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Abstract

Kiyamu, Melisa, Fabiola León-Velarde, Marı́a Rivera-Chira, Gianpietro Elı́as, and Tom D. Brutsaert. Devel-
opmental effects determine submaximal arterial oxygen saturation in Peruvian Quechua. High Alt Med Biol
16:138–146, 2015.—Andean high altitude natives show higher arterial oxygen saturation (Sao2) during exercise
in hypoxia, compared to acclimatized sojourners. In order to evaluate the effects of life-long exposure to high
altitude on Sao2, we studied two groups of well-matched, self-identified Peruvian Quechua natives who differed
in their developmental exposure to hypoxia before and after a 2-month training period. Male and female
volunteers (18–35 years) were recruited in Lima, Peru (150 m). The two groups were: a) Individuals who were
born and raised at sea-level (BSL, n = 34) and b) Individuals who were born and raised at high altitude (BHA,
n = 32), but who migrated to sea-level as adults ( > 16 years old). Exercise testing was conducted using a
submaximal exercise protocol in normobaric hypoxia in Lima (BP = 750 mmHg, Fio2 = 0.12), in order to
measure Sao2 (%), ventilation (VE L/min) and oxygen consumption (Vo2, L/min). Repeated-measures AN-
OVA, controlling for VE/VO2 (L/min) and sex during the submaximal protocol showed that BHA maintained
higher Sao2 (%) compared to BSL at all workloads before ( p = 0.005) and after training ( p = 0.017). As
expected, both groups showed a decrease in Sao2 (%) (p < 0.001), as workload increased. Resting Sao2 levels
were not found to be different between groups. The results suggest that developmental exposure to altitude
contributes to the maintenance of higher Sao2 levels during submaximal exercise at hypoxia.
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Introduction

The capacity to maintain adequate oxygenation in
a hypoxic environment is pivotal for the thousands of

individuals residing in the highlands. The majority of studies
that have measured Sao2 during submaximal and maximal
exercise at hypoxia indicate that Quechua and Tibetan high
altitude natives have higher exercise Sao2 compared to
lowlanders (Sun et al., 1990; Ge et al., 1995; Zhuang et al.,
1996; Chen et al., 1997; Brutsaert et al., 2000; Marconi et al.,
2004). In particular, during exercise, the maintenance of
higher arterial oxygen saturation (Sao2) is an important factor
in the overall response to work, given the physiological de-
mands imposed on the body at high altitude.

The examination of genetic and/or developmental origins
of higher Sao2 levels in highlanders contributes to the broader
question of adaptation to high altitude (Hochachka et al.,
1999; Beall, 2000; Moore, 2001). Early studies conducted by

Beall and colleagues (1994; 1998) in Tibetans reported that
Sao2 showed significant heritability. Similarly, quantitative
genetic studies indicate the presence of a higher resting
Sao2 allele in pregnant Tibetan women that was associated
with a higher offspring survival during the first year of life
(Beall et al., 1997; 2004). In Andeans, the maintenance of
arterial saturation during hypoxic exercise has been mainly
associated to genetic factors as well (Frisancho et al., 1995;
Brutsaert et al., 2000).

An alternative explanation for the genetic basis of the high
Sao2 phenotype suggests that the observed difference in
adults is determined through life-long exposure to hypoxia.
The ‘‘Developmental Adaptation Hypothesis’’ is based on
the plasticity of structural and functional systems in the in-
dividual at sensitive periods in their life (Frisancho, 2009). It
is well-known that larger pulmonary volumes are strongly
determined by developmental exposure to hypoxia in Andean
populations (Greksa, 1990; Frisancho et al., 1997; Brutsaert
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et al., 2004; Kiyamu et al., 2012) in Tibetans (Droma et al.,
1991), and in non-native populations who were born and
raised at the highlands (Greksa, 1990). Moreover, there are a
handful of studies suggesting the role of lifelong exposure to
hypoxia on a more efficient gas exchange system (Dempsey
et al., 1971; Zhuang et al., 1996; Brutsaert et al. 2000;
Wagner et al., 2002). Nevertheless, the role of developmental
processes in Sao2 has not been extensively studied in high
altitude native populations, especially during exercise in
hypoxia, where the presumed differences in arterial satura-
tion would be most evident.

A partition of developmental and genetic factors is a
challenging task, given the interaction of both factors to de-
termine a complex phenotype like arterial oxygen saturation.
Migrant study designs, where different groups are compared,
are used to address these questions (Harrison, 1966). How-
ever, a common confounding factor is that groups differ in
genetic, socioeconomic, and/or lifestyle factors. For instance,
comparisons between European and Andean subjects show
that Europeans are heavier, taller, and of higher socio-
economic status than Quechua participants (Greksa, 1990;
Frisancho et al., 1997; Brutsaert et al., 1999). In order to test
developmental effects, a better approach is to use study
groups that are well-matched, especially in their population
ancestry.

