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A B S T R A C T This study represented an initial attempt,
by means of cross-sectional investigation, to determine
the effects of chronic exposure to high altitude on pul-
monary gas exchange. Single-breath DLco and its com-
ponents were determined at rest and during muscular
work in two groups of healthy, non-smoking, sea level
natives who had initiated 1-16 yr of residence at 3,100 m
altitude either during physical maturation (at age
10±4 yr) or as adults (at age 26±4 yr). The relative
degree of acclimatization achieved in these lowland resi-
dents was assessed through their comparison both with
normal sea-level values and with two additional groups
of short-term sojourners and natives to 3,100 m. DLco at
rest and work was significantly elevated above normal
and above sojourner values in both groups of resident
lowlanders at 3,100 m. The high DLCo in the native to
3,100 m was closely approximated in the younger resi-
dent lowlander at rest, but only during exercise in the
adult resident lowlander. The high DLco at rest and dur-
ing exercise in the resident lowlanders was not attributa-
ble to differences in Hb concentration or in alveolar
lung volume; and was accompanied primarily by an in-
creased estimated Dmco and to a lesser extent by an
expanded Vc. The interpretation and implications of
these findings were limited by the low quantitative capa-
bility of Vc and Dmco estimates and by the cross-sec-
tional nature of the study. Nevertheless, the higher than
normal DLco and Dmco in the non-native, long-term
resident of 3,100 m was substantial, highly significant
statistically, and consistent over a wide range of meta-
bolic rates at rest and work. These data provide, then,
a reasonable rationale upon which longitudinal experi-
ments may be based to determine the true effects of
chronic hypoxia on pulmonary gas exchange in man.

This work was presented in part at the FASEB National
Meeting, Atlantic City, N. J., April 1972. (Fed. Proc.
31: 389).

Received for publication 25 September 1972 and in re-
vised form 25 July 1973.

INTRODUCTION
A higher than normal alveolar-capillary diffusion for
CO (DLco) ' has been observed consistently in healthy
humans native to high altitude (3,100-4,200 m) (1-4).
This elevated DLco has been associated with a high
pulmonary capillary blood volume (Vc) and/or so-called
membrane diffusing capacity (Dmco) (1, 2), an altered
lung structure (5), and during exercise in ambient hy-
poxia, was reflected in a narrowed alveolar to arterial
Po2difference (1).

This study was directed to the question of postnatal
adaptability of the lung to hypoxia in the native low-
lander. Several studies have shown negligible or rela-
tively minor alterations in DLCO in the native lowlander
as a result of short-term (< 3 mo) sojourn to high al-
titude (1, 2, 6, 7). On the other hand, we have reported
data on a limited number of subjects which suggested
that the native lowlander who began long-term residence
at 3,100 m during early maturation was characterized by
a higher than normal DLco (1). The present study ex-
tends these previous preliminary observations and repre-
sents an initial attempt, by means of cross-sectional in-
vestigation, to answer two specific questions concerning
the effects of chronic high altitude exposure on alveolar
gas exchange in healthy man. Can the healthy, non-
native, long-term resident of high altitude acclimatize
in a manner approaching that of the native to high al-
titude? Is the completeness of his adaptation dependent
upon the stage of physical maturation present at the
initiation of residency at high altitude?
To these ends, DLco and its components were deter-

mined at rest and during muscular work in two groups of
sea level natives who had initiated long-term residence at

'Abbreviations used in this paper: DLco, alveolar-capillary
diffusion for CO; Dm, membrane diffusing capacity; CI,
confidence interval; PB, barometric pressure; PIO2, pressure
of inspired oxygen; Po2, pressure of oxygen; TLC, total
lung capacity; Vc, pulmonary capillary blood volume.
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3,100 m altitude either during or following physical
maturation. The relative degree of acclimatization
achieved in the lowlander residents of 3,100 m was as-
sessed through their comparison both with normal sea
level values and with two additional groups of sojourners
and natives to 3,100 m altitude.

METHODS

Suibjects. A total of 24 residents of 3,100 m altitude
(Leadville, Colo. PB- 530 mm Hg) were studied, all of
whom were natives of < 500 m altitude. 11 of the low-
landers had initiated their residence at 3,100 m after 20 yr
of age. They ranged in length of residence from 1 to 11
yr and in age from 27 to 51 yr. The remaining 14 subjects
had moved to 3,100 m before 15 yr of age. They ranged in
length of residence from 0.5 to 16 yr and in age from 12
to 19 yr. All subjects lived almost exclusively between 3,000
m and 3,300 m, spending an average of 2-3 wk annually
at lower altitudes.

