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J. Appl. Physiol. 39(3): 469-474. 1975.—The supine pulmonary
venous admixture (shunt) has been measured at Cerro de Pasco,
4,350 m altitude in eight subjects native to high altitude (HAN)
under resting condition. Alveolar-arterial O tension difference
(AaDoj) was also determined at rest and during exercise. The
same subjects were studied again after 10 days’ sojourn at sea
level in Lima at 150 m altitude. They were compared with four
subjects from sea level (SLN) who were studied first at Lima and
after 2 and 10 days at Cerro de Pasco. At altitude, AaDo; was
smaller in HAN than SLN both at rest and during exercise.
Shunt was the same in both groups. It is concluded that HAN
show more even ventilation/perfusion relationship (VA/Q) at
altitude, probably due to their high pulmonary artery pressure.
On the contrary, SLN show less even Va /Q on altitude exposure,
since their shunt decreased 379,. At sea level, HAN increased
their AaDo, due partially to an increase of 1109, in their shunt,
and in part due to less even Va/Q as shown by augmented Vn/VT
ratios. Each group tended to have a more effective gas exchange
in its own environment.

pulmonary venous admixture; alveolar gas exchange; high-altitude
natives

THE EFFECTIVENESS OF THE LUNGS in the process of blood
oxygenation can be estimated by measuring the alveolar-
arterial O, pressure difference (AaDo,). The factors which
are responsible for the AaDo, are /) diffusion limitation,
2) true venous admixture (shunt), and 3) uneven distribu-
tion of the ratios of alveolar ventilation to the blood lung
perfusion (Va/Q). The AaDo; has been found to be less in
high-altitude natives than sojourners (12, 18). Although
the data of Kreuzer et al. (19) indicated just the opposite,
the large gradient observed by them has been attributed to
unrecognized pulmonary disease in some of their subjects
(22). '

Oxygen and carbon monoxide diffusion capacities
through the lung (DLo,, Dico) have been measured by
various investigators (7, 11, 28, 34) and found to be greater
in high-altitude natives than in sea-level natives. The pur-
pose of this paper is to evaluate the extent of pulmonary
arteriovenous (a-v) shunt and to infer the contribution of
the Va/Q relationship to the low AaDo, of high-altitude
natives. This was approached by directly estimating the
shunt with the administration of 100 % O., and determining
the changes in AaDo; with exercise and sea-level sojourn in
high-altitude natives. A group of sea-level natives were

also studied by the same techniques and at the same alti-
tudes.

MATERIAL AND METHODS

Eight subjects who were native to elevations above 4,000
m (HAN) were studied first at Cerro de Pasco (4,350 m) in
the highlands of Peru, and again after 10 days of sojourn
at sea level (Lima, 150 m). They were compared with four
medical students native to sea level (SLN) who were of
comparable age, but whose height and weight averaged
more than HAN. The physical characteristics of both groups
are given in Table 1. All subjects were considered to be
healthy by physical and radiological examinations. The
SLN were examined first at sea level and again after 2 and
10 days of sojourn at altitude. All subjects were carefully
informed of the nature of the procedures and its complica-
tions, and they gave written consent.

Resting studies were performed with the subjects in the
supine position. One hour prior to the measurements a 10
cm polyethylene catheter was inserted percutaneously into
the brachial artery and the antecubital vein. Cardiac output
was determined by the injection of a bolus of 5-7.5 mg of
indocyanine green into the venous catheter, the tip of
which was at the axillary vein. Dye curves were inscribed by
drawing arterial blood at 30 ml/min through a recording
densitometer. The subjects breathed through a large-bore
mouthpiece and an Otis-McKerrow valve. Expired gas was
collected for 5 min in Douglas bags and measured in a
Tissot spirometer, and then analyzed for O, and CO:; frac-
tion using the micro-Scholander technique. Arterial blood
samples were taken at the time of oxygen uptake. These
samples were analyzed for oxygen content and saturation by
the Van Slyke procedure and for gas tensions with the
appropriate electrodes (Instrumentation Laboratory).

