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Lowland Origin Women Raised at High Altitude are not Protected Against
Lower Uteroplacental O2 Delivery During Pregnancy or Reduced Birth Weight
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1Department of Emergency Medicine, Altitude Research Center, University of Colorado Denver, Aurora, Colorado
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Objective. Maternal physiologic responses to pregnancy promoting fetal oxygen and nutrient delivery are important
determinants of reproductive success. Incomplete physiologic compensation for reduced oxygen availability at high alti-
tude (�2,500 m) compromises fetal growth. Populations of highland (e.g., Andeans, Tibetans) compared with lowland
origin groups (e.g., Europeans, Han Chinese) are protected from this altitude-associated decrease in birth weight; here
we sought to determine whether maternal development at high altitude—rather than highland ancestry—contributed
to the protection of birth weight and uterine artery (UA) blood flow during pregnancy.

Methods. In women of lowland ancestry who were either raised at high altitude in La Paz, Bolivia (3,600–4,100 m)
(‘‘lifelong,’’ n 5 18) or who had migrated there as adults (‘‘newcomers,’’ n 5 40) we compared maternal O2 transport dur-
ing pregnancy and their infant’s birth weight.

Results. Pregnancy raised maternal ventilation and arterial O2 saturation equally, with the result that arterial O2

content was similarly maintained at nonpregnant levels despite a fall in hemoglobin. UA blood flow and uteroplacental
O2 delivery were lower in lifelong than newcomer residents (main effect). Birth weight was similar in lifelong residents
versus newcomers (2,948 6 93 vs. 3,0906 70 gm), with both having values below those of a subset of eight high-altitude
residents who descended to deliver at low altitude (3,418 6 133 gm, P < 0.05).

Conclusion. Lifelong compared with newcomer high-altitude residents have lower uteroplacental O2 delivery and
similar infant birth weights, suggesting that developmental factors are likely not responsible for the protective effect of
highland ancestry. Am. J. Hum. Biol. 23:509–516, 2011. ' 2011 Wiley-Liss, Inc.

High altitude is a valuable context for understanding
the processes of human adaptation since maternal physio-
logic responses to pregnancy at high altitude constitute a
major effect on reproductive fitness. It has been well
established that high-altitude residence decreases birth
weight and that populations of highland ancestry (Tibe-
tans, Andeans) have less severe reductions in birth weight
at high altitude than populations that migrated more
recently from low to high altitude (Europeans, Han Chi-
nese) (Moore, 2011). Considerable evidence also demon-
strates that women of highland origin have higher levels
of uterine artery (UA) blood flow and uteroplacental O2

delivery than those of lowland origin (Chen et al., 2002;
Julian et al., 2009; Moore et al., 2001; Wilson et al., 2007;
Zamudio et al., 2007). Comparing across altitudes, women
of highland ancestry achieve normal or perhaps even ele-
vated UA blood flow during pregnancy whereas UA blood
flow of European (or other lowland origin) is reduced at
high compared with low altitude in studies conducted
using the same equipment and operator (Julian et al.,
2009; Zamudio et al., 1995). One possibility for explaining
the protective effects of highland ancestry is that genetic
variants enabling a normal, pregnancy-associated rise in
UA blood flow under conditions of chronic hypoxia have
been selected for in Andeans and/or Tibetans. Alterna-
tively, since populations of highland origin not only have a
longer generational history of high-altitude residence but
also the individual women have had a longer duration of
high-altitude exposure, developmental factors may also be
responsible for the protective effect of highland ancestry.
Developmental factors have been shown, for example, to
play a role in deciding the increase in lung volume seen in