All subjects had normal rest and exercise ECG, normal
chest X rays and had no previous history, evidence, or symp-
toms of cardiopulmonary disease. The adult residents of
3,100 m were recruited from a variety of occupations, but
most were office workers in the employ of private industry
and government. All adolescent residents of 3,100 m were
high school students. None of the subjects were smokers,
nor had they been employed in underground mining opera-
tions. No subjects could be classified, in terms of habitual
activity levels, as either extremely sedentary or as endurance
athletes.
Measurement techniques and procedures. Rest and exer-

cise DLco and Dmco and Vc were determined by the single-
breath method (8) as previously described (1). All were
obtained at lung volumes above 90% of total lung capacity
(TLC) with the subject in an upright position (sitting or
walking). Breathholding time varied between 8 and 12 s at
rest and work. For resting values, four to six determina-
tions were averaged, while only a single measurement per
subject was obtained at each exercise level. All measures
of DLco were corrected for CO back pressure (1, 9). Re-
producibility of DLco between days, at both rest and work,
showed no systematic variation and a random variation of
no more than 5%o of the absolute mean values. Estimations
of Dmco and Vc, were made from measurements of DLco
at ambient (~ 100 torr) and high (,--. 380 or 480 torr) in-
spired Po2. /l values were derived from estimated Pco2 and
arterialized Hb concentration (1, 10, 11). Quantitative esti-
mates of Vc and especially Dmco are critically affected by
small errors in the measurement of DLco (10). Therefore,
present considerations of Vc and Dm were limited to a
qualitative assessment of group differences in the plotted
slope and position of the 1/DL - 1/0 relationships at rest
and work.
Minute ventilation and oxygen consumption were deter-

mined under steady-state conditions at rest and during exer-
cise (1). Under conditions of constant PETCO% and PETO,
simultaneous collections of mixed expired gas and "arterial-
ized" blood (12) were completed over a 30-40 s period.
Mixed expired 02 and C02 concentrations were analyzed
volumetrically in a Lloyd-Gallenkampf apparatus. Hemo-
globin concentration was determined by the cyanmethemo-
globin technique.
Two testing sessions were required for most subjects. At

the first session, all resting measurements were completed

and subjects walked on a treadmill at several grades in
order to select work loads of "light," "moderate," and in
some cases, "hard" intensity. The exercise tests were con-
ducted at a second session and consisted of treadmill walk-
ing at constant speed, at two or three predetermined grades.
A series of measurements were obtained over a 15 min walk
at each grade, using the following protocol: (a) ECG, VE,
and end-tidal CO2, 02, and N2 were measured throughout;
(b) mixed expired gases and arterialized blood were sampled
between the 5th and 6th min, followed immediately by a
single-breath DLco measurement (PI.2 _ 100) ; (c) inspired
Po2 was raised to - 380 or 480 torr from the 7th to 11th
min, followed by repeat determinations of DLco and estima-
tion of CO back pressure.

Assessnient of DLco in the resident lowlander. The rela-
tive status of the resident lowlander was assessed by two
types of comparisons. First, the resident lowlander's data
were compared with normal sea level values through the
use of published regression equations. The selected equations
showed good predictability for. most variables in a sample
of healthy young adult males measured in our laboratory
at 250 m altitude.2 Secondly, the relative degree of acclima-
tization in resident lowlanders was assessed through com-
parison with two other groups at 3,100 m, who represented
short-term and life-long exposure to high altitude; namely,
19 natives of < 300 m altitude with 3-8 wk sojourn at 3,100
m and 15 first to third generation natives of Leadville
(Table I). Data for these two groups were obtained both
from a previously reported study from our laboratory (1)
and from additional subjects who were tested at the time
of the present study. DLco was measured by the same tech-
nique in all subjects.
Normal (sea level) "predicted" values for total lung

capacity and for resting DLco and its components were
computed for all groups. TLC was predicted from standing
height using separate equations for the adult and adolescent
groups (13, 14). Dm and Vc were predicted from TLC
after Bucci, Cook, and Barrie's data (15) which included
a wide age range (7-40 yr). A predicted normal resting
DLco value was calculated using each subject's calculated
1/0 together with his predicted Vc and Dm (1/DL= 1/Dm
+ 1/0OVc). A predicted normal value of DLco/VA was then
calculated by dividing each subject's predicted DLco by his
observed VA. This value allowed comparisons among dif-
ferent groups based on the percent of predicted DL/VA
which took into consideration any intergroup variations in
both lung volume and in 1/0 values (i.e. Hb and Pc02)
existing at the time of measurement.
Comparison of resident lowlanders with sojourner and

native groups at 3,100 m was achieved by two means. First,
all groups were compared on the basis of the percent of
predicted DL/VA criterion, as described above. The use of
this standard permitted a meaningful comparison of the
adolescent resident lowlander group with adult groups at
3,100 m. Secondly, evaluation of the exercise DLco and of
Dmco and Vc at rest and work in the adult resident low-
lander, was accomplished through comparing the observed
values in the three adult groups at 3,100 m.