Exercise studies were performed in the sitting position on
a mechanically braked bicycle ergometer (Monark) at a
pedal rate of 50 rpm. Work loads were used which had been
determined from several preliminary exercise studies to
approximate 50, 75 and 100 % of maximal oxygen uptake.
Maximal oxygen uptake was determined by performance of
increasing work loads until the oxygen uptake did not in-
crease despite an increase in work intensity.

To calculate the shunt the subjects breathed 100 % oxygen
for 15 min through the same setup used in room air mea-
surements. During the last 2 min, arterial blood samples
were taken for oxygen content and gas tensions, and dye
dilution curves of cardiac output were recorded. Vo, was
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TABLE 1. Physical characteristics of subjects

Subj Age, yr Height, m Weight, kg Hematocrit, %
Sea level
Vel 22 1.70 72 45.5
Ris 21 1.74 75 43.8
San 20 1.87 76 44.3
Rea 21 1.73 67 43.8
Mean 21.0 1.76 72.5 44 .4
+SE +0.4 +0.04 +2.0 +0.4
High altitude
Bra 21 1.59 56.1 51.5
Val 20 1.60 56.2 55.5
Jan 19 1.55 63.0 58.7
Roj 20 1.56 51.1 47.6
Lec 25 1.68 75.5 46.5
Pad 20 1.55 59.0 47.5
Tri 20 1.65 55.1 52 .4
Zar 28 1.66 69.0 49 .4
Mean 21.6 1.61 60.6 51.1
+SE +1.1 +0.02 +2.9 +1.5
P <0.70 <0.01 <0.05 <0.02

assumed to be the same as previously measured breathing
room air.

The alveolar oxygen tension was calculated from the
alveolar gas equation using the Paco, and the respiratory
quotient. During 100 % oxygen breathing this formula was
modified as follows: Pag, = P1g, — Paco,. The shunt was
calculated as Qs/Qt = (Pag, — Pag,) X 0.0031/[Cao, —
CVo, + (Pao, — Pao,) X 0.0031] where Qs/Qt is the
ratio of the magnitude of the shunt to total pulmonary blood
flow and 0.0031 is the Bunsen O. solubility coefficient at
37°C. Mixed venous oxygen content was calculated as
C¥o, = Cao, — V0,/Q where Vo, is the oxygen uptake and
Q = cardiac output. Dead space-to-tidal volume' ratio
(Vp/VT) was calculated using Paco, according to the
formula Vo/Vt = (Paco, — PEco,)/Paco,. All symbols
which are used are those commonly accepted as standard
(24) and those recently approved by the International
Union of Physiological Sciences Committee on Nomen-
clature (5).

RESULTS

Data obtained while breathing 100 % oxygen at rest in
the supine position appear in Table 2. Values for ventila-
tion, O; and CO, tensions, Cao,, pH, Vp/VT, and heart
rate obtained in HAN are shown in Table 3, and for SLN
in Table 4. More extensive cardiovascular measurements in
these subjects are reported elsewhere (35, 36).

Studies at high altitude. Pulmonary ventilation was greater
in HAN than in SLN at rest (P < 0.05). The arterial
Pco, was not different between the two groups. During
exercise, the pulmonary ventilation was different between
the groups only during heavy work loads, and at an O
uptake of 2.4 1/min the greater values of SLN were sta-
tistically significant (P < 0.02). This Vo, represents maxi-
mal oxygen uptake to SLN at altitude but only 78% of
V03 max for HAN. Therefore the higher ventilation of SLN
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is in part due to more intensive work. The mean values of
AaDo; at rest were smaller in HAN than in SLN (P < 0.02)
and during all levels of exercise (Fig. 1). The pulmonary
a-v shunts at supine rest were similar in both groups (Table
2).