In the present study, we aimed to test the hypothesis that
developmental exposure to hypoxia confers higher submaxi-
mal arterial saturation, and lower VE/Vo2 in normobaric
hypoxia at sea-level, 150 m (Fio2 = 0.12; BP = 750 mmHg), in
a group of Quechua males and females, using a partial migrant
approach. In order to test this hypothesis, we compared two
well-matched groups, who differed in their developmental
exposure to hypoxia. The first group (BSL) consisted of indi-
viduals who were born and raised at sea-level (150 m) and the
second group (BHA) consisted of individuals who were born
and raised at high altitude, > 2500 m, but who migrated to sea-
level as adults (older than 16 years). Individuals were mea-
sured in normobaric hypoxia for submaximal Sao2, VE/Vo2

and Ventilation (VE), before and after a 2-month-training
period. The training period was included in the study design to
properly evaluate differences in aerobic capacity, explained
elsewhere (Kiyamu et al., 2015).

Materials and Methods

Study population and subjects

Healthy, non-smoker volunteers (n = 66, age 18–35) were
recruited from the city of Lima (150 m), Peru. A qualified
physician conducted medical screenings for all volunteers,
including a medical interview, an electrocardiogram, and a
spirometry test. The criteria of exclusion was: a) cardiovas-
cular, renal disease and/or any other health impediment (re-
cent injury or operation) that would prevent subjects from
doing exercise; b) obstructive or restrictive diseases, fol-
lowing the medical guidelines for expected FEV1/FVC(%)
healthy individuals; b) present or past history of smoking, c)
anemic individuals: females who had Hb concentrations
< 11 g/dL and males who had Hb < 13 g/dL were not ac-
cepted; d) pregnant or lactating women; and e) women who
were taking any hormonal contraceptive.

The same investigator interviewed all volunteers at the
beginning of the study using a version of the Minnesota
Leisure Time physical activity questionnaire (Kriska, 1997)

to document levels of activity over the past year. None of the
volunteers were athletes or had participated in elite compe-
titions. Most individuals reported to be sedentary or moder-
ately active at the start of the study.

Quechua ancestry was based on the three following crite-
ria: 1) presence of one or more Quechua surnames (we reg-
istered the surnames from both parental lineages up to two
generations—grandparents—for a total of eight surnames);
2) volunteers identified themselves as having ancestors from
the highlands; and 3) knowledge of Quechua either by
themselves or one of their parents or grandparents, given that
Quechua is not taught at school and only transmitted in the
family environment.

This research project was approved by the Institutional
Review Board of the University at Albany, State University
of New York and the Universidad Peruana Cayetano Heredia.
All volunteers gave their written informed consent to par-
ticipate in the study.

Study design

A version of the migrant approach proposed by Harrison
(1966) was used. Selection of individuals was based on their
different exposures to hypoxia during growth and development
(full exposure versus no exposure), and their common Quechua
ancestry. The study groups were: a) BSL (Born at sea level,
n = 34, 17 males, 17 females). Quechua individuals who were
born and raised at sea-level ( < 150 m) with no significant ex-
posure to hypoxia ( > 3000 m) during growth. Similar to BHA,
parents and grandparents from the paternal and maternal side of
BSL individuals were born and raised in the highlands; and b)
BHA (Born at high altitude, n = 32, 17 males, 15 females).
Quechua individuals who were born and raised at altitudes
higher than 3000 m and who migrated to sea-level as adults
(older than 16 years old), and whose parents and grandparents
from the paternal and maternal side were from high altitude.
All individuals in the BHA had migrated to the lowlands at
least a year before entering the study and no BHA subject had
any significant exposure to normoxia during growth.

Baseline measurements were made (anthropometry, pul-
monary volumes, and exercise tests), both in normoxia and
normobaric hypoxia, followed by a 2-month training period
under supervision. The inclusion of a training period was part
of the study design to effectively test exercise phenotypes
controlling for differing levels of initial fitness among vol-
unteers (Kiyamu et al., 2015). Post-training measurements
included anthropometric and exercise phenotypes.

Anthropometry and pulmonary volumes

Standard anthropometry (weight, height, and skinfolds) was
performed by the same investigator. Skinfold measurements
were taken three times at three sites (subscapular, triceps, and
biceps), at the beginning of the study and after the training
period. Body density was calculated according to age and sex
specific equations given by Durnin and Womersley (1974),
and percent body fat was calculated from the Siri equation
(Siri, 1956). FFM (fat free mass) was calculated based on total
body weight. In order to measure pulmonary volumes, each
subject was instructed to perform a maximal expiration after a
maximal inspiration. Pulmonary volumes were measured three
times, using a Hillmed spirometer (HM Specialist 1), and the
best attempt was recorded. Pulmonary volumes were corrected
for BTPS (body temperature, pressure saturated). Hemoglobin
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(Hb) was documented from capillary blood obtained by finger
prick. Blood samples were measured using a hemoglobin an-
alyzer (Hemocue, Angelholm, Sweden).