Data were computed using a PDP-8 LINC computer.
Statistical probability of differences among means was de-
termined using conventional analysis of variance techniques
(16), and P c 0.05 was accepted as the level of statistical

2 N = 19; age = 23-43 yr; Hb = 14-15.5 g/100 ml; mean
values for percent of predicted = 103% DLco; 104% DL/VA;
108%c Vc; 138% Dmeo; and 95% TLC.
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TABLE I
Physical Characteristics of Resident Lowlanders, Sojourners, and Natives at 3,100 m

Ht Wt Age Time at 3,100 m TLC Hb 1/0

cm kg yr liter g/100 ml

Sojourners at 3,100 m Mean 176 73.9 29.8 36 days 6.51 15.5 1.158
(N = 19) ±95% Cl 6 6.9 5.3 10 0.41 0.8 0.09

Natives of 3,100 m Mean 177 70.1 23.5 1-3 6.34 16.0 1.143
(N = 15) ±95% Cl 9 7.7 4.8 Generations 0.29 1.1 0.02

Adult resident lowlanders Mean 178 79.9 31.3 4.9 yr 6.67 16.8 1.123
(N = 11) ±95% CI 4 6.5 4.7 1.9 0.45 1.1 0.04

Adolescent resident lowlanders Mean 165 53.4 15.7 5.5 yr 5.00 15.9 1.176
(N = 13) ±95% CI 7 8.1 5.9 3.9 0.81 0.9 0.04

±95% CI refers to the confidence interval for the mean values.

significance. 95%o confidence intervals for group mean values In Fig. 1, the resident lowlander groups are compared
were determined using "small sample" statistical criteria with sojourners and natives to 3,100 m on the basis of
(17). percent of (sea level) normal predicted values for

RESULTS DLCo/VA. (a) The mean DLco/VA in the adult resident

The DLco at rest in resident lowlander groups, together lowlander was 135±12% of predicted. This was signifi-
with their comparison with predicted sea level normal cantly greater than the mean DL/VA in the sojourner
values, are shown in TABLES II and III. In the 11 resi- (116±6%; P <0.01) and significantly lower than that
dent lowlanders who had moved to 3,100 m as adults in the native of 3,100 m (161±14%; P < 0.02). Of the
(TABLE JJ) DLco was higher than predicted in all sub- 11 adult resident lowlanders studied, percent of predicted
jects. The mean increase was + 12.5 ml/min per mm Hg DL/VA in nine exceeded the upper 95% confidence limit
or + 34%, with a range of + 11 to + 60% of normal of the sojourner group and four of these subjects were
predicted DLco. In the adolescent resident lowlander within the limits of the highlander native group. (b) The
group (TABLE III) DLco was increased 15.3 ml/min per mean DL/VA in the adolescent resident lowlander was
mm Hg or 56% above predicted on the average with a 150+15% of predicted. This was significantly greater
range of + 28 to + 79%. Total lung capacity was not than the mean value in the sojourner (P < 0.01) and
significantly different from predicted in either group of similar to that in the native (P > 0.05). Seven of these
residents. 13 resident lowlanders were within the 95% confidence

TABLE I I
Physical Characteristics and Resting Pulmonary Function of Adult Native Lowlanders with

Long-Term Residence at 3,100 m (N = 11)

Residence at 3,100 m
TLC DLco DLCO/VA

Age at
Subj ect Ht Wt Age Duration arrival Observed Predicted Observed Predicted Observed Predicted Hb

