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Comparing high versus low‑altitude 
populations to test human 
adaptations for increased 
ventilation during sustained 
aerobic activity
W. Éamon Callison1, Melisa Kiyamu2, Francisco C. Villafuerte2, Tom D. Brutsaert3 & 
Daniel E. Lieberman1*

Despite aerobic activity requiring up to tenfold increases in air intake, human populations in high‑
altitude hypoxic environments can sustain high levels of endurance physical activity. While these 
populations generally have relatively larger chest and lung volumes, how thoracic motions actively 
increase ventilation is unknown. Here we show that rib movements, in conjunction with chest shape, 
contribute to ventilation by assessing how adulthood acclimatization, developmental adaptation, 
and population‑level adaptation to high‑altitude affect sustained aerobic activity. We measured 
tidal volume, heart rate, and rib‑motion during walking and running in lowland individuals from 
Boston (~ 35 m) and in Quechua populations born and living at sea‑level (~ 150 m) and at high altitude 
(> 4000 m) in Peru. We found that Quechua participants, regardless of birth or testing altitudes, 
increase thoracic volume 2.0–2.2 times more than lowland participants (p < 0.05). Further, Quechua 
individuals from hypoxic environments have deeper chests resulting in 1.3 times greater increases in 
thoracic ventilation compared to age‑matched, sea‑level Quechua (p < 0.05). Thus, increased thoracic 
ventilation derives from a combination of acclimatization, developmental adaptation, and population‑
level adaptation to aerobic demand in different oxygen environments, demonstrating that ventilatory 
demand due to environment and activity has helped shape the form and function of the human 
thorax.

Unlike other apes, humans are capable of sustained moderate and vigorous-intensity physical activities (PA) 
thanks to a suite of skeletal, muscular, thermoregulatory, cardiovascular, and metabolic  adaptations1–4. Resting 
mass-specific minute ventilation ( V̇E) in humans averages approximately 0.1 L/min/kg, but vigorous aerobic PA, 
like running, requires sustained breathing rates of as much as 1.3–2.5 L/min/kg5,6. Consequently, an important 
adaptation for aerobic activity is the ability to increase maximal oxygen uptake ( V̇O2MAX) by augmenting aspects 
of ventilatory capacity, including the volume of air inspired per breath (tidal volume;  VT) and per minute ( V̇
E)6,7. Because these demands are even greater at high altitude (Fig. 1A), there has been strong selection for high-
altitude populations to facilitate aerobic PA in hypoxic environments by increasing V̇O2MAX

8. For example, Inca 
chaskis (messengers) were able to run 10–15 km at ~ 10 km/h through rugged Andean  terrain9.

Individual and population-level adaptations to high altitude have previously been shown to alter 
 physiology10–20 and increase respiratory  volumes21–30, chest  dimensions28,31–36 and V̇O2MAX

8,16,37,38. However, even 
though thoracic expansion can be predicted from a biomechanical model (Figs. S1 and S2) based on dorsoventral 
(pump-handle; PH) and mediolateral (bucket-handle; BH) rib movements (Fig. 2), there has been little research 
on variations in thoracic ventilatory biomechanics despite the importance of chest expansion and contraction 
for inhalation and exhalation.

Evidence that the human chest evolved to augment ventilation during  PA4 suggests that thoracic expansion 
may be increased in humans living at high altitude. Because acclimatization, development, and population-level 
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adaptations influence breathing in different oxygen  environments16, this study takes advantage of a natural 
 experiment16,37–39 to measure thoracic contributions to ventilation during activity among low- versus high-
altitude dwelling individuals from the Quechua people and from a sample of sea-level dwellers from the greater 
Boston area (Fig. 1A). Using population-level comparisons, we test the general hypothesis that increased ventila-
tory demand selected for increased thoracic ventilation. We also test three specific hypotheses concerning the 
basis for these  adaptations40,41:

(1) Adulthood Acclimatization Hypothesis: Individuals living in hypoxic high-altitude environments use more 
thoracic motion to breathe than individuals from the same population acclimatized to low altitude. We 
test differences in acclimatization by comparing Quechua living at high altitude (QLHA) in Cerro de Paco, 
Peru to Quechua born at high altitude who have migrated to sea level (QMSL) in Lima, Peru.

Figure 1.  (A) The partial pressure of inspired oxygen decreases with elevation. Participant populations were 
from different oxygen environments and experiments took place at different altitudes. (B) A participant 
outfitted with our nanocomposite devices, mask, and spirometer. (C) Approximate device placement on human 
participants (ventral view) corresponding to thoracic circumference measurements.

Figure 2.  The thorax increases in volume during ventilation due to the action of the ribs through the pump-
handle and bucket-handle motions. Changes in the maximum circumference of the thorax during ventilation 
result from the pump-handle (dorsoventral; red) and bucket-handle (mediolateral; blue) rib motions in humans.
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(2) Developmental Adaptation Hypothesis: Individuals developmentally adapted to high-altitude environ-
ments have increased chest dimensions and rib movements relative to members of the same population 
who developed at low altitude, thereby increasing chest expansion during ventilation. We test differences 
in high-altitude influenced developmental adaptation by comparing QMSL participants to Quechua born 
at sea level (QBSL).