residents of high altitude (Frisancho et al., 1973; Johnson
et al., 1985). Against the possibility that developmental
factors are involved, previous studies have shown birth
weights not to differ in babies born to lifelong versus new-
comer high-altitude residents in Colorado (Moore et al.,
1982b; Weinstein and Haas, 1977) and lower birth weights
in lifelong European versus Andean residents of high alti-
tude (Haas et al., 1980); three unique features of this
study expand upon these initial findings. First, we con-
sider that if a difference in birth weight existed between
‘‘newcomers’’ and ‘‘lifelong’’ high-altitude residents, that it
would more likely be revealed at the higher elevations of
La Paz, Bolivia (3,600–4,100 m) than in the comparatively
lower altitudes of Colorado (3,100 m). Second, recent tech-
nologic advances permit non-invasive measurements of
UA blood flow to assess the potential role of development
at high altitude on maternal vascular adaptation to preg-
nancy. Finally, using novel genetic methods it is now pos-
sible to assess genetic admixture and genetic ancestry
with a much higher resolution than that obtained by
surname analysis. We therefore undertook the present
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investigation to ask whether women of lowland ancestry
who were either newcomer versus lifelong residents of
high altitude differed in terms of their maternal O2 trans-
port responses to pregnancy and/or infant’s birth weight.
Studies were conducted in La Paz, Bolivia where persons
of European ancestry have resided at altitudes �3,600 m
for relatively short periods of time (one to four genera-
tions). Maternal uteroplacental O2 delivery and its proxi-
mal determinants were measured serially during
pregnancy and again postpartum as an index of the non-
pregnant state, and infant birth weight determined at
delivery. We considered that such studies would be
informative for determining whether the protective effects
of highland ancestry on UA blood flow and infant birth
weight are acquired during development.

MATERIALS AND METHODS

Subjects

Subjects were 58 healthy women currently residing at
high altitude in La Paz, Bolivia (3,600–4,100 m) who were
recruited through prenatal care clinics. Studies were con-
ducted at the Instituto Boliviano de Biologı́a de Altura
(Bolivian High-Altitude Biology Institute) and the Clinica
del Sur (Southern Clinic) in La Paz. Inclusion criteria
were that the women be of European or other lowland
ancestry, in good health, receiving prenatal care, and at
no known risk for developing pregnancy complications
(e.g., history of preeclampsia or diabetes). The women
granted informed consent to study procedures that had
been approved by the Colorado Multiple Institutional
Review Board (COMIRB) and the Colegio Médico, the
equivalent ethical review group in Bolivia. Subjects were
defined as ‘‘lifelong’’ residents (n 5 18) if they had been
raised at high altitude (>2,500 m) and ‘‘newcomers’’ (n 5
40) if they migrated to high altitude as adults. Subjects
included in this report are a subset of the 137 subjects
who took part in a larger study designed to identify the
role of increased maternal UA blood flow in protecting
Andeans from altitude-associated reductions in infant
birth weight (Julian et al., 2009).

Variables and definitions

Maternal residential history, socioeconomic, health, and
reproductive history were obtained by questionnaire.
Three women (all lifelong high-altitude residents) smoked
during pregnancy but since there were no differences
between smokers and nonsmokers for the primary out-
come variables for lifelong residents (e.g., smoking had no
effect on birth weight) these women were retained in the
analyses reported here. Ancestry was determined by self-
identification, parental and grandparental surnames
(Chakraborty et al., 1989), and a panel of 100 ancestry-in-
formative genetic markers (AIMs) (Shriver et al., 2003).
Nearly half the women (four lifelong and 23 newcomer
residents) had �80% European AIMs. For those with
<80% European AIMs it was evident that Indigenous
American ancestry was derived from lowland sources
(e.g., Guarani, Aztec) both by self-report and surname
analysis and hence these women were included in the
analyses reported here.
Blood pressure was measured by arm cuff sphygmoma-

nometer, and averaged from measurements made on the

right and left sides. Maternal heart rate was measured by
auscultation. Maternal body weight and height were
obtained while lightly clothed. For assessing proteinuria,
a clean-catch urine specimen was obtained at each visit
using Albustix (Bayer, Elkhart, IN) and scored as nega-
tive, trace, 11, 21, 31, �41. Triceps and subscapular
skinfolds were averaged from the right and left sides and
summed as an index of maternal body fat.
All ventilatory studies were performed between 9:00 am