cm kg yr yr liter ml/min per mm Hg g/100 ml

L. E. 168 71.3 33 5.7 27 6.67 6.08 48.2 36.8 8.0 6.1 17.5
W. P. 188 88.6 31 6.0 25 5.78 7.81 47.1 32.1 9.5 6.5 17.0
E. V. 170 70.5 27 1.3 25 6.57 6.25 52.1 35.5 9.4 6.4 16.8
P. W. 173 68.2 28 4.0 24 5.67 6.51 40.0 31.6 8.4 6.6 17.1
J. P. 179 90.9 27 1.2 25 6.67 7.03 47.0 36.6 8.4 6.5 16.3
R. R. 175 88.6 27 6.8 21 6.43 6.68 56.1 35.0 9.3 5.8 17.4
D. C. 185 95.5 30 4.2 26 7.92 7.55 50.6 41.5 7.2 5.9 17.0
L. F. 173 70.5 29 8.0 21 6.35 6.51 45.0 34.4 8.3 6.3 17.0
H. N. 180 81.8 51 1.8 49 7.63 7.12 44.8 40.3 6.6 5.9 17.0
R. S. 183 81.8 30 4.0 26 6.65 7.38 49.6 40.3 8.8 7.1 17.4
G. K. 179 71.8 31 10.5 21 7.04 7.03 59.0 38.3 9.7 5.6 16.8

Mean 178 79.9 31 4.9 26 6.67 6.90 49.1 36.6 8.5 6.3 16.8
195% CI 4 5.5 5 1.9 4 0.45 0.34 3.6 1.9 0.7 0.3 1.1
P - - - - - >0.10 <0.001 <0.001

Prediction equation for sea level normal values: TLC = 8.67 ht(meters) - 8.49 (reference 13); Dmco = 11 (TLC) + 3; Vc = 9.3(TLC) + 16.5;
l/DLco = 1/pred. Dmco + 1/0-pred. Vc (reference 15); Pred. DLOO/VA = DLco(pred.)/VA(observed).
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TABLE I I I
Physical Characteristics and Resting Pulmonary Function of Adolescent Native Lowlanders with

Long- Term Residence at 3,100 m (N = 13)

Residence at 3,100 m
TLC DLCO DL/VA

Age at
Subject Ht. Wt. Age Duration arrival Observed Predicted Observed Predicted Observed Predicted Hb

cm kg yr yr liters ml/min per mm Hg g/100 ml

S. Ii. 159 49.1 15 0.9 14 4.75 4.22 34.3 25.7 8.1 6.1 15.0
P. B. 163 53.2 17 5.7 12 4.77 5.64 48.6 26.8 11.8 6.5 16.0
B. H. 173 72.7 16 0.9 15 6.39 5.31 44.3 35.4 8.3 6.5 17.3
R. P. 181 65.5 14 1.0 13 5.63 6.01 43.8 31.3 9.3 6.6 16.1
F. B. 178 63.6 19 16.6 3 6.31 6.94 62.8 35.0 11.7 6.5 17.6
V. 0. 146 37.3 14 1.0 13 3.27 3.34 26.9 19.1 10.4 7.3 12.7
R. J. 188 66.3 18 2.7 15 7.24 7.81 64.0 38.8 10.3 6.2 17.0
T. M. 138 35.0 12 2.0 10 2.92 2.87 25.4 17.4 10.8 7.4 15.5
E. B. 173 56.0 17 15.8 2 5.03 6.51 44.8 28.0 10.7 6.7 15.6
D. W. 159 35.7 14 1.2 13 3.39 4.22 25.0 19.5 9.0 7.0 15.9
R. M. 175 66.1 19 16.5 3 6.99 6.68 62.9 32.3 10.7 5.5 16.9
K. W. 149 33.6 12 0.5 11 3.41 3.53 24.4 20.4 8.9 7.5 14.9
E. P. 177 59.1 17 7.0 10 5.08 6.86 48.6 28.4 9.0 5.3 16.6

Mean 165 53.4 15.7 5.5 10 5.00 5.38 42.8 27.5 9.9 6.6 15.9
195% CI 7 8.1 5.9 3.9 4.1 0.75 0.88 8.7 4.8 0.7 0.4 0.9
P - - - - - >0.10 <0.001 <0.001

Prediction equations: TLC = 1.19 ht 2.73 (height in meters) (reference 14). Other prediction equations as in Table II.

limits and five of the seven exceeded the mean value for
the highlander native. The six adolescent resident low-
landers who fell clearly below the highlander's 95% con-
fidence limit were those with the shortest duration of
residence at 3,100 m (i.e. 0.6-1.5 yr). (c) Group mean
percent of predicted DL/VA in the adolescent resident
lowlanders was numerically greater than the adult resi-
dent lowlander (135% vs. 150%), but these differences
were not statistically significant (P > 0.05).
The effects of steady-state exercise on DLCO are shown

in Fig. 2. DLCo in the adult resident lowlander during
mild to moderately heavy exercise was essentially similar
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FIGURE 1 DLco/VA as a percent of (sea level, normal)
predicted values vs duration of residence at 3,100 m, in adult
(N = 11) and adolescent (N = 13) resident lowlanders, and
in native highlanders (N = 15), and sojourners (N = 19)
at 3,100 m.