(3) Population-Level Adaptation Hypothesis: Individuals from high-altitude populations use more thoracic 
motion to breathe than individuals from low-altitude populations, even when breathing at sea level, because 
of population-level increases in thoracic dimensions and thoracic motion. We test differences in population-
level adaptation by comparing high altitude-adapted QBSL participants to lowland participants living at 
sea level in Boston (LSL).

Results
Participants and anthropometrics. QBSL participants, QMSL participants, QLHA participants, and 
LSL participants did not differ significantly in age. Stature was not different between Quechua populations, 
though Quechua participants were significantly shorter on average than LSL participants (Table 1). QLHA and 
QMSL participants had smaller body masses compared to QBSL and LSL participants (Table 1). QBSL and LSL 
participants had shallower chests than QMSL and QLHA participants, and LSL chests were less broad than those 
from the Quechua populations (Table 1 and Table S1). However, LSL participants had significantly larger chest 
volumes, as expected based on height and body mass (Table 1). QMSL participants had larger unadjusted forced 
vital capacity (FVC) and forced expiratory volume  (FEV1) values relative to QBSL participants, similar to a pre-
vious study with similar  groups37.

Change in mass‑specific tidal volume, respiration rate and mass‑specific minute ventilation 
with heart rate. Mass-specific  VT (L/kg-BTPS; body temperature and pressure, saturated; Fig. S3) and res-
piration rate  (fR; Fig. S4A) increased with heart rate ( fH ,scope =

fH ,measured−fH ,resting

fH ,max−fH ,resting
× 100 ) across all populations. 

Mass-specific V̇E (L/kg/min-BTPS) also increased with  fH,scope in all populations due to larger  VT and faster  fR 
during walking and running (Fig. S4B). However, LSL and QLHA participants increased mass-specific V̇E (L/kg/
min-BTPS) 1.2–1.4 times more than in Quechua populations living at sea level (Fig. S4B).

Absolute change in thoracic volume with tidal volume. We measured thoracic movement and  VT 
over a range of  fH. The absolute change in thoracic volume per breath (L) increased with absolute  VT (L-BTPS) 
in all four populations (Fig. 3). However, despite having smaller absolute chest volumes (Table 1), change in tho-
racic volume per breath (L) rose 1.3–1.5 times more in Quechua populations than in LSL participants (p < 0.01; 
Fig. 3). The relative contribution of the thorax to  VT remained nearly constant across  fH in all populations, with 
no significant differences between observed between LSL and Quechua participants (Fig. S5A). However, when 
active, Quechua individuals appear to generally use the chest to breathe more than LSL participants (Fig. S5A), 
despite using the diaphragm to ventilate more during FVC (Fig. S5B).

Change in thoracic volume and thoracic ventilation during physical activity normalized to 
body mass and chest size. To test whether Quechua populations use thoracic movements relatively more 
than lowlanders to increase  VT during PA, we measured thoracic expansion and contraction,  VT and V̇E over a 
range of  fH (Fig. 4). Because mammalian lung volume scales isometrically with body  mass42,  VT was normalized 
by each participant’s body mass. Changes in thoracic volume were measured as the difference in thoracic volume 
between inspiration and expiration, and the change in thoracic volume per breath was then normalized to the 
average volume of the chest for each trial and calculated as percent changes to allow inter-individual compari-
sons between participants with different sized chests.

The change in thoracic volume per breath relative to thoracic volume increased with mass-specific  VT (L/kg-
BTPS) in all four populations (Fig. 4). However, normalized change in thoracic volume per breath rose 2.0–2.2 

Table 1.  Participant anthropometrics, with values given as mean ± SD. NS: not significant; *: p ≤ 0.05;  
**: p ≤ 0.01; ***: p ≤ 0.001.

QLHA (n = 20) QMSL (n = 17) QBSL (n = 16) LSL (n = 15)

Age (years) 23.15 (± 3.23)NS(QMSL),NS(QBSL),NS(LSL) 24.29 (± 3.27)NS(QHLA),NS(QBSL),NS(LSL) 24.06 (± 3.40)NS(QHLA),NS(QMSL),NS(LSL) 22.73 (± 4.01)NS(QHLA), NS(QMSL),NS(QBSL)

Standing height (cm) 164.78 (± 5.82)NS(QMSL),NS(QBSL),***(LSL) 165.57 (± 5.01)NS(QLHA),NS(QBSL),***(LSL) 166.09 (± 5.49)NS(QLHA),NS(QMSL),**
*(LSL)

178.93 (± 5.65)***(QLHA),***(QMSL),*
**(QBSL)

Body mass (kg) 64.94 (± 10.61)NS(QMSL),NS(QBSL),*(LSL) 67.97 (± 8.10)NS(QLHA),NS(QBSL),NS(LSL) 70.83 (± 9.98)NS(QLHA),NS(QMSL),NS(LSL) 72.51 (± 8.51)*(QLHA),NS(QMSL),NS(QBSL)