and noon after an at least 2 hour fast. While resting qui-
etly in the seated position and breathing room air through
a bidirectional respiratory valve with a mouthpiece and
nose clip in place, ventilation (VE), end-tidal O2 and CO2

tensions (PETo2 and PETco2), arterial O2 saturation
(SaO2), and heart rate were monitored for 5 to 8 min or
until values became stable as previously described
(Vargas et al., 2007). PETco2 was used as an index of
Paco2 because it provides an accurate measure of alveolar
ventilation per unit CO2 production that is independent of
body size. SaO2 was measured in a warmed digit by pulse
oximetry (Biox 3700, Ohmeda, Louisville).
Blood was withdrawn from the antecubital vein by rou-

tine venipuncture. Hematocrit and hemoglobin concentra-
tion were determined using the microcentrifuge technique
and the cyanmethemoglobin technique or OSM3 oximeter,
respectively. Arterial O2 content (CaO2) was calculated as
SaO2 3 hemoglobin (hb) concentration (gm/dl) 3 1.36 (i.e.,
ml of O2 that can bind to each gram of Hb). Vessel diame-
ters and flow velocities (peak systolic velocity [PSV],
either minimum or end-diastolic velocity [MDV, EDV],
and the time-averaged mean [TAM] velocity) were meas-
ured pericutaneously using an ATL3000 ultrasound unit
and a 4 MHz curved linear array probe configured for
obstetrical use with color imaging and Doppler as previ-
ously detailed (Wilson et al., 2007). Maternal vessels,
blood flows, and resistance indices were examined bilater-
ally and results reported as the average of the right- and
left-side measurements. Vessel blood flows were calcu-
lated as pr 2 3 TAM 3 60 where r is the vessel radius esti-
mated without color imaging (Palmer et al., 1992; Wilson
et al., 2007). Uteroplacental O2 delivery was calculated as
the product of CaO2 and UA blood flow, and is expressed
as ml O2 3 ml blood21 3 min21. All measurements were
made using the same machine, location, and operator.
Birth weight, gestational age, infant sex, length, head

circumference, and Apgar scores were obtained from med-
ical records completed by hospital personnel at the time of
birth. Although newborn anthropometry was performed
by different personnel, data suggest that trained person-
nel have a low technical error of measurement, and values
obtained have an acceptably low level of biased (WHO,
2006). Gestational age was calculated as weeks from the
last menstrual period, which was equivalent in all cases to
that estimated by fetal ultrasound at week 20. Preterm
was considered as <37 weeks and postterm as >42 weeks
gestation. Infants were classified as small for gestational
age (SGA) when the birth weight for gestational age and
sex was less than the 10th percentile of sea-level values
(Williams et al., 1982). Eight of the high-altitude residents
(seven newcomers, and one lifelong resident) descended at
or near the beginning of the third trimester to give birth
at low altitude. Newborn information for infants born at
low altitude was obtained by requesting newborn and
delivery records from the hospital where the delivery
took place.
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Statistics

Data are expressed as the mean 6 SEM or the 95% CI
for proportions. Comparisons between lifelong versus
newcomer residents at single times were conducted using
student’s t-tests for continuous variables and chi-square
for nominal or ordinal variables. The effects of pregnancy
or high-altitude residence were tested using one- or two-
way analysis of variance or covariance with contrasts and
Tukey’s multiple comparisons as appropriate. Correlation
was employed to identify those maternal and infant char-
acteristics related to birth weight and ponderal index
among our study subjects, with the criterion for inclusion
and exclusion at P � 0.10. Significant covariates (birth
weight: gestational age; ponderal index: maternal income
and parity) were set to average values for the two groups
combined in order to isolate the effect of group on birth
weight or ponderal index, respectively. Power analyses
were conducted to evaluate the sample sizes required for
detecting significant birth-weight differences between the
lifelong and newcomer high-altitude residents using an
alpha of 0.05. All analyses were conducted using SPSS
18.0 (Chicago, IL). Significance was reported when P <
0.05 and trends were considered when 0.05 < P < 0.10.