to that in the native and consistently exceeded that in the
sojourner to 3,100 m. The smaller lung volume, body
size, and V02 in the adolescent resident lowlander com-
plicate any comparison of their absolute DLco with the
adult groups. It is of interest, however, that DLCO in
these younger residents equaled or exceeded that
achieved by the adult sojourner at comparable V02 dur-
ing exercise.
Average resting values describing 1/DL vs. 1/0 rela-

tionships (i.e. Vc and Dmco) for each resident lowlander
group are plotted in Fig. 3A; and compared both with
normal sea level predicted values and to absolute values
in the sojourner and native to 3,100 m. The adult resi-
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FIGURE 2 Effects of steady-state exercise on DLco. Group
mean values in residents, sojourners, and natives at 3,100 m.
All mean values for DLco were corrected to the average
1/0 and Hb concentration in the sojourner.
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dent lowlander had a mean Dmco which was ~ 2.2 times
predicted (P< 0.01), was significantly greater than the
sojourner (- 1.3 X predicted), and was significantly
less than the highlander native (a 3.1 X predicted). His
estimated group mean Vc was within 10% of normal
predicted values, as were those of the native and so-
journer groups. The adolescent resident lowlander had
a mean Dmco which was 2 times predicted (P < 0.01).
Vc was also greater than predicted in this group
(- 1.3 X) but not significantly so (P > 0.05).
The effects of moderate exercise on Vc and Dmco in

the three adult groups at 3,100 m are shown in Fig. 3B.
Exercise effected an increase in Vc above resting values
in all groups, but no change in Dmco. In the adult resi-
dent lowlander exercise Vc was greater than that in the
sojourner and similar to that in the native to 3,100 m.

DISCUSSION
The findings have demonstrated that the apparent dif-
fusing capacity for CO was significantly elevated above
normal in the lowlander who initiated long-term resi-
dence at 3,100 m altitude either during or following
physical maturation. This observed elevation in DLco ap-
plied when either predicted sea level values or values
obtained in the short-term sojourner at 3,100 m were
used as the "normal" criterion with which to assess the
status of the resident lowlander. Furthermore, it was
shown that while the elevation in DLCO was not sig-
nificantly different between adolescent and adult resi-
dent lowlander groups, the younger resident more closely
approximated the high resting DLCO observed in the
native to 3,100 m. DLCO in the adult resident lowlander
was comparable to that in the highlander native only
under conditions of mild to moderately heavy exercise.
Finally, it was observed that the high DLCo in the resi-
dent lowlander was not attributable to variations in he-
moglobin concentration or alveolar lung volume. Esti-
mates of the components of diffusion revealed that a
high estimated Dmco contributed most to the resident
lowlander's elevated DLco.

It is important to point out the limitations which are
imposed on the application of present findings to the
question of long-term hypoxic exposure effects on pul-
monary exchange and its determinants. These limitations
are discussed below with particular reference to experi-
mental methods and design.

First, it appears that our experimental design and ap-
plication of the measurement techniques permit the con-
clusion that DLco in the resident lowlander of 3,100 m
was substantially greater than normal; and that under
resting and/or exercise conditions approached that of
the highlander native. Three points support this conclu-
sion: (a) The reproducibility of single-breath DLCO
measurements between days or within test sessions was

1.0 2.0 3.0 4.0 10 2.0 3.0 4D

FIGURE 3 1/DLco vs. 1/# relationships at 3,100 m (slope =
Vc, intercept = Dmco). (A) Resting values in all groups.
Number of subjects per group as in Fig. 1. Prediction equa-
tions are listed in Table II. The predicted l/DL vs. 1/8 in
thz adult natives and sojourners to 3,100 m closely approxi-
mated that shown for the adult resident lowlander group.
(B) Effects of steady-state exercise (mean V02 = 1.9-2.1
liters/min) on l/DL vs. 1/9 in the three adult groups at 3,100
m. Number of subjects per group as in Fig. 2.