Endurance training program

Volunteers trained for a period of 2 months at sea-level
(150 m), 3 days per week for 40 min on a stationary bicycle. In
the first phase (first 4 weeks) volunteers followed intervals at
60%, 70%, and 80% of individual maximal heart rate, based on
their initial Vo2max test, so that all volunteers were training at
the same relative workload. Training was designed so that ap-
proximately 50% of the time, volunteers would work at an
intensity of 60%–70% of their maximal heart rate, 27% of the
time, at an intensity of 70%–80% of their maximal heart rate
and 23% of the time at 80%–90% of their maximal heart rate.
The second phase (last 4 weeks) had the same intensity distri-
bution as the first phase, with the addition of two separate 1-min
intervals, where volunteers were asked to achieve near maximal
heart rate, followed by 1-min period of recovery. Subjects wore
heart rate monitors during each session (Polar Electric, Swe-
den) and heart rates were recorded to ensure compliance with
the prescribed intensity levels. All training sessions were su-
pervised to ensure compliance with intensity goals.

Submaximal Sao2 measurements

Measurements of arterial oxygen saturation at rest and
during exercise were conducted using pulse oxymetry, with a
fingertip sensor (Ohmeda oximeter, 5740). All measurements
were conducted as part of Vo2max protocols, prior to the
training sessions and after the 2-month training. Subjects
received a verbal explanation of the test prior to the mea-
surements. Each test started with a 5-min period of resting
measurements of oxygen consumption (Vo2 L/min) and
resting Sao2 values. The first workload consisted of 1 kg for
both men and women. Subjects were instructed to pedal at 60
RPM on a graded cycle ergometer (Monark 818E) with a
0.5 kg weight increment every 3 min. Submaximal workloads
consisted of 60 w and 90 w to ensure submaximal workloads,
in both males and females. Arterial oxygen saturation was
recorded every 30 sec and data are presented as the average
for each 3-min interval. Tests were conducted twice: 1) under
conditions of normobaric hypoxia, and 2) during normoxia
with a period of 60–90 min to rest between each test. Cadence
was closely monitored by one of the investigators, and all
individuals were encouraged to keep the desired pedaling
frequency during the test.

The order of each test (normoxia and normobaric hypoxia)
was selected at random and the same order was followed for all
volunteers before and after training. Normobaric hypoxia was
simulated by delivering a gas mixture with low Fio2, con-
stantly mixed in a reservoir until the gas reading was at the
desired oxygen concentration (Fio2 = 0.12). The final oxygen
concentration inside the balloon was measured with Ametek
gas analyzers (Pittsburgh, PA) used to conduct all tests. Vo-
lunteers were connected to a low resistance breathing valve
(Hans-Rudolph) and the concentrations of oxygen and carbon
dioxide in expired air, as well as respiratory volume, measured
by a pneumotacograh (VacuMed, Inc), were directed to a Dell
laptop via an A:D interface (VacuMed, Inc) to calculate oxy-
gen consumption (Vo2), CO2 production (Vco2), respiratory
exchange ratio (RER), and minute ventilation in 30-sec in-
tervals. Heart rate (HR) was also recorded continuously via

telemetry (Polar Electric, Sweden). Gas analyzer calibration
was conducted twice a day, and the pneumotach was calibrated
using a 3-liter syringe.

Statistical analysis

Statistical analysis was conducted using IBM SPSS
Statistics software (Version 20, IBM). Anthropometric dif-
ferences and exercise variables were analyzed using inde-
pendent t-tests. Pulmonary volumes were analyzed using
ANCOVA, where height was introduced as a covariate. For
the submaximal Sao2 analysis between groups, ANCOVA
for repeated measures was assessed to determine a time effect
(Rest, 60 w, and 90 w) and group (BHA vs. BSL) effect,
controlling for sex differences, and VE/Vo2. The Bonferroni
method was used as post hoc test for the repeated measures
analysis. Additionally, for each individual workload (rest,
60 w, and 90 w), submaximal Sao2 comparisons between
groups were analyzed using ANCOVA, introducing sex and
VE/VO2 as covariates. In all tables and figures, values are
presented as means – SEM. For all tests, statistical signifi-
cance was indicated at p ‡ 0.05.

