.g., as an assessment of the effect
of chronic hypobaric hypoxia on lung vol-
umes) is similar in Andean and Himalayan
natives. In reality, the magnitude of the en-
hancement of TLC cannot be accurately
quantified for either Andean or Himalayan
natives, due to difficulty in locating compa-
rable lowland samples in both locales. The
percentage increases in TLC, VC, and RV
above U.S. sea level reference values allows
evaluation of the relative importance of en-
hancementsin RV and VC for explaining the
enhanced TLCs of highlanders but they
should not be viewed as accurate estimates
of the effect of chronic hypobaric hypoxia on
lung volumes. For example, if one assumes
that Hurtado’s (1964) low- and high-altitude
samples are comparable (or at least that his
low-altitude sample is a more appropriate
standard than U.S. reference values), then
the effect of chronic hypobaric hypoxia on
TLC in Peruvian highlanders (e.g., TLC in
Peruvian highlanders minus TLC in Peru-
vian lowlanders) is considerably less than
the percentage increase in TLC above U.S.
sea level reference values in Peruvian high-
landers (Fig. 1). The fact that lung volumes
differ between Peruvian and U.S. low-
landers (Fig. 1) is not surprising. The exist-
ence of such ethnic variability in the lung
volumes of lowlanders is well documented
(Binder et al.,, 1976; Hsu et al.,, 1979;
Schoenberg et al., 1978). In other words,
given the absence of comparable Andean
and Tibetan lowland samples and given the
existence of ethnic variability in the lung
volumes of lowlanders, sufficiently accurate
estimates of the effect of chronic hypobaric
hypoxia on lung volumes in Andean and Ti-
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betan highland natives to allow determina-
tion of whether or not both groups exhibit
similar enhancements of TLC as a result of
exposure to a hypobaric hypoxic environ-
ment is not possible at the present time.
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