Sea-level natives did not show significant changes in the
resting values of AaDo, with altitude exposure, but during
exercise they were clearly greater for a given O, uptake com-
pared to sea-level determinations (Fig. 1). No difference
between the 2nd and 10th day was found. Pulmonary a-v
shunt was 37% lower (P < 0.05) than sea-level control
(Table 2).

Studies at sea level. Ventilation was lower at sea level as
compared with altitude measurements in both groups, at
rest and during exercise. No significant differences were
found in ventilation at sea level between the groups either at
rest or during exercise. The mean AaDo, increased in HAN
both at rest and during exercise (P < 0.01) when they
moved to sea level (Fig. 1), and the pulmonary a-v shunt
increased from their high-altitude control (Table 2) by
110% (P < 0.001).

DISCUSSION

Alveolar-arterial O, pressure difference (AaDo.) appar-
ently increases in acute exposure to altitude (27). However
data from the literature (12, 15, 16, 21, 26) indicate that
AaDo, decreases toward control values with more pro-
longed stay (Fig. 2). Our data suggest that this may also
occur during exercise (Table 4).

Studies at high altitude. The usual difference in resting
ventilation between high-altitude natives (HAN) and sea-
level natives (SLN) at altitude observed by others (18, 23,
31) was not seen in this study. This was due to the fact that
both groups of subjects ventilated more than is usual at
4,350 m.

This study shows that the AaDo. of HAN is clearly less
than SLN, both at rest and during exercise at high altitude
(Fig. 1). This finding is in agreement with the published
observations of others (12, 18, 31). The greater diffusion
capacity of the lung for Oy (7, 34) and CO (7, 11, 28) in

TABLE 2. Data obtained during 100% oxygen breathing at rest

. PAo;, | AaDo:, | Caor, | (€ | 0, | Qs/Ot
Subj Place of Study mmHg | mmHg | vol % &)\i)‘% , l/m,in o ,
High al- | Cerro de Pasco| 390 119 23.96 7.01 5.17| 5.0
titude +2.3 +9.7 |40.57 |+0.39 |=+0.30|+0.4
Lima (after 676 210 23.26 5.63 5.43| 10.5
10 days) +0.7 +5.5 |=+0.57 |40.27 |=£0.27|{+0.4

(8) Cerro de Pasco| <0.001
vs, Lima, P

<0.001 |<0.025 |<0.020 | <0.60} <0.001

Sea level | Lima 6701 177 21.50 5.37 7.27] 9.1
+2.0 +32.1 +0.20 |+0.22 |+£1.01{=x1.2
Cerro de Pasco| 385 118 21.35% 5.44* 6.56| 6.4
(after 2 +0.5 +3.6 |+0.57 |=+0.50 |£0.74/+0.6

days)
4) Cerro de Pasco| 388 120 21.90* | 6.27 5.54| 5.7
(after 10 +2.9 +7.2 |=+0.61 +0.33 |+£0.32(+0.5

days)

Values are means + SE. Means were significantly different from the high-alti-
tude group at the corresponding place of study. *P < 0.05. tP < 0.02.
t P < 0.005.
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TABLE 3. Pulmonary gas exchange at rest and during exercise in high-altitude natives studied at Cerro de Pasco and Lima