Sitting height (cm) 88.68 (± 2.82)NS(QMSL),NS(QBSL),***(LSL) 88.41 (± 2.16)NS(QHLA),NS(QBSL),***(LSL) 89.36 (± 3.55)NS(QHLA),NS(QMSL),**(LSL) 94.12 (± 2.97)***(QLHA),***(QMSL),*
*(QBSL)

BMI 23.89 (± 3.47)NS(QMSL),NS(QBSL),NS(LSL) 24.79 (± 2.72)NS(QLHA),NS(QBSL),*(LSL) 25.67 (± 3.22)NS(QLHA),NS(QMSL),*(LSL) 22.70 (± 3.04)NS(QLHA),*(QMSL),*(QBSL)

Resting chest depth (cm) 24.91 (± 4.10)NS(QMSL),NS(QBSL),NS(LSL) 25.56 (± 1.64)NS(QLHA),*(QBSL),*(LSL) 23.84 (± 2.83)NS(QLHA),*(QMSL), NS(LSL) 23.89 (± 1.72)NS(QLHA),*(QMSL),NS(QBSL)

Resting middle chest width 
(cm) 31.20 (± 1.55)NS(QMSL),NS(QBSL),NS(LSL) 31.00 (± 3.18)NS(QLHA),NS(QBSL),NS(LSL) 32.14 (± 2.79)NS(QLHA),NS(QMSL),NS(LSL) 30.87 (± 2.04)NS(QLHA),NS(QMSL),NS(QBSL)

Resting chest volume (L) 11.05 (± 2.71)NS(QMSL),NS(QBSL),***(LSL) 11.17 (± 2.17)NS(QLHA),NS(QBSL),***(LSL) 12.53 (± 2.90)NS(QLHA),NS(QMSL),***(LSL) 17.44 (± 2.36)***(QLHA),***(QMSL),***

(QBSL)
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Figure 3.  Absolute thoracic expansion and contraction (L) increased with absolute  VT (L) significantly more in 
QLHA (slope ± S. 0.75 ± 0.03,  R2 = 0.81; p = 0.002), QMSL (0.81 ± 0.04,  R2 = 0.87; p < 0.001) and QBSL (0.83 ± 0.06, 
 R2 = 0.82; p < 0.001) than in LSL (0.57 ± 0.05,  R2 = 0.52) participants. Shading represents 95% CIs.

Figure 4.  (A) Thoracic expansion and contraction relative to chest volume increased with mass-specific  VT (L/
kg) in QLHA (slope ± S. 4.49 ± 0.23,  R2 = 0.47), QMSL (4.84 ± 0.24,  R2 = 0.66), QBSL (4.51 ± 0.24,  R2 = 0.50), and 
LSL (2.27 ± 0.17,  R2 = 0.36) participants. Shading represents 95% CIs. (B) Normalized thoracic ventilation, or 
the amount air inhaled per minute using the chest normalized to average chest volume, increases with  fH,scope 
in all populations. (C) Normalized thoracic ventilation increases with mass-specific V̇E (L/min/kg-BTPS) in 
QLHA (slope ± S. 4.74 ± 0.19,  R2 = 0.80), QMSL (4.94 ± 0.23,  R2 = 0.78), QBSL (4.18 ± 0.22,  R2 = 0.78) and LSL 
(2.26 ± 0.15,  R2 = 0.55) participants. Shading represents 95% CIs. Multiple measures from individual participants 
are presented together for graphical clarity. Repeated measures in participants are accounted for and fixed effects 
assessed via non-linear mixed effects models using generalized least squares (see “Statistical analysis”).
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times more in Quechua populations than in LSL participants (p < 0.001; Fig. 4A). Significant differences between 
Quechua populations were not observed. Correspondingly, when  fR was taken into account, thoracic ventilation 
normalized to average chest volume ( Normalized Thoracic Ventilation =

Change in Thoracic Volume per Breath
Average Volume of the Chest × fR ) 

also increased with  fH,scope in all participants (Fig. 4B), though normalized thoracic ventilation increased 1.5–2.4 
times more in Quechua participants than in LSL participants with higher  fH (p < 0.001). Finally, normalized 
thoracic ventilation rose with mass-specific V̇E (L/kg/min-BTPS) in all populations (Fig. 4C). Again, normalized 
thoracic ventilation increased 1.9–2.2 times more in Quechua participants than in LSL participants (p < 0.001) 
with greater mass-specific V̇E (L/min/kg).

Change in thoracic ventilation corresponding to atmospheric oxygen concentration. Because 
every breath contains fewer oxygen molecules at altitude relative to sea level, we also corrected  VT by  PO2 to 
reflect the moles of the oxygen inhaled per minute (mass-specific  O2 ventilation; moles/kg/min-BTPS; Fig. 5). 
This correction permits us to test how thoracic function responds to the amount of oxygen present. QLHA par-
ticipants increased normalized thoracic ventilation approximately 1.7–2.0 times more than QMSL (p < 0.001) 
and QBSL (p < 0.001) participants with increasing mass-specific  O2 ventilation (moles/kg/min). QMSL and 
QBSL participants increased normalized thoracic ventilation approximately 1.9–2.2 times more than LSL par-
ticipants (p < 0.001). Finally, QLHA participants increased normalized thoracic ventilation 3.7 times more than 
LSL participants (p < 0.001) with increasing mass-specific  O2 ventilation (moles/kg/min).