without significant systematic or random variation. (b)
The use of sojourners and natives to 3,100 m for com-
parative purposes permitted fairly precise definition of
the relative status of DLCO in the resident lowlander.
These intergroup comparisons of DLCo were facilitated
both through the use of identical measurement techniques
and by the finding that variation among adult groups in
VA and Hb concentration could account for a maximum
of 8-10% of the observed differences in DLCO. (c) Fi-
nally, the findings were highly consistent in support of
the conclusion, in that DLCO in most resident lowlanders
clearly exceeded the confidence limits of normal values
and the differences among groups were consistent over
a wide range of metabolic rate at rest and work.
On the other hand, the methods used do not permit a

definitive explanation for this elevated DLCo in the resi-
dent lowlander; and in fact the results obtained with the
partitioning of DLCo appear to be inconsistent with most
reasonable interpretations. Numerous explanations for
the elevated DLco are theoretically possible (2, 18) and
include factors which might influence either the effective
alveolar-capillary surface area and/or a change in one
or more sites of resistance along the length of the dif-
fusion pathway. Accordingly, previous studies have shown
that long-term hypoxia produces an increase in alveolar
number and/or volume in sea-level animals (19, 20, 21);
and in man limited cross-sectional data point to an in-
crease in pulmonary blood volume after approximately 6
mo to 1 yr of exposure to high altitude (22, 23).

Rest and Exercise Pulmonary Gas Exchange at High Altitude 2997



Present findings indicate that an approximate 70% in-
crease in estimated Dmco above normal' was the domi-
nant factor underlying the resident lowlander's elevated
DLcO. Any contribution from an expanded Vc was limited
to the working state in the adult resident lowlander and
to a relatively small extent at rest in the adolescent resi-
dent lowlander. One interpretation of the increased Dnco
would be that the effective alveolar-capillary surface
area was greatly expanded (18). However, it is difficult
to envision how the estimated increase in Dm could be
achieved without an increment in alveolar volume or
capillary blood volume. If indeed the suggested increase
in surface area for gas exchange was achieved through
an increased alveolar number and alveolar septal growth-
as has been demonstrated in the native to high altitude
( 5)-one would have also expected an associated increase
in pulmonary capillary blood volume. An alternative ex-
planation for the resident lowlander's high Dmco may be
found in an abnormal 6 value, secondary to altered red
cell kinetics or to a systematic discrepancy between sys-
temic and pulmonary capillary red cell concentration
(18). A minimum reduction of 40% in the assumed 6
value would have been required to account for the su-
perior DLCo in the resident lowlander at rest or work.
Finally, it is important to reemphasize the limitations
placed on the validity and hence the quantitative capa-
bility of the Dmco estimate, become of its high suscepta-
bility to small errors in the measurement of DLCo (10,
18, 3). In view of these various limitations in methods
and interpretation, we are unable to provide any defini-
tive explanation for the residents' elevated resting DLCO;
and can only refer to the consistent observation of a co-
incident elevation in estimated Dmc,.

In this study as in previously reported studies of high
altitude natives (1-4) the use of purely cross-sectional
data imposes serious limitations on any attempt at cause-
effect interpretation. That is, the question of natural se-
lection, on the basis of one's "initial" status of DLCo,
precludes any conclusion of an apparent "effect" of hy-
poxic exposure. Does the tested resident population at
3,100 m merely represent those native lowlanders who
chose to remain at high altitude because of a higher than
average diffusing capacity; or were their observed dif-
ferences from normal actually acquired as a result of
hypoxic exposure? Present findings relate to these ques-
tions only indirectly through the substantial magnitude of
the observed elevation above normal in DLCo in the resi-
dent lowlanders. This finding merely suggests, on prob-
ability grounds, that the DLCo observed in the resident

'As explained in text the estimation of Dineo and to a
lesser extent, Vc are highly susceptible to measurement
error. Therefore, the most meaningful assessment of the
resident lowlander's relative Dmco is achieved through use
of the sojourner group, rather than published sea-level values,
as the "normal" criterion.

lowlander at 3,100 m reflected some change beyond what
might be expected to have been their pre-ascent status.
Certainly, these cross-sectional data from a limited sample
of the population do not prove this point, nor do they
provide insight into the further possibility of individual
differences in adaptability of the healthy lowlander's
pulmonary system to chronic hypoxic exposure. It is
clear, then that the question of acquired characteristics
in the native lowlander may be answered conclusively
only through longitudinal studies, initiated under pre-
ascent sea level conditions and continued through long-
term hypoxic exposure. To date, experimental studies
of this type in man have been limited to periods of less
than 3 mo sojourn at high altitude in the adult native
lowlander, and all have shown a relatively small or
negligible effect on DLCo (1, 2, 4, 6, 7).