Results

Subject characteristics

Volunteers were measured at baseline values (pre-training)
and after 2 months of supervised training in stationary bicycles
(post-training). The anthropometric characteristics of the BSL
(n = 34) and BHA (n = 32) groups are given as unadjusted
means presented by sex, both before and after the training
period in Table 1. All p-values are expressed for between-
group differences. BSL were taller ( p = 0.013) and heavier
( p = 0.017) than BHA. The weight difference remained in the
post-training measurement, with BSL being heavier than their
highland counterparts ( p = 0.026). BHA had lower body fat
after training ( p = 0.03), but not before training ( p = 0.132).
Fat free mass (FFM, kg) was higher in BSL than BHA, but this
difference did not reach statistical significance before
( p = 0.081) or after training ( p = 0.088). No differences were
detected for age and hemoglobin (Hb) levels ( p = 0.083) be-
tween groups. Adjusted FVC-BTPS means for height effects
were significantly higher in BHA than the BSL group
( p < 0.001), as expected. The evaluations of physical activity
from standard activity questionnaires (Kriska, 1997) con-
ducted before training revealed no differences in total physical
activity averaged over the past year in MET-hours per week
between BHA and BSL (data not shown).

Submaximal exercise

Submaximal work levels were given at a fixed external
resistance for all individuals. Only the first two workloads
were considered, at 1 kg and 1.5 kg of resistance, with the
same pedal frequency (60 RPM) for all volunteers. Data for
pedaling frequency were used in order to calculate the work
output at each work level (watts) and results are shown in
Table 2. There is no significant difference in work output
between BHA and BSL before or after training.

At the beginning of the study, before training, the first
workload represented about *55% of Vo2max in women, and
*40% of Vo2max in men. The second workload was equiv-
alent to *82% of Vo2max in women, and *61% of Vo2max in
men. After training, the first workload represented about
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*55% of Vo2max in women, and *37% of Vo2max in men,
whereas workload 2 represented about *70% of Vo2max in
women and *54% of Vo2max in men. Because the absolute
workloads established in the study for all individuals do not
represent the same relative work in men and women, results
showing submaximal exercise are presented by gender in
Table 2. At each workload, Vo2 values were not significantly
different between BHA and BSL. Heart rate (HR) was not
different between BHA and BSL at rest or at any workload.
However, males had significantly lower HR during workload
1 and workload 2 ( p < 0.001) compared to women, both be-
fore and after training.

Measurements of maximal aerobic capacity have been
reported elsewhere (Kiyamu et al, 2015), but are included
here to better inform the analysis of submaximal SaO2 values.
BHA had significantly higher Vo2peak (40.31 – 1.0 mL/min/
kg) compared to BSL (35.78 – 0.96 mL/min/kg, p = 0.001),
adjusting for sex, under conditions of normobaric hypoxia.
Similarly, when FFM (kg) was introduced as a covariate for
Vo2peak comparisons between groups, the BHA group had
higher Vo2peak values than the BSL group (2.43 – 0.04 L/min
vs. 2.26 – 0.04 L/min, respectively, p = 0.01).

Arterial saturation

At rest, Sao2 values did not differ significantly between
groups before or after training. However, submaximal Sao2

(%) differed between the groups at each workload. Because
VE/Vo2 was significantly associated with Sao2 at every
workload, we introduced VE/Vo2 as a covariate in the anal-
ysis. Table 2 shows unadjusted means for Sao2 (%) and ad-
justed Sao2 (%) means, controlling for VE/Vo2. Results are
presented by group and sex. We found that BHA had con-
sistently higher Sao2 (%) across all workloads, compared to
the BSL group, without adjusting for VE/Vo2. Both the un-
adjusted and the adjusted Sao2 means were similar during rest
and across workloads, before and after training.

Figure 1 shows SaO2 with increasing submaximal work in
BHA and BSL at normobaric hypoxia before training (Fig. 1a)

and after training (Fig. 1b). Figure 1a shows a significant time
effect ( p < 0.001), with a trend towards lower Sao2 as workload
increases in both groups, as expected. More importantly, there
is significant group effect (BHA vs. BSL) across workloads
( p = 0.005). When analyzed per workload, submaximal Sao2

values were significantly higher in BHA compared to the BSL
at workload 1 (84.1 – 0.7 vs. 87.8 – 0.7; p = 0.001) and work-
load 2 (80.5 – 1.5 vs. 87.1 – 1.5; p = 0.003) before training.
Similarly, when Sao2 was measured after training, there was a
significant group effect ( p = 0.017), where the BHA group
showed consistently higher Sao2 than the BSL group. Figure 1b
illustrates the group effect and the time effect ( p < 0.001), with
the expected trend towards lower Sao2 as workload increases.
Differences at each workload are also shown for the post-
training state. BSL had significantly lower Sao2 (%) than BHA,
at workload 1 (84.1 – 0.6 vs. 87.4 – 0.7, p = 0.001) and work-
load 2 (82.4 – 0.6 vs. 84.5 – 0.6; p = 0.013), respectively.