Rest Exercise 1 Exercise 2 Max Exercise
VEpTes, 1/min Cerro de Pasco 21.44 + 2.33 69.11 =+ 6.13 106.12 & 5.34 151.57 + 9.54
Lima 11.61 =+ 0.81 51.85 =+ 2.63 74.07 £ 3.79 135.14 &+ 8.28
Paco, , mmHg Cerro de Pasco 245 =+ 1.7 24.1 +0.9 229 +=0.8 21.5 £ 0.7
Lima 342 x£1.3 37.1 += 1.1 34.3 + 1.3 31.1 + 1.4
Pag, , mmHg Cerro de Pasco 55.0 £ 2.5 50.6 =+ 1.1 46.9 £ 1.1 47.1 =+ 1.4
Lima 9.1 £ 3.5 9.6 £ 2.5 91.1 £ 2.3 9.1 =+ 1.4
Caog, , vol 9%, Cerro de Pasco 21.88 =+ 0.76 21.08 =+ 0.59 20.25 =+ 0.42 20.02 =+ 0.37
Lima 20.81 =+ 0.47 21.61 =+ 0.50 21.65 =+ 0.46 23.05 =+ 0.55
pH Cerro de Pasco 7.540 & 0.013 7.509 &+ 0.012 7.455 4 0.009 7.379 4+ 0.012
Lima 7.460 £ 0.013 7.411 &+ 0.009 7.386 + 0.017 7.288 + 0.014
Vbp/VT, 9, Cerro de Pasco 31.7 =+ 4.3 18.8 =+ 2.4 12.7 =+ 1.6 10.3 £ 1.9
Lima 38.7 X 1.7 276 +£2.9 19.1 £ 2.2 17.0 =+ 2.7
Heart rate, beats/min Cerro de Pasco 62.1 =+ 3.1 110.3 =+ 3.5 150.8 =+ 3.6 176.4 &+ 3.0
Lima 53.6 =+ 0.9 101.8 =+ 3.6 139.1 =+ 4.9 179.2 £ 2.9

Values are means =+ SE.

TABLE 4. Pulmonary gas exchange at rest and during exercise in sea-level subjects studied at Lima and Cerro de Pasco

Rest Exercise 1 Exercise 2 Max Exercise
VEpTPS , 1/min Lima 10.24 =+ 0.56 33.41 =+ 3.35 60.14 £+ 8.62 121.09 =+ 10.64
Cerro de Pasco (2 days) 14.48 + 3.69 34.17 + 2.54 55.50 =+ 10.38 145.14 =+ 13.09
Cerro de Pasco (10 days) 14.25 + 2.41 41.16 4+ 1.95 60.38 =+ 10.03 138.74 + 11.50
Paco, , mmHg Lima 39.3 4+ 2.3 3902 +£1.8 395 =+ 1.9 345 4+ 3.0
Cerro de Pasco (2 days) 282 £ 1.1 2806 =+ 1.5 254 = 1.7 203 £ 2.4
Cerro de Pasco (10 days) 23.7 <+ 1.3 22.8 £ 1.4 225 £ 1.1 189 =+ 1.5
Paop, , mmHg Lima 92.9 =+ 2.6 90.1 £ 1.5 842 + 29 86 £ 5.8
Cerro de Pasco (2 days) 41.5 =+ 1.4 404 £ 1.9 38.2 + 1.4 404 =+ 1.4
Cerro de Pasco (10 days) 47.6 4 1.8 456 + 2.8 4.1 + 2.2 473 =+ 3.0
Cag, , vol % Lima 19.61 =+ 0.53 20.54 £ 0.31 21.12 £ 0.46 21.50 =+ 0.50
Cerro de Pasco (2 days) 16.77 + 1.10 16.84 + 1.07 16.82 + 0.98 16.56 =+ 0.92
Cerro de Pasco (10 days) 19.06 =+ 0.60 19.31 =+ 0.66 18.84 + 0.56 18.75 =+ 0.64
pH Lima 7.413 £ 0.033 7.396 + 0.013 7.365 &= 0.014 7.275 £ 0.026
Cerro de Pasco (2 days) 7.468 £ 0.044 7.480 &+ 0.007 7.492 &+ 0.016 7.393 &+ 0.021
Cerro de Pasco (10 days) 7.512 + 0.018 7.505 £ 0.009 7.493 + 0.010 7.354 + 0.026
Vb/VT, 9, Lima 299 £ 4.3 22.3 £3.9 19.3 + 4.8 21.3 <+ 8.3
Cerro de Pasco (2 days) 27.2 =+ 2.0 16.3 =+ 1.6 14.7 + 1.6 105 =+ 3.2
Cerro de Pasco (10 days) 23.0 =+ 2.1 11.2 £+ 3.4 123 += 1.4 80 =+ 1.2
Heart rate, beats/min Lima 71.3 £ 3.6 109.8 =+ 7.1 146.3 <+ 10.6 185.3 =+ 3.6
Cerro de Pasco (2 days) 94.7 £+ 5.3 117.8 =+ 3.2 133.7 £ 2.4 1788 =+ 1.0
Cerro de Pasco (10 days) 75.8 4 2.6 115.5 £ 4.5 135.5 £ 5.2 150.8 =+ 3.6
AaDo; , mmHg Lima 11.5 4 0.27 11.0 =+ 2.1 16.3 =+ 1.3 2000 x= 4.4
Cerro de Pasco (2 days) 4.5 4+ 2.1 15.5 £ 2.3 226 =+ 2.3 285 + 2.3
Cerro de Pasco (10 days) 12.7 =+ 2.1 165 +2.6 18.8 + 3.0 228 =+ 3.7