Thoracic volume change at rest. We observed differences in resting thoracic volume change relative 
to average chest volume between QLHA participants and QMSL (p = 0.034) and QBSL (p = 0.075) participants 
(Fig. S6). The largest resting difference was observed between LSL and QLHA (p = 0.002) participants. Overall, 
Quechua populations had 1.4–1.9 times greater resting thoracic expansions and contractions than lowlanders 
at sea level.

Change in dorsoventral and mediolateral expansions with increasing heart rate. To test if spe-
cific rib movements, in conjunction with observed population differences in chest dimensions, affect thoracic 
function during PA, we measured PH and BH rib motions in participants to compare dorsoventral and medi-
olateral thoracic expansion. Dorsoventral (PH) and mediolateral (BH) thoracic expansion increased with  fH in 
all populations (Fig. S7). In the PH mechanism, dorsoventral expansion relative to chest depth increased 1.3–1.6 
times more in QLHA (p = 0.037), QMSL (p < 0.001) and QBSL (p < 0.001) participants than in LSL participants. 
In the BH mechanism, change in mediolateral expansion relative to chest width was 2.3–3.1 times greater in 
QLHA, QMSL and QBSL participants than in LSL participants (p < 0.001). Significant differences between Que-
chua populations were not observed in either dorsoventral or mediolateral expansions in response to faster  fH.

Change in dorsoventral and mediolateral expansions with increasing tidal volume. Dor-
soventral and mediolateral thoracic expansion increased with mass-specific  VT (L/kg-BTPS) in all popula-
tions (Fig. 6A). Dorsoventral expansion increased approximately 1.1–1.4 times more in LSL participants than 
in Quechua participants as mass-specific  VT increased (p < 0.01), meaning increasing tidal volume required 
greater amounts of relative dorsoventral expansion in LSL than in Quechua participants. Mediolateral expansion 
increased approximately 1.2–1.5 times more in LSL participants than in Quechua participants as mass-specific 
 VT increased (p < 0.01). Again, increasing tidal volume required greater amounts of relative mediolateral expan-
sion in LSL individuals than in Quechua participants.

Figure 5.  Normalized thoracic ventilation (the amount air inhaled per minute using the chest normalized 
to average chest volume) increases with mass-specific  O2 ventilation (moles/min/kg) in QLHA participants 
(slope ± S. 885.01 ± 34.82,  R2 = 0.80), QMSL (527.98 ± 24.99,  R2 = 0.78), QBSL (445.90 ± 22.99,  R2 = 0.78) and 
LSL participants (241.23 ± 16.05,  R2 = 0.55). Shading represents 95% CIs. Multiple measures from individual 
participants are presented together for graphical clarity. Repeated measures in participants are accounted for 
and fixed effects assessed via non-linear mixed effects models using generalized least squares (see “Statistical 
analysis”).
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Figure 6.  (A) Dorsoventral expansion normalized to chest depth (PH) drives increases in thoracic volume. Mass-specific 
 VT (L/kg-BTPS) increases with both dorsoventral and mediolateral thoracic expansion in all populations. Mass-specific  VT 
(L/kg-BTPS) increased with maximum dorsoventral expansion relative to chest depth more in LSL participants (slope ± S. 
0.37 ± 0.02,  R2 = 0.70) than Quechua participants (p < 0.01). QLHA (0.35 ± 0.02,  R2 = 0.72; p = 0.006) and QMSL (0.32 ± 0.02, 
 R2 = 0.73; p = 0.091) increased more than QBSL (0.27 ± 0.02,  R2 = 0.60). Mass-specific  VT (L/kg-BTPS) also increased with 
maximum mediolateral expansion relative to chest width significantly more in LSL participants (0.51 ± 0.03,  R2 = 0.71) than 
QLHA (p = 0.005), QMSL (p < 0.001) and QBSL (p < 0.001) participants. QLHA (0.42 ± 0.02,  R2 = 0.73) exhibited greater 
amounts of mediolateral expansion normalized to chest width (BH) relative to QMSL (0.35 ± 0.02,  R2 = 0.82; p = 0.020) and 
QBSL (0.36 ± 0.02,  R2 = 0.73; p = 0.081). QMSL and QBSL did not differ significantly (p = 0.739). Shading represents 95% 
CLs. (B) Change in thoracic volume relative to chest volume increased with maximum dorsoventral expansion relative to 
chest depth (PH) more in QLHA (p < 0.001), QMSL (p < 0.001) and QBSL (p = 0.101) participants than in LSL participants 
(slope ± S. 1.03 ± 0.07,  R2 = 0.47). QLHA (1.64 ± 0.12,  R2 = 0.44) and QMSL (1.62 ± 0.12,  R2 = 0.56) exhibited similar amounts 
of thoracic volume change relative to dorsoventral expansion (p = 0.927), while QBSL (1.27 ± 0.13,  R2 = 0.37) had less thoracic 
volume change resulting from similar amounts of dorsoventral expansion than QLHA (p = 0.038) and QMSL (p = 0.042) 
participants. Change in thoracic volume relative to chest volume increased with maximum mediolateral expansion relative 
to chest width (BH) more in QLHA (p < 0.001), QMSL (p = 0.015) and QBSL (p = 0.187) participants than in LSL participants 
(1.35 ± 0.12,  R2 = 0.34). QLHA (2.07 ± 0.13,  R2 = 0.43), QMSL (1.76 ± 0.11,  R2 = 0.68; p = 0.075) and QBSL (1.61 ± 0.15,  R2 = 0.38; 
p = 0.024) exhibited similar amounts of thoracic volume change relative to dorsoventral expansion. QMSL and QBSL were not 
significantly different (p = 0.439). Shading represents 95% CIs. Multiple measures from individual participants are presented 
together for graphical clarity. Repeated measures in participants are accounted for and fixed effects assessed via non-linear 
mixed effects models using generalized least squares (see “Statistical analysis”).
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Dorsoventral and mediolateral thoracic expansions with increasing thoracic volume 
change. Change in thoracic volume relative to chest volume increased with dorsoventral expansion and 
mediolateral expansion in all populations (Fig. 6B). Change in thoracic volume increased with maximum dor-
soventral expansion relative to chest depth approximately 1.3–1.6 times more in Quechua participants than in 
LSL participants, meaning dorsoventral expansion in Quechua participants resulted in larger increases in tho-
racic volume than in LSL participants. QBSL participants had less overall thoracic volume change resulting from 
similar amounts of dorsoventral expansion than QLHA (p = 0.038) and QMSL (p = 0.042) participants.