Related findings in the literature are limited in num-
ber and inconsistent concerning the question of a true
effect of chronic hypoxia on alveolar gas exchange. Ex-
perimental studies in the rat support the concept of an
adaptable lung structure during chronic hypoxic expo-
sure in both the maturing and "adult" animal (19, 20,
12, 24). In young rats, exposure to PIO2 90-100 mm
Hg beyond 21 days was characterized by an 15% in-
crease in alveolar-capillary surface area (18, 20, 21),
which effected an estimated 20% increase in alveolar-
capillary diffusion (20). Furthermore, in the adult rat
exposed to higher altitudes (PIO2 < 90 mm Hg), signifi-
cant increases above normal values in age-matched con-
trols were observed in alveolar volume and/or number
(18, 21). These animal studies would support, then, the
concept of a true effect of hypoxia; but their application
to man is limited by the fact that the rat lung continues
to grow throughout life (20, 21). In apparent contradic-
tion to this concept and to present findings, Guleria,
Pande, Sethi, and Roy (4) reported near normal "pre-
dicted" DLco by the end-tidal steady-state technique in
adult native lowlanders with "long-term" residence at
3,700 m altitude. However, both the methods used and
the characteristics of the subjects employed in this study
make the findings difficult to compare with present ob-
servations or to apply to the question of long-term hy-
poxic effects on DLCO in native lowlanders. First, the end-
tidal steady-state DLco measurements showed substantial
variation between trials; as well as an unexplained sen-
sitivity to small variations in tidal volume which varied
markedly among the groups studied (4). In addition,
single-breath and end-tidal steady-state DLCo methods
have been shown to differ significantly in their respective
sensitivities to ventilation: perfusion distribution in-
equalities (18, 25). Secondly, the resident lowlander
groups used in the respective studies differed in two im-
portant respects. In the earlier study (4) 35 of the 38
lowlanders studied were in continuous residence at 3,700
m for 1 yr or less (range 1-25 mo); whereas all but
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three of the 24 lowlanders studied at 3,100 m were in
residence greater than 1 yr (6 mo to 15 yr). Further-
more, more than three-fourths of the subjects studied at
3,700 m were chronic cigarette smokers-a practice
which has been shown to have significant and individu-
ally variable effects on pulmonary gas exchange over a
wide age range (26-28), and which may have served
some negative role in determining the acclimatization
process. Obviously, the only valid way that these dis-
crepancies between findings may be resolved is through
longitudinal study.

ACKNOWLEDGMENTS
It is a pleasure to acknowledge the excellent technical as-
sistance of Ms. Deborah Crouse, Ms. Jean Vaughn, Mr.
Michael Madalon, and Mr. Jeffrey Frost, the collaboration'
of our colleagues, H. V. Forster, J. M. Thomson, G. A.
doPico, E. H. Vidruk, and J. Rankin, and the assistance of
Ms. Charlene Heyser and Ms. Donna Dalsoren in the
preparation of the manuscript.
We are indebted to Dr. R. F. Grover for the use of his

laboratory facilities at St. Vincent's Hospital, Leadville,
Colo., to the administrative and nursing staff of St. Vincent's
for their invaluable cooperation throughout the study, and
particularly to the residents of Leadville who served as
willing and cooperative subjects.
This work was supported by grants from A. H. Robins

Co. and the Wisconsin Heart Association. Doctors Cerny
and Foster were National Institutes of Health trainees (5-
TO1-HL-05626).

REFERENCES

1. Dempsey, J. A., W. G. Reddan, M. L. Birnbaum, H.
V. Forster, J. S. Thoden, R. F. Grover, and J. Rankin.
1971. Effects of acute through life-long hypoxic ex-
posure on exercise pulmonary gas exchange. Respir.
Physiol. 13: 62.

2. DeGraff, A. C., R. F. Grover, R. L. Johnson, J. W.
Hammond, and J. M. Miller. 1970. Diffusing capacity
of the lung in caucasians native to 3100 m. J. Appl.
Physiol. 29: 71.

3. Remmers, J. E., and J. C. Mithoffer. 1969. The carbon
monoxide diffusing capacity in permanent residents at
high altitudes. Respir. Physiol. 6: 233.

4. Guleria, J. S., J. N. Pande, P. K. Sethi, and S. B. Roy.
1971. Pulmonary diffusing capacity at high altitude. J.
Appl. Physiol. 31: 536.

5. Saldena, M., and E. Garcia-Oyola. 1970. Morphometry
of the high altitude lung. Lab. Invest. 22: 509.

6. West, J. B. 1971. Diffusing capacity of the lung for
carbon monoxide at high altitude. J. Appl. Physiol.
117: 421.

7. Barcroft, J. 1925. The Respiratory Function of the
Blood. Cambridge University Press, London. Part 1:
66.

8. Ogilvie, C. M.,- R. E. Forster, W. S. Blackmore, and
J. W. Morton. 1957. A standardized breathholding
technique for the clinical measurement of the diffusing
capacity of the lung for carbon monoxide. J. Clini.
Invest. 36: 1.