Ventilation (VE-BTPS) and ventilatory
equivalent (VE/Vo2)

Ventilation levels (VE-BTPS, L/min) and VE/Vo2 are also
shown in Table 2. No differences were found between BHA
and BSL at rest, or during any of the submaximal levels, in
VE-BTPS or VE/Vo2. Differences in ventilation between
groups were analyzed controlling for Vo2 at each corre-
sponding workload. Females had significantly higher venti-
latory values (VE-BTPS, L/min) than males during workload
2 (90 w) both before and after training ( p < 0.05), as well as
higher VE/Vo2 ( p < 0.05)

Discussion

In the present study, it was found that Quechua individuals
who have a full developmental exposure to hypoxia maintain
a higher arterial oxygen saturation (Sao2) during submaximal
exercise, before and after a training period, compared to
Quechua individuals who were born and raised at sea-level.
However, submaximal ventilation (VE-BTPS) and ventila-

Table 1. Anthropometric Characteristics (Means – SE) of Males and Females Born and Raised

at High Altitude (BHA), or Born and Raised at Sea Level (BSL)

BHA (n = 32) BSL (n = 34)

Females Males Females Males
N 15 17 17 17 P value1

Pre-training
Age (years) 23 – 1 27 – 1 27 – 1 24 – 1 0.71
Height (m)* 1.53 – 0.01 1.62 – 0.01 1.55 – 0.01 1.67 – 0.01 0.013
Weight (kg)* 53 – 2 66 – 2 60 – 2 70 – 2 0.017
Body fat (%) 32.7 – 1.1 25.4 – 1.1 35.7 – 1.0 25.7 – 1.1 0.132
FFM (kg) 36 – 1 50 – 1 38 – 1 52 – 1 0.081
FVC-BTPS(l)*2 4.41 – 0.14 4.89 – 0.12 3.91 – 0.13 4.43 – 0.15 < 0.001
% predicted FVC 116 – 3 113 – 2 103 – 3 103 – 3 < 0.001
Hb (g/dl) 12.9 – 0.2 15.1 – 0.2 12.3 – 0.2 15.0 – 0.2 0.083

Post-training
Weight (kg)* 53 – 3 66 – 2 59 – 3 70 – 3 0.026
Body fat (%)* 32.2 – 0.9 24.7 – 0.9 35.6 – 0.9 25.4 – 0.9 0.03
FFM (kg) 36 – 2 49 – 1 38 – 2 52 – 2 0.088
Hb (g/dl) 12.7 – 0.3 15.5 – 0.3 12.5 – 0.3 14.8 – 0.3 0.089

1p values refer to differences between BHA and BSL from ANCOVA results (adjusted for gender).
2FVC is corrected for BTPS and adjusted for height.
*Significant difference between BHA and BSL (p < 0.05).
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tory equivalent (VE/Vo2) were not different at any workload
between the two groups.

Ventilation and ventilatory equivalent (VE/Vo2)

There were no differences in VE-BTPS (L/min) during
submaximal exercise between BHA and BSL. Similarly, our
results did not show any difference in VE/Vo2 between groups.
A lower VE/Vo2 has been suggested to be more efficient
during hypoxic exercise for the ability to extract the same
volume of oxygen with lower ventilation. However, unlike
many studies in the literature that support lower ventilation
during exercise (Schoene et al., 1990; Brutsaert et al., 2000;
Wagner et al., 2002) in Andean natives, as well as lower VE/
Vo2 in Andeans compared to acclimatized lowlanders (Brut-
saert et al., 2000), we did not find any blunted ventilation
during rest or submaximal exercise in the BHA group.

A direct comparison with the aforementioned studies
might not be straightforward though, considering that pre-
vious studies compared populations with differing ances-
tries (e.g., populations with foreign ancestry and/or
acclimatized sojourners and Quechua natives living at high
altitude). The present study compares individuals with
Quechua ancestry, but who differed in their developmental
exposure to hypoxia. Moreover, the BHA group is com-
posed of adult migrants to sea-level, where all hypoxic tests
were conducted under simulated conditions. Because ven-
tilation (VE-BTPS, L/min) was not different between
groups, we also tested the DVE (difference in VE at nor-
moxia and hypoxia) at rest and for each workload, con-
trolling for the Vo2 level during exercise (data not shown).
Submaximal DVE was not significantly different between
groups, and resting ventilatory values did not differ between
BHA and BSL either.