Change in thoracic volume relative to chest volume also increased with maximum mediolateral expansion 
relative to chest width approximately 1.2–1.6 times more in Quechua participants than in LSL participants. Con-
sequently, mediolateral expansion in Quechua participants resulted in larger changes in thoracic volume than 
in LSL participants. QBSL participants had less overall thoracic volume change resulting from similar amounts 
of mediolateral expansion than QLHA (p = 0.024) and QMSL (p = 0.439) participants. Overall, dorsoventral 
and mediolateral chest expansions increased thoracic volume more in Quechua participants than in sea-level 
lowlanders.

Discussion
This study’s primary aim was to test if increased oxygen demand during sustained PA selected for increased tho-
racic ventilation in humans from hypoxic high-altitude environments. Although high-altitude adapted humans 
are known to have larger lung volumes and physiological adaptations to increase oxygen transport in the body, 
it is not known if individuals in these populations are able to increase the amount of overall thoracic expansion 
and contraction per breath as  VT increases. To address this question, we took advantage of a natural experiment 
by comparing rib kinematics during aerobic activity in Quechua individuals, a population generally adapted 
to high altitude that now includes individuals who live at different elevations and, hence, in different oxygen 
environments. We found that Quechua participants, regardless of whether they live at high or low altitude, 
increased thoracic volume change approximately twofold more than low-altitude native participants from the 
sea-level Boston area (LSL) during moderate-intensity endurance activity despite having absolutely smaller chests 
(Table 1), thereby supporting our Population-Level Adaptation Hypothesis (Figs. 3, 4A). Greater thoracic volume 
change was observed in Quechua relative to LSL participants even at rest (Fig. S6), and thoracic ventilation was 
also found to be greater in Quechua than in LSL participants (Fig. 4B,C).

When controlling for differences in available oxygen in different altitude environments, differences in thoracic 
function between Quechua populations emerged (Fig. 5). QLHA were able to achieve similar oxygen intake at 
high altitude as sea-level populations despite every breath of air containing approximately 60% of the oxygen 
molecules relative to sea level. QLHA achieved this, in part, by increasing thoracic expansion and contraction 
during each ventilatory cycle (Figs. 3, 4, 5). Quechua living at sea level (QMSL and QBSL participants) were also 
found to have greater amounts of thoracic volume change relative to oxygen intake compared to LSL participants 
(Fig. 5). Observed differences in normalized thoracic ventilation between QLHA and QMSL participants suggest 
that acclimatization to different oxygen environments results in differences in thoracic ventilatory function, sup-
porting our Adulthood Acclimatization Hypothesis. Individuals living in a hypoxic high-altitude environment 
expand their chests more to breathe. However, because differences are observed between all Quechua populations 
and LSL participants, increased thoracic ventilation is partially a population-level adaptation.

Although we found population-level differences in ventilatory capacity, this study also found that Quechua 
living at sea level (QMSL and QBSL participants) had reduced  fR and mass-specific V̇E at a given  fH relative to 
QLHA and LSL participants (Fig. S4). This finding suggests that Quechua individuals do not need to dramatically 
increase  fR and mass-specific V̇E at sea level due to physiological adaptations for increased extraction of oxygen 
from inhaled air, such as greater hemoglobin-oxygen affinity. Lowlanders at sea level, however, must increase 
V̇E during aerobic activity to a greater extent than Quechua likely because they lack underlying physiological 
adaptations to increase the efficiency of oxygen diffusion from the lungs into the bloodstream, as also suggested 
by numerous studies reporting enlarged lung volumes in Quechua  populations22,25,26,32,37,43.