Protocol

Women were studied at weeks 20 (21.9 6 0.4) and 36
(36.4 6 0.2) of gestation and 4 (3.8 6 0.3) months postpar-
tum as an index of the nonpregnant state. Background
information was obtained by questionnaire on the initial
visit, and followed by a physical exam, ventilatory studies,
blood sample collection and an ultrasound exam at each
visit.

RESULTS

Maternal characteristics

Age, educational status, reproductive history, weight at
36 weeks of pregnancy, pregnancy weight gain, skinfolds,
and household income were similar but lifelong residents
were shorter than newcomer women (Table 1). By study
design, lifelong residents spent their childhoods at higher
altitudes (3,530 6 112 m vs. 451 6 117 m, P < 0.0001) and
had lived longer at high altitude than newcomers. All but
five of the lifelong residents were born at high altitude;
the average age of upward migration for these women was
10.2 6 1.7 years. The average age at upward migration
was 28.9 6 0.9 years for newcomer high altitude residents
and averaged 7.2 6 2.1 for lifelong residents (including
the five lifelong residents born at altitudes lower than
2,500 m). The number of generations of high-altitude resi-
dence (including the infant as one generation) was like-
wise greater for infants born to lifelong women than for
newcomers (Table 1). Examination of genetic markers
indicated that while the lifelong residents had substantial
European ancestry, lifelong residents had greater levels of
Indigenous American admixture than in newcomer
women. However, by self-report and surname analyses,
the source of Indigenous American admixture was of low-
altitude origin and therefore all women were judged to be
of low-altitude origin. There was no difference between
groups in the proportion of West African origin (Table 1).
Both groups began their prenatal care early and had a sim-
ilar number of prenatal visits (Table 1). There were no dif-
ferences in the frequency of proteinuria, preeclampsia, or
other pregnancy complications between groups (Table 1).

Ventilatory and hematological characteristics

Pregnancy increased alveolar ventilation (i.e., ventila-
tion per unit CO2 production) in both groups as indicated
by the fall in end-tidal pCO2 (PETCO2, Table 1). Consistent
with this was the increase in total ventilation (VE) seen in
the lifelong residents and the increase in end- tidal pO2

(PETO2) seen in newcomers (Table 2). Lifelong residents
had lower levels of total VE than newcomers when non-
pregnant. Tidal volume did not differ whether or not the
data were adjusted by maternal height. Pregnancy
increased SaO2 in both lifelong residents and newcomers,
with values being similar in the two groups at all times
(Table 2).
Arterial O2 content (CaO2) declined with pregnancy in

lifelong residents, but remained at nonpregnant levels in
newcomers (Table 2). Newcomers had higher CaO2 at
week 20 than lifelong residents as a result of higher hemo-
globin (Hb) levels (Table 2).

Circulatory characteristics

Nonpregnant and week 20 blood pressures were similar
between groups, but newcomers had higher values than
lifelong residents at week 36 of pregnancy (Table 2). Heart
rate was similar between groups at all times, although
newcomer values rose with pregnancy whereas the life-
long residents’ values were unchanged.
Pregnancy increased UA diameter, lowered uterine vas-

cular resistance, and therefore increased UA volumetric
flow (Table 3, Fig. 1A) and O2 delivery (see Fig. 2). UA
blood flow and uteroplacental O2 delivery were lower
in lifelong residents than newcomers across all times

TABLE 1. Maternal characteristics

Variable Newcomer Lifelong P

Residence in La Paz (yr) 3.5 6 0.4 (37) 23.1 6 2.2 (18)* *

Ancestry AIMS (%)
European 76.8 6 3.9 (39) 63.1 6 4.7 (17)** **

Amerindian 15.0 6 3.1 (38) 29.7 6 4.3 (17)* *

West African 8.6 6 2.4 (39) 7.2 6 1.1 (17) NS
Age (yr) 32.5 6 0.8 (38) 30.3 6 1.0 (18) NS
Primigravid (%) 30 [17–46] (37) 50 [29–71] (18) NS
Prepregnant BMI (kg/m2) 24.5 6 0.8 (26) 25.2 6 0.9 (14) NS
Skinfoldstriceps 1 subscapular