Table 2. Submaximal Exercise Traits (Means – SE) of Males and Females Born and Raised

at High Altitude (BHA), and Born and Raised at Sea Level (BSL), Before and After Training

BSL (Males) (n = 17) BHA (Males) (n = 17)

Pre-training
Rest W1 W2 Rest W1 W2

Watts1 0 59.2 – 0.4 88.9 – 0.6 0 58.9 – 0.5 88.9 – 0.6
SaO2 (%)1 90.9 – 0.6 85.4 – 0.89* 82.9 – 1.6* 92.0 – 0.7 87.4 – 0.9 85.7 – 1.7
SaO2 (%)2 90.8 – 0.6 85.6 – 0.83* 84.0 – 1.7* 92.2 – 0.63 87.8 – 0.9 87.2 – 1.8
VE-BTPS (L/min) 12.1 – 0.6{ 25.8 – 1.0 39.2 – 1.5{ 12.9 – 0.6{ 25.4 – 1.0 38.3 – 1.6{

VO2 (Ll/min) 0.31 – 0.02{ 0.97 – 0.04 1.48 – 0.04{ 0.35 – 0.02{ 0.96 – 0.05 1.46 – 0.04{

HR (bmp) 88 – 5 120 – 3{ 140 – 4{ 90 – 5 117 – 3{ 137 – 4{

VE/VO2 40.4 – 2.8 28.2 – 1.5 26.8 – 1.2 37.8 – 2.9 28.1 – 1.5 26.2 – 1.2

Post-training
Rest W1 W2 Rest W1 W2

Watts 0 59 – 0.27 88.9 – 0.3 0 58.6 – 0.3 89 – 0.4
SaO2 (%)1 90.3 – 0.7 85 – 1* 82.4 – 1.1 92.1 – 0.7 87.5 – 1.0 84 – 1.1
SaO2 (%)2 90.5 – 0.6 85.7 – 0.9* 83.4 – 0.9* 92.1 – 0.7 87.7 – 0.9 85.3 – 0.9
VE-BTPS (l/min) 11.7 – 0.6{ 25.1 – 0.8 36.5 – 1.1{ 13 – 0.6{ 25.4 – 0.8 36.4 – 1.1{

VO2 (l/min) 0.36 – 0.23{ 1.02 – 0.03{ 1.48 – 0.03{ 0.37 – 0.23{ 1.01 – 0.03{ 1.51 – 0.03{

HR (bmp) 83 – 3 114 – 3{ 130 – 4 { 80 – 3 108 – 3 { 122 – 4{

VE/VO2 33 – 1.9 25.3 – 1 24.8 – 0.8 35.7 – 1.9 26.3 – 1 24.3 – 0.9

BSL (Females) (n = 17) BHA (Females) (n = 15)

Pre-training
Rest W1 W2 Rest W1 W2

Watts 0 58.7 – 0.4 87.5 – 0.6 0 58.9 – 0.5 87 – 0.7
SaO2 (%)1 90.7 – 0.7 83.7 – 0.9* 80.3 – 1.7 91.2 – 0.7 86.8 – 0.9 86.5 – 1.8
SaO2 (%)2 90.6 – 0.6 82.9 – 0.9* 78.1 – 2* 91.3 – 0.6 87 – 0.9 86 – 2
VE-BTPS (L/min) 10.1 – 0.6 26.6 – 1.0 47.1 – 1.5 9.2 – 0.6 24.3 – 1 43 – 2
VO2 (L/min) 0.29 – 0.02 0.89 – 0.04 1.29 – 0.04 0.26 – 0.02 0.9 – 0.05 1.37 – 0.05
HR (bmp) 91 – 5 139 – 3 169 – 4 95 – 5 133 – 3 161 – 4
VE/VO2 38.8 – 2.8 31.7 – 1.5 37.4 – 1.2* 36.6 – 2.9 27.7 – 1.5 31.4 – 1.2

Post-training
Rest W1 W2 Rest W1 W2

Watts 0 59.5 – 0.27 89.2 – 0.34 0 59.7 – 0.3 89.1 – 0.4
SaO2 (%)1 90.5 – 0.7 83.1 – 1* 81.8 – 1.1* 91.9 – 0.7 87.5 – 1.0 84.4 – 1.1
SaO2 (%)2 90.46 – 0.63 82.6 – 0.9* 81.3 – 1* 91.2 – 0.7 87.0 – 0.9 83.7 – 0.8
VE-BTPS (L/min) 9.9 – 0.6 26 – 0.8 41.2 – 1.1 10.3 – 0.6 23.9 – 0.8 37.7 – 1.1
VO2 (L/min) 0.3 – 0.2 0.96 – 0.03 1.38 – 0.03 0.27 – 0.23 0.89 – 0.03 1.33 – 0.03
HR (bmp) 89 – 3 131 – 3 152 – 4 88 – 3 128 – 3 151 – 4
VE/VO2 35.2 – 1.9 27.7 – 1 29.9 – 0.8 38.3 – 1.9 27.5 – 1 28.1 – 0.8