Regardless of physiological adaptations for oxygen diffusion, Quechua individuals at high altitude and sea 
level augmented V̇E not only through increased diaphragmatic ventilation but also through increased thoracic 
expansion and contraction. QLHA individuals increased normalized thoracic ventilation the most, followed by 
QMSL and QBSL individuals, respectively (Fig. 4B). All three Quechua populations increased normalized tho-
racic ventilation to a greater extent than LSL participants during aerobic activity. We therefore conclude that the 
thorax contributes to increased V̇E more in high-altitude adapted Quechua, regardless of oxygen environment, 
than in lowlanders, suggesting underlying population-level selection.

In terms of the mechanical bases for differences in these ventilatory capacities, we found that Quechua and 
lowlander thoraxes functioned differently both in terms of dorsoventral and mediolateral expansion, as predicted 
based on the shape of the chest. Andean populations have been found to have both wider and deeper  chests28,31–36, 
and the Quechua individuals included in this study were no exception (Table 1 and Table S1). We found that 
Quechua participants who had grown up or lived at high altitude had deeper chests than LSL participants. 
Quechua populations generally had both deeper and wider chests than LSL participants despite being shorter 
and having less body mass, demonstrating population-level inheritable thoracic adaptations to high altitude. 
Correspondingly, relative mediolateral and dorsoventral chest expansions were greater in all Quechua than in 
LSL participants (Fig. 6). However, we also found that QLHA and QMSL participants had deeper chests than 
QBSL participants, an additional developmental effect on chest shape. The functional consequence of deeper 
chests in Quechua was increased dorsoventral expansion during ventilation in Quechua populations that had 
grown up at high altitude, supporting the Developmental Adaptation Hypothesis (Fig. 6). Overall, QLHA and 
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QMSL participants had greater observed dorsoventral thoracic expansion than QBSL participants, though similar 
amounts of mediolateral expansion.

This study has several limitations. First, thoracic expansion and contraction was quantified using wearable 
devices made from polymer nanocomposites that measure change in thoracic circumference at three different 
points on the chest (Fig. 1B,C). Overall thoracic volume was calculated through time using the  devices44,45 and 
by modeling the thorax as a multi-part, truncated cone (adapted from  Ruff46; Fig. S10). This method was shown 
to be reliably accurate (Fig. S8) compared to validated 3D motion capture  methods4. However, we estimated 
thoracic expansion using three separate models to estimate maximum and minimum possible measurements of 
thoracic expansion (Fig. S8). The results presented here reflect the findings of a more conservative model (Model 
2), meaning thoracic expansion in our Quechua participants could be even greater than presented. Regardless, 
even the most conservative estimates of thoracic expansion and contraction during ventilation obtained using 
the nanocomposite devices suggest significant differences between high-altitude adapted Quechua populations 
and LSL participants, in agreement with significant differences in PH and BH motion observed between the 
populations. Hence, we are confident that differences in thoracic function exist between high-altitude and sea-
level populations. Second, the use of surface devices can lead to error in kinematic measurements due to under-
lying subcutaneous fat and muscle. However, because we measured change in volume rather than volume itself, 
our results were likely unaffected by these issues. Third, measurements of thoracic expansion and contraction 
were obtained only during sustained walking and running on a treadmill. Running speed and heart rate were 
constrained to ensure Quechua participant safety, especially for participants who were unfamiliar with running 
on a treadmill. However, moderate-intensity aerobic activities such as carrying heavy loads and trekking up 
inclines were not measured. That said, our study does measure ventilation in response to increasing heart rate 
rather than relying on measurements taken during specific gaits, making deviations in thoracic function during 
other moderate-intensity endurance activities unlikely. Fourth, Quechua ancestry was not directly measured. 
However, there is little reason to doubt Quechua ancestry in our sample populations as the inclusion criteria for 
participation in the study were thorough, including a family history that determined Quechua ancestry through 
established methods such as knowledge of the Quechua language and surname  analysis27,38,47. Most importantly, 
we compared thoracic function only between male Quechua participants and lowland males living within the 
greater Boston area. Although our research questions concerning thoracic function apply equally to women, we 
were not able to measure women in this study because to measure thorax movements accurately nanopolymer 
devices need to be applied to the thorax of shirtless participants. Future research using alternative methods are 
needed to test for differences in thoracic expansion between males and females. Additionally, it would also be 
useful to study other populations with long-term exposure to high altitude, such as Tibetans. Finally, low-altitude 
short-term visitors to high altitude and low-altitude populations living and acclimatized to high-altitude envi-
ronments were not studied. Expanding future research to include more varied populations will help us better 
understand the plasticity of thoracic function in response to different oxygen environments.