(mm)
39.9 6 2.8 (24) 51.0 6 8.1 (10) NS

Height (cm) 163.0 6 1.1 (39) 158.6 6 1.9 (17)** **

Weight at wk 36 (kg) 71.5 6 1.7 (30) 72.3 6 1.9 (17) NS
Weight gain wk 20?36 (kg) 6.4 6 0.6 (18) 7.6 6 1.2 (8) NS
Monthly household

income ($)
2067 6 366 (24) 1263 6 420 (13) NS

Prenatal care
wk 1st visit 11.16 1.1 (19) 9.5 6 2.4 (6) NS
No. prenatal visits 7.2 6 0.5 (21) 8.1 6 0.3 (7) NS

Education (%)
�Secondary school 100 [91–100] (37) 100 [81–100] (16) NS

Proteinuria (�11) (%)
Week 36 35 [17–59] (17) 28 [15–46] (29) NS

Generations at high altitudea 1.1 6 0.1 (37) 3.2 6 0.3 (16)* *

Generations at high
altitude (spouse)a

1.5 6 0.2 (35) 3.5 6 0.3 (14)* *

Smoking (% yes) 0 [0–12] (29) 19 [7–43] (16) **

Preeclampsia (% yes) 9 [3–24] (33) 8 [1–33] (13) NS

Values are shown as mean 6 SEM or 5% confidence intervals for proportions,
with sample sizes in parentheses.
aGenerations at high altitude includes the infant as one generation.
*P < 0.01; **P < 0.05.
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TABLE 2. Oxygen transport characteristics in the nonpregnant (4 mo postpartum) state and at weeks 20 and 36 of pregnancy

Variable Group Nonpregnant Week 20 Week 36 P-time P-native/newcomer

PETO2 rm air (mm Hg) Lifelong 66.0 6 2.1 (9) 72.7 6 1.8 (8) 71.5 6 1.8 (12) NS* NS*

Newcomer 67.3 6 1.1 (25) 74.3 6 0.8 (19)a 74.3 6 1.0 (26)a <0.001
NS NS NS

PETCO2 rm air (mm Hg) Lifelong 33.5 6 0.9 (9) 28.6 6 1.1 (7)a 29.1 6 0.8 (13)a <0.05 NS
Newcomer 33.2 6 0.6 (25) 28.9 6 0.6 (19)a 28.5 6 0.6 (26)a <0.001

NS NS NS
Ventilation (l btps/min) Lifelong 5.7 6 0.5 (9) 10.661.4 (8)a 8.9 6 0.6 (13)a <0.05 NS*

Newcomer 8.7 6 0.7 (24) 9.5 6 0.5 (19) 10.8 6 0.6 (25) NS*

<0.05 NS NS*

Hemoglobin (g/dl) Lifelong 14.1 6 0.2 (11) 12.7 6 0.1 (8)a 13.1 6 0.3 (11)a P < 0.05 <0.01
Newcomer 14.5 6 0.2 (22) 13.6 6 0.2 (19)a 13.7 6 0.1 (24)a P < 0.01

NS <0.01 NS*

Arterial O2 saturation, rm air (%) Lifelong 92.2 6 0.5 (13) 94.7 6 0.8 (8)a 94.4 6 0.4 (16)a <0.01 NS
Newcomer 91.3 6 0.7 (25) 94.3 6 0.3 (21)a 94.1 6 0.2 (28)a <0.001

NS NS NS NS
Arterial O2 content (ml/dl) Lifelong 17.6 6 0.3 (11) 16.4 6 0.2 (8)a 16.9 6 0.4 (11) <0.05 <0.05