Values are means &= SE.

HAN than SLN at altitude would explain in part their
small AaDo,. However, estimates of AaDo; due to DL, are
negligible breathing air or low oxygen (6, 33). The supine
rest pulmonary a-v shunt determined at altitude in both
groups shows no statistically significant difference. There-
fore, the shunt contribution to the AaDo, should be similar
in both groups (see below). Thus, we infer that HAN have a
better Va/Q than SLN at altitude. In contrast, SLN at
altitude have a lower pulmonary a-v shunt (Table 2) and
no change in Digo (4, 8, 12, 20, 37). It seems probable
therefore that the unchanged AaDo; we have observed after
10 days at altitude reflects changes in Va/Q. A similar
conclusion was reached by Haab et al. (14) by measuring
CO; and N, gradients at altitude. Determinations of re-
gional lung Va/Q ratios with radioactive gases have shown
that Va/Q) alterations are taking place in both sea-level
sojourners (9) and altitude natives of North America (10)
in relation to sea-level controls. The Va/Q changes ob-

served by them would be expected to occur, as explained in
our discussion.

Studies at sea level. After 10 days’ sea-level sojourn, HAN
increased their AaDo, at rest and during exercise as com-
pared with their altitude control (Fig. 1). However the
values obtained were not different from those of SLN. This
interesting finding, not reported before, could be explained
in part by an increase of 110 % in pulmonary a-v shunt.
The magnitude of this shunt however was not different from
the SLN values (Table 2). Another possible explanation for
the large AaDo, at sea level of HAN would be the change of
Va/Q as suggested by their higher Vb/VT ratios shown at
sea level (P < 0.05).

Role of pulmonary a-v shunt on AaDo, with altitude changes.
The contribution of DrLy, to AaDo, breathing air at sea
level in resting condition is negligible (6, 33). As mentioned
above, even during low oxygen breathing it is very low, i.e.,
0.2 mmHg (33), in spite of an increase in DLo,, either by
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breathing low oxygen concentration at SL or by going to
high altitude (7, 8). Therefore, at rest, regardless of Pio,,
Pao, is in equilibrium with the end capillary oxygen tension
(Pco,)- Thus, it is possible to calculate the anatomical shunt
contribution to AaDo; with the following equation

Sa = (Qns-Sa + Qs SV)/Qt

where Sa, Sa, and SV are oxygen saturations in arterial, pul-
monary capillary, and mixed venous blood, respectively.
Qns, Qs, and Qt are nonshunted, shunted, and total blood
flows, respectively. Sa is read from the dissociation curve at
pHa. SV is calculated as described in the equation shown
under METHODS. Qt is taken from measurements made on
the same subjects by dye dilution technique (35, 36) and
Qs as determined by breathing 100 % O,. The calculations
show that in both SLS and HAN the AaDo; at SL due to
the shunt is 2.6 and 2.5 times the actual gradient measured,
respectively. Undoubtedly, this is due to the values obtained
for the shunt in both groups that were too high. Since no
technical problems were recognized, this may be explained
by the possibility of atelectasic zones due to the prolonged
supine position used (1 h), in addition to the possible role
of oxygen itself. Atelectasis may also have been present at
altitude.