Our measured differences in thoracic biomechanics between human populations with different adaptations 
to altitude and living in different oxygen environments have broader implications for the effects of oxygen 
demands on human evolution. Evidence of derived concavo-convex costovertebral joints in Homo erectus, Homo 
neanderthalensis and Homo sapiens suggests that the genus Homo evolved to supplement diaphragmatic ven-
tilation with thoracic ventilation, which was likely constrained in australopiths and other previous hominin 
 ancestors4. Specifically, while all mammals use diaphragmatic breathing to increase  VT with increasing oxygen 
demand, bipedal humans expand the thorax using both dorsoventral and mediolateral rib motions. Our study 
of high-altitude and low-altitude populations demonstrates that a combination of acclimatization to novel oxy-
gen environments, developmental adaptation, and population-level adaptation influence thoracic function in 
response to increased oxygen demand. Changes in chest function that increase thoracic ventilation, the same 
modifications evident in all humans relative to  apes4, are more pronounced in humans living at high altitude, 
suggesting that the human thorax has an impressive degree of phenotypic and functional plasticity. As a spe-
cies, humans have evolved to use the thorax to ventilate while performing sustained moderate to high-intensity 
aerobic activities like running. Thus, it is hardly surprising that thoracic adaptations for ventilation, much like 
other respiratory and physiological modifications, are enhanced in a population living in an extreme hypoxic 
environment. Selection for endurance activity apparently changed how we breathe and allowed human life to 
spread from the savannah to top of the world.

Online methods
Participants. Healthy, adult males (age 19–30 years old) with no history of major neuromuscular, cardio-
vascular or respiratory disease were recruited from three different Quechua participant populations and com-
pared to sea-level lowland participants (Fig. 1, Table 1 and Table S1). Although this study’s research questions 
concerning thoracic function apply equally to women and men, we were not able to measure women because rib 
motion can be measured only in shirtless participants. All participants provided written informed consent, and 
prior approval for the experiments was obtained from the Committees on the Use of Human Subjects at Harvard 
University, Cambridge, Massachusetts, and Universidad Peruana Cayetano Heredia, Lima, Peru. All research 
was performed in accordance with relevant guidelines and regulations. Recruited participants were informed of 
the study by word-of-mouth through recruiters who were members of the local community. Two such recruiters, 
one in Lima, Peru, and one in Cerro de Pasco, Peru, were responsible for enrolling participants, the majority of 
whom were either students or university workers. Both recruiters had been involved in previous research pro-
jects conducted by the Universidad Peruana Cayetano Heredia. Potential participants were screened via a brief 
clinical history and physical examination for conditions contraindicating participation in the study protocols. 
Inclusion criteria were being 18–30 years old, male, fluent in Spanish, and having Quechua ancestry. Exclusion 
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criteria included any injury or pain that impaired their gait or stability, dizziness, fever, or discomfort with walk-
ing on a treadmill. We also excluded participants who had been told by their physician to limit physical activity 
or who had reportedly passed out during exercise during the last 3 years. No minimum level of regular exercise 
was required to enroll in the study, but individuals with previously diagnosed heart conditions, exertional chest 
pain, high blood pressure, or using medications to treat high blood pressure were excluded. No professional 
athletes or individuals with significant athletic training during their lifetime enrolled in the Peruvian or Boston 
portions of the study. Inclusion criteria were not specifically revealed to participants during the participant 
interview to better establish an accurate family and migration history. Participants were given a questionnaire 
to determine the altitude environments at which they had lived for prolonged periods of time and to establish 
family history. All Quechua individuals included in this study satisfied at least two of three criteria to establish 
Quechua  ancestry38: (1) presence of at least one or more Quechua surnames from both parental lineages; (2) 
participants identified themselves as having ancestors from the highlands; and, (3) knowledge of the Quechua 
language by themselves and/or at least one of their parents or grandparents (Quechua is not taught at school and 
it is only learned via exposure to the language through family members).

Three Peruvian populations were studied and compared to a previously studied lowlander population from 
 Boston4. Population 1 consisted of Quechua participants who were born and raised at sea level (QBSL; n = 16). 
QBSL participants accepted into the study met the following criteria: (1) they were born in Lima or near sea level, 
(2) both parents were born at altitude greater than 3000 m, (3) both sets of grandparents were born at altitude 
greater than 3000 m, and (4) at least 95% of their growth and development period (birth to 18 years) was spent 
in Lima or at sea level. Highland visits by these participants were limited to no more than 2 weeks/year total. 
If any participant spent more than two uninterrupted months in the highlands at any time during growth and 
development, he was excluded from the study.

Population 2 consisted of Quechua participants who were born and raised above 3000 m but who migrated 
permanently to sea level (QMSL; n = 17). Participant recruitment and interview strategies were the same as those 
employed with QBSL participants. QMSL participants accepted into the study met the following criteria: (1) they 
were born and raised at altitude greater than 3000 m; (2) both parents were born at altitude greater than 3000 m; 
(3) both sets of grandparents were born at altitude greater than 3000 m; (4) at least 83% of their growth and 
development period was spent at altitude greater than 3000 m; and, (5) had lived at sea level for at least 4 years.