9. Reushlein, P. S., W. G. Reddan, J. Burpee, J. B. Gee,
and J. Rankin. 1968. Effect of physical training on

the pulmonary diffusing capacity during submaximal
work. J. Appl. Physiol. 24: 1152.

10. Forster, R. E., F. J. Roughton, L. Cander, W. A.
Briscoe, and F. Kreuzer. 1957. Apparent pulmonary
diffusing capacity for CO at varying alveolar 02 ten-
sions. J. Appl. Physiol. 11: 277.

11. Johnson, R. L., W. S. Spicer, J. M. Bishop, and R. E.
Foster. 1960. Pulmonary capillary blood volume, flow
and diffusing capacity during exercise. J. Appl. Physiol.
15: 893.

12. Forster, H. V., J. A. Dempsey, J. Thomson, E. Vid-
ruk, and G. A. doPico. 1972. Estimation of arterial
Po2, Pco2, pH and lactate from arterialized venous
blood. J. Appl. Physiol. 32: 134.

13. Cotes, J. E. 1965. Lung Function. F. A. Davis Com-
pany, Philadelphia.

14. Engstrbm, D. C., P. J. Hellieson, and S. Agathon. 1956.
Respiratory studies in children. I. Lung volumes in
healthy children. 6-14 years of age. Acta Paediatr.
Scand. 45: 277.

15. Bucci, G., C. D. Cook, and H. Barrie.- 1961. Studies
of respiratory physiology in children. V. Total lung
diffusion, diffusing capacity of pulmonary membrane,
and pulmonary capillary blood volume in normal sub-
jects from 7 to 40 years of age. J. Pediatr. 58: 820.

16. Edwards, A. L. 1954. Statistical methods for the be-
havioral sciences. Rinehart and Co., Inc., New York.

17. Ferguson, G. A. 1959. Statistical Analysis in Psy-
chology and Education. McGraw-Hill Book Company,
New York. 127.

18. Forster, R. E. 1965. Interpretation of measurements of
pulmonary diffusing capacity. Handb. Physiol. 2: 1953.

19. Bartlett, J. N., and J. E. Remmers. 1971. Effects of
high altitude exposure on the lungs of young rats.
Respir. Physiol. 13: 116.

20. Burri, P. H., and E. R. Weibel. 1971. Morphometric
estimation of pulmonary diffusion capacity. II. Effect
of Po2 on the growing lung. Adaptation of the growing
rat lung to hypoxia and hyperoxia. Respir. Physiol. 11:
247.

21. Cunningham, E. L., B. P. Jain, and J. S. Brody. 1973.
Hypoxia stimulates lung growth. Fed. Proc. 32: 809
(Abstr.)

22. Roy, S. B., J. S. Guleria, P. K. Klanna, J. R. Talwal,
S. C. Manchanda, J. N. Pande, V. S. Kaushik, P. S.
Subba, and E. J. Wood. 1968. Immediate Circulatory
Response- to high altitude hypoxia in man. Nature
(Lond.). 217: 1177.

23. Roy, S. B., M. L. Bhatia, and S. Gudhoke. 1967. Re-
sponse of pulmonary blood volume to 64-114 weeks
of intermittent stay at high altitudes. Am. Heart J.
74: 192.

24. Cohen, R. 1939. Factors affecting postnatal growth of
the lung. Anat. Rec. 75: 195.

25. Apthorp, G. H., and R. Marshall. 1961. Pulmonary
diffusing capacity: a comparison of breath-holding and
steady-state methods using CO. J. Clin. Invest. 40:1775.

26. Bates, D. V., P. T. Macklem, and R. V. Christie. 1971.
Respiratory Function in Disease. W. B. Saunders Co.,
Philadelphia.

27. Krumholz, R. A., R. B. Chevalier, and J. C. Ross. 1965.
Changes in cardio-pulmonary functions related to ab-
stinence from smoking: studies in young cigarette
smokers at rest and exercise at 3 and 6 weeks of
abstinence. 1965. Ann. Intern. Med. 62- 197.

28. Rankin, J., J. B. L. Gee, and L. W. Chosy. 1965. In-
fluence of age and smoking on pulmonary diffusing
capacity of healthy subjects. AMed. Thorac. 22: 366.

Rest and Exercise Pulmonary Gas Exchange at High Altitude 2999