*Significantly different from BHA group (p < 0.05).
{Significantly different between males and females (p < 0.05).
Watts, work output calculated for each resistance load during submaximal exercise.
1Unadjusted SaO2.
2Adjusted for VE/VO2.
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Our results are consistent with a report on male high al-
titude migrants to sea-level, during submaximal exercise
(60 w). Gamboa and colleagues (2001) found that ventila-
tion was not blunted in high altitude natives residing at sea-
level compared to lowland natives, which suggests that the
low ventilation during exercise is dependent on the con-
tinuous exposure to a hypoxic stimulus in Andean natives.
Moreover, it is important to note that the low ventilation in
Andeans was established based on a comparison with fully
acclimatized Europeans at altitude (Brutsaert et al., 2000;
Wagner et al., 2002). Because we only compared individ-
uals with Quechua ancestry, the lack of difference in ven-
tilation during exercise found in the present study could
only indicate that developmental factors are not playing an
important role on this trait. The majority of the evidence
indicates that ventilatory traits, such as lower submaximal
ventilation and acute ventilatory response to hypoxia (HVR)
at rest are mainly explained by genetic factors (Brutsaert
et al., 2005).

Resting Sao2

No differences were observed between the two study
groups in resting Sao2, before or after a period of training.
The results in the present study are consistent with other
reports in Andeans that did not find any difference in resting
Sao2 among groups with different developmental exposure
to hypoxia (Brutsaert et al., 2000) and in Tibetans (Chen
et al., 1997), suggesting that developmental factors are not
an important contributor to resting Sao2 values in high al-
titude populations.

Nevertheless, there are a handful of studies that suggest
similar resting Sao2 in Tibetans and Han Chinese who
migrated to the highlands as children (Zhuang, 1993,
Chen, 1997). A more recent study comparing Han Chi-
nese with full developmental exposure to hypoxia with
Tibetans across a wide age range did not find any dif-
ference between those two groups (Weitz and Garruto,
2007), suggesting that developmental exposure to hypoxia

FIG. 1. (a) Sao2 (%) at rest and during submaximal exercise levels for BSL and BHA before training. (b) Sao2 (%) at rest and
during submaximal exercise levels for BSL and BHA after training.*p-values are shown for each workload (Rest; W1 = workload
1 *60 w; W2 = workload 2 *90 w). Group effects and time effects were analyzed controlling for gender effects.
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might play a role as important as ancestral exposure to
hypoxia.

The majority of the evidence in the literature has indicated a
stronger case for genetic effects on resting Sao2, especially in
Tibetans, where genetic effects have been established through
a series of heritability studies (Beall et al., 1997; 2004).

Submaximal Sao2

The results of our study suggests that developmental ex-
posure to hypoxia plays a role in determining submaximal
Sao2 in a group of Peruvian Quechua. Unlike measurements
of aerobic capacity, differences in physical fitness are not
likely to be a significant factor in determining higher Sao2,
especially at submaximal levels. In fact, if any difference
were to be expected, it would be the opposite. A review of the
literature shows that highly trained (elite) individuals are
more likely to show lower levels of Sao2, compared to un-
trained controls (Nielsen, 2003), and even at altitudes as low
as 580 m endurance-trained athletes have been found to have
increased desaturations at maximal exercise (Gore et al.,
1996).

When Sao2 values were analyzed between groups without
including covariates (unadjusted), results showed consis-
tently higher Sao2 in BHA during workload 1 and workload
2. However, because Sao2 is largely determined by ventila-
tion and differing levels of relative intensity, we controlled
for VE/ Vo2. After adjusting for VE/ Vo2, submaximal Sao2

values were still higher in the BHA group compared to BSL
at each workload, as it is shown in Table 2.

The contribution of developmental factors in the mainte-
nance of higher Sao2 levels during exercise has not been ex-
tensively studied, and the literature shows conflicting results.
Prior to the present report, Brutsaert and colleagues (1999)
showed no developmental effects on submaximal Sao2, by
comparing European populations with full life-long exposure
to hypoxia with Europeans who were recently acclimatized in
La Paz. In fact, when comparing Europeans and Aymaras born
and raised at altitude, Brutsaert and colleagues (2000) found
higher Sao2 in Aymaras, suggesting a genetic effect.

The only study that has supported a developmental effect on
submaximal Sao2 was reported by the same research group
(Brutsaert et al., 2004). They reported a *5% contribution of
development in determining higher Sao2 during exercise in
Quechua natives born and raised in the highlands compared to
lowland-born individuals. In the present study, all individuals
were exposed to acute normobaric hypoxia, and were unac-
climatized to hypoxia at the time of the tests. Moreover, the
repeated-measures analysis in both pre-training and post-
training phases showed that BHA had consistently higher
submaximal Sao2 than their lowland counterparts.