Population 3 consisted of Quechua participants born above 3000 m living at high altitude (QLHA; n = 20). 
Participant recruitment and interview strategies were the same as those employed with QBSL and QMSL par-
ticipants. QLHA participants accepted into the study met the following criteria: (1) they were born and raised 
at altitude greater than 3000 m; (2) both parents were born at altitude greater than 3000 m; (3) both sets of 
grandparents were born at altitude greater than 3000 m; and (4) at least 95% of their growth and development 
period was spent at altitude greater than 3000 m. None of these participants was involved in lead mining activi-
ties, reducing the potential damaging effects on the respiratory system inherent with the occupation and which 
have affected previous research conducted in Cerro de Pasco, and no participants had any symptoms of Chronic 
Mountain Sickness (CMS).

Anthropometry. We measured height, body mass, chest width, chest circumference, and chest depth in all 
 participants48. Chest width, chest circumference, and chest depth were measured at three levels on the thorax 
in Quechua participants. Forced vital capacity (FVC) and forced expiratory volume  (FEV1) were also measured.

Kinematics/experimental trials. Kinematic data was collected in two separate experiments. Experiment 
1 was conducted in Lima, Peru (elev. 154 m), with Quechua participants who were born and raised above 3000 m 
but who migrated permanently to sea level (QMSL; n = 17) and Quechua participants who were born and raised 
at sea level (QBSL; n = 16). Experiment 2 was conducted at Cerro de Pasco, Peru (elev. 4340 m) with Quechua 
participants born above 3000 m living at high altitude (QLHA; n = 20).

Participant V̇O2 and associated heart rates  (fH) were measured using a portable respirometry system (Sable 
Systems, North Las Vegas, NV, USA) and  fH monitor (Suunto, Vantaa, Finland). As part of a method for estimating 
 fH,MAX, participants carried out a 1-mile, steady-state jog while wearing the devices. Running speed was restricted 
to slower than 8.0 min/mile to prevent possible injury, to familiarize participants with walking and running on a 
treadmill, and to correspond with V̇O2 estimation  protocols49. V̇O2MAX was estimated based on test performance, 
sex and body metrics using an accepted validation  model49. Predicted maximal  fH was determined based on 
calculated V̇O2MAX and the V̇O2 and associated  fH measured during the test ( fH ,MAX =

V02MAX,estimated

VO2,test
× fH ,test ). 

Specific  fH targets for the remainder of the study were calculated from this maximal  fH to allow for a broad range 
of aerobic intensities to be measured corresponding with percentages of V̇O2MAX.

All participants were outfitted with newly developed, wearable devices made from polymer nanocomposites 
(portable C-Stretch strain sensors; Bando Chemical Industries, Ltd., Japan) that measure thoracic expansion 
and contraction. The nanocomposite devices were used to measure change in thoracic circumference at different 
points on the chest, as well as independent dorsoventral and mediolateral thoracic expansions (Fig. S9). The over-
all thoracic volume was calculated through time using the  devices44,45. Using a multi-part, truncated cone model 
to determine resting volume of the thorax (adapted from  Ruff46; Fig. S10), the nanocomposite devices accurately 
and reliably measure changes in thoracic volume (orthogonal fit ratio = 0.997; see “Statistical analysis”, below).

All participants completed a series of randomized trials on a portable treadmill at rest and approximately 
40%, 60% and 80% of estimated maximum  fH with treadmill speed adjusted based on real-time  fH measure-
ments. Participants walked or ran for 5–10 min per trial. During each experimental condition, measurements 
of inspiratory flow and volume (tidal volume;  VT) were taken using a spirometer (ML311, ADInstruments, 
Colorado Springs, CO, USA) attached to a one-way flow respirometry mask and using Lab Chart spirometry 
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software (AD Instruments). Resting respiratory frequency, resting  VT, maximum voluntary inspiratory volume, 
and maximum voluntary expiratory volume were measured using the spirometry apparatus attached to a two-
way flow mouthpiece.

Statistical analysis. To assess the reliability and accuracy of our volumetric calculations of thoracic volume 
using the nanocomposite devices, we used the above methods to measure the volume in human participants 
(n = 5) in a lab. Our field volumetric assessment method was then tested using an orthogonal regression test 
examining the linear relationship between two continuous variables and comparing expected volume meas-
urements, measured using validated 3D motion capture  methods4, with those observed/measured using the 
nanocomposite devices.

Data analysis was performed in JMP Pro 15 (SAS Institute Inc., Cary, NC, USA) and  R50. Because mammalian 
lung volume scales isometrically with body  mass42,  VT was standardized by body mass to allow for comparisons 
across participants and across populations. Likewise, maximum dorsoventral and mediolateral thoracic expan-
sion was standardized by chest depth and width, respectively. Changes in thoracic volume were measured as the 
difference in thoracic volume between inspiration and expiration. The change in thoracic volume per breath was 
then standardized to calculated volume of the chest based on the multi-part, truncated cone model (Fig. S10) 
and calculated as the percentage change to allow comparisons across populations.

To account for repeated measures and non-parametric data, non-linear mixed effects models using general-
ized least squares were used to assess fixed effects, including age,  fH and population, on thoracic response vari-
ables across populations. Individual subject ID was included as a random effect and subjects were treated as a 
random sample from their larger populations. Differences in slope between groups were assessed using a repeated 
measures ANCOVA. Differences in resting thoracic volume change were assessed using a pairwise Wilcoxon test.

Data availability
Data is available through the Dryad digital repository.
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