When pulmonary a-v shunt determinations of SLN at
altitude are compared with their sea-level control values,
the altitude data represent a 37 % reduction (P < 0.05).
Assuming no change in the a-v shunt with altitude exposure,
it can be predicted that its contribution to AaDo is less at
altitude than at sea level (Table 5). The contribution is
even less as the shunt becomes smaller. Unfortunately, the
shunt has not been measured at altitude as frequently as
AaDoz. Kronenberg et al. (21) reported a shunt of 11 % at
24 h and 7% at 72 h of altitude exposure. The latter value
agrees with our 6.4 &+ 0.6 % determined at 48 h (Fig. 3).

Although the oxygen breathing itself, which is required
to determine the shunt, may have obscured any difference
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0 1 1 1 1
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FIG. l. Alveolar-arterial oxygen tension differences plotted as

function of oxygen uptake. Bars are means = SE. SLS: sea-level
subjects; HAN: high-altitude natives. Note that each group tends to
have more effective gas exchange in own environment.
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FIG. 2. Alveolar-arterial oxygen tension differences plotted against
time of exposure at altitude. Data obtained from the literature:
O = Dempsey et al. (12); @ = Hansen et al. (16); 0 = Hansen
etal. (15); ® = Kronenbergetal. (21); © = Raymond and Severing-
haus (26); A = Reeves et al. (27); A = our data; X = averages.
Lower section of figure shows above data expressed as percentage
change from sea level control. References 10 and 15 do not have
data at sea level. In these cases, percentage changes were calculated
using average value for sea level.

TABLE 5. Predicted AaD oy (mmHg) due to a-v pulmonary
shunt based on PAo, , cardiac output, and arterial
pH measured at sea level and altitude

a-v Shunt
Total AaDo:
Place of Study 2.0% ‘ 1.0% 0.5%
SLN HAN SLN | HAN ISLN HAN | SLN |{HAN
Lima 11.5 1 14.9 | 11.2 | 12.2 | 5.4| 7.1| 3.5 4.2
Cerro de Pasco 12.7 ] 6.0 1.8| 2.2 0.8/ 1.2/0.3/ 0.7

that existed while breathing air, the effect seems to be the
same in both groups of subjects.

Pulmonary a-v shunt in HAN and SLN were similar at
the two elevations and were higher at sea level than at alti-
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FIG. 3. Pulmonary venous admixture (shunt) plotted as function
of time of exposure at altitude. SLS: sea-level subjects; HAN: high-
altitude natives. * Averages reported by Kronenberg et al. (21).
No significant difference was found between SLS and HAN either
at sea level or at altitude.

tude (Table 2). The a-v shunt contribution to the AaDo; is
also similar in both groups at both elevations, regardless of
the magnitude of the shunt (Table 5). Therefore, the AaDo,
differences observed between the two groups at altitude is
not due to the a-v pulmonary shunt. Since AaDo, of HAN
is smaller than SLN at altitude and the shunt contribution
to the gradient is the same, i.e., 4.8 and 4.6 mmHg in SLN
and HAN, respectively, the difference left, 7.9 mmHg and
1.4 mmHg from the total AaDo, measured, is attributed to
the Va/Q effect. The larger DLo, of HAN, explained by
their larger pulmonary volumes (17) and larger alveolar
surface area (13) is not expected to contribute to AaDo,
more than SLN since Pao, will be in equilibrium with Pco,
in both groups at rest.

Role of pulmonary artery pressure and cardiac output changes with
altitude translocations. The principal factors that may affect
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