The evidence for a genetic basis explaining higher Sao2

levels during exercise in Andeans is scarce. Ancestry infor-
mative markers (AIMs) have been used to give a measure of
Quechua ancestry by some studies. However, ancestry was
not associated to exercise Sao2 in Andeans (Brutsaert et al.,
2004; 2005). Additionally, the I-allele of the Insertion/De-
letion (I/D) polymorphism of the ACE genotype has been
associated with higher Sao2 in Andeans (Bigham et al.,
2008). While this might appear to suggest a case for selection
of the I-allele in Quechua individuals, the frequency of the I-
allele is not different from other non-altitude native popula-
tions in the Americas (Rupert et al., 1999).

Arterial saturation is a multifactorial phenotype that could
be explained by a combination of cardiovascular, hemato-
logical factors, and pulmonary factors. In our results, VE/Vo2

and Hb were not different between groups, implying there
must be other mechanisms that account for the higher sub-
maximal Sao2 levels in BHA. Oxygen affinity to hemoglobin
is another factor that determines Sao2. Winslow (2007)
summarized the P50 limitations in humans at altitude, em-
phasizing the absence of differences in oxygen affinity to
hemoglobin in Andeans compared to sea level values. Si-
milarly, Simonson et al. (2014) reported no benefit of P50
during exercise in Tibetans. Therefore, the contributions of
Hb-O2 affinity to the differences observed in Sao2 do not
appear to be significant.

Another factor that could account for the differences ob-
served in Sao2 is a more efficient pulmonary gas exchange
system in hypoxia. Enlarged pulmonary volumes could be
associated with higher diffusion capacities by increasing the
total surface area of the alveoli. Given that FVC values were
higher in the BHA group, the enhanced pulmonary gas ex-
change constitutes a likely factor. Indeed, Schoene et al.
(1990) measured steady state diffusion capacity (DLCO) in
Andeans and found that it was higher compared to acclima-
tized lowlanders, hence suggesting that a better diffusion
capacity is the main factor driving the higher Sao2 in An-
deans during exercise. Other studies measuring pulmonary
diffusion are also consistent with the higher pulmonary ef-
ficiency in Andeans at rest (Dempsey et al., 1971) and during
exercise (Wagner et al., 2002; Lundby et al., 2004; Faoro
et al, 2012; Groepenhoff et al., 2012). In sum, considering the
literature showing an enhanced pulmonary diffusion capacity
in highlanders, pulmonary gas exchange traits could play an
important role determining higher Sao2 during exercise.

Limitations of the study

A limitation of this study is the unknown proportion of
Quechua versus Spanish ancestry in the samples. Based on
the colonial history of Peru, the current population has dif-
fering levels of admixture, especially with European (i.e.,
Spanish) populations, and to a much lesser extent with Af-
rican populations. However, there is no a priori reason to
consider differing levels of Quechua ancestry between BHA
and BSL, based on the criteria for selection mentioned in
earlier sections: both sets of maternal and parental lineages
from the highlands, surnames, self-identification, and
knowledge of Quechua language. Moreover, by using the
same selection criteria of the present study, previous reports
sampling individuals in Lima, as well as migrants to sea-
level, showed a posteriori assessments of ancestry that ranged
between 80%–95% using ancestry-informative markers
(AIMS) ( Brutsaert et al. 2003; 2005; Bigham et al. 2008).

Finally, a possible limitation of the study is that pulmonary
function in our BSL group could have been negatively af-
fected by air pollution during growth, since BSL subjects
were born and raised in Lima, which is an urban environment.
This, in turn, might have an effect on oxygenation during
exercise. However, we consider that possible exposure to air
pollution did not confound the results of the present study
significantly. A recent report showed higher FVC values in
Lima subjects, compared to individuals from lowland rural
towns, even if these rural towns had lower levels of pollution
than Lima (Robinson et al., 2011). Moreover, even if air
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pollution tends to be higher in urban settings, highlanders
could also be exposed to household air pollution, given the
common practice of burning biomass fuel to cook in Andean
towns (Pollard et al., 2014).

Conclusions

In a comparison of two groups of Quechua natives who
differed by their developmental exposure to hypoxia, this
study found that Sao2 was significantly higher during sub-
maximal exercise in those individuals born and raised in the
highlands, compared to those born and raised at sea-level.
The results of the present study suggest that developmental
factors are important to determine higher arterial oxygen
saturation in Quechua natives at exercise; thus, consistent
with the developmental adaptation hypothesis. Future re-
search should focus on understanding: a) the physiological
factors that determine the maintenance of higher Sao2 in
Andeans, such as the enhanced pulmonary diffusion capacity
associated with highlanders, and b) the genetic basis for the
higher Sao2 during exercise in Andeans.
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