Newcomer 18.0 6 0.3 (22) 17.5 6 0.3 (19) 17.5 6 0.3 (24) NS
NS <0.05 NS

Mean arterial pressure (mm Hg) Lifelong 80.2 6 1.6 (15) 75.4 6 2.5 (8) 78.3 6 2.1 (17) NS NS
Newcomer 78.9 6 1.9 (27) 79.5 6 1.7 (26) 81.4 6 1.4 (30) NS

NS NS NS
Heart rate (beats/min) Lifelong 79.7 6 3.1 (13) 77.3 6 3.9 (8) 87.1 6 3.7 (16) NS NS*

Newcomer 79.1 6 2.0 (24) 84.8 6 1.7 (18) 92.8 6 2.2 (29)a,b <0.001
NS <0.05 NS

Values are shown as mean6 SEM with sample sizes in parentheses.
aSignificantly different from nonpregnant value.
bSignificantly different from week 20 value using Tukey’s post hoc tests.
*0.05 < P < 0.10.

TABLE 3. Maternal blood flow characteristics when nonpregnant (4 mo postpartum) and at weeks 20 and 36 of pregnancy

Variable Group Nonpregnant Week 20 Week 36 P time P native/newcomer

Uterine a.(diameter cm) Lifelong 0.4 6 0.0 (13) 0.5 6 0.0 (7)a 0.56 0.0 (13)a <0.0001 NS*

Newcomer 0.4 6 0.0 (23) 0.6 6 0.0 (26)a 0.66 0.0 (31)a <0.0001
P-native/newcomer NS NS NS

TAM (cm/sec) Lifelong 9.7 6 1.7 (12) 22.2 6 3.9 (7)a 24.46 2.7 (13)a <0.01 NS*

Newcomer 10.8 6 3.0 (14) 26.7 6 2.3 (25)a 31.76 2.4 (27)a <0.0001
P-native/newcomer NS NS NS

Volumetric flow (ml/min) Lifelong 61.8 6 9.2 (12) 317.25 6 70.4 (7)a 324.1 6 46.9 (13)a <0.001 <0.01
Newcomer 80.5 6 22.6 (11) 401.4 6 43.8 (25)a 428.8 6 36.7 (27)a <0.0001

P-native/newcomer NS NS NS*

PSV (cm/sec) Lifelong 49.4 6 5.5 (11) 73.8 6 7.6 (8)a 81.06 7.2 (13)a <0.01 NS
Newcomer 43.9 6 3.9 (15) 72.9 6 6.9 (25)a 82.56 4.9 (31)a <0.001

P-native/newcomer NS NS NS
EDV (cm/sec) Lifelong 4.3 6 2.1 (10) 31.2 6 5.8 (8)a 36.06 5.8 (13)a <0.001 NS

Newcomer 7.3 6 2.8 (15) 31.0 6 3.0 (20)a 39.56 3.2 (30)a <0.0001
P-native/newcomer NS NS NS

Vascular resistance (mm Hg/ml/min) Lifelong 0.9 6 0.1 (13) 0.6 6 0.0 (8)a 0.56 0.0 (16)a <0.001 NS
Newcomer 1.7 6 0.3 (12) 0.3 6 0.0 (21) 0.26 0.0 (23) <0.001

P-native/newcomer NS NS NS
Common iliac a. (diameter, cm) Lifelong 0.6 6 0.0 (15) 0.6 6 0.0 (8) 0.76 0.0 (16)a <0.05 <0.01

Newcomer 0.6 6 0.0 (27) 0.7 6 0.0 (26)a 0.86 0.0 (31)a <0.001
P-native/newcomer NS <0.01 NS*

TAM (cm/sec) Lifelong 7.3 6 1.5 (9) 4.6 6 0.9 (8) 7.36 0.9 (15) NS NS
Newcomer 6.5 6 0.8 (21) 8.6 6 0.8 (26) 7.56 0.7 (26) NS

P-native/newcomer NS <0.05 NS
Volumetric flow (ml/min) Lifelong 125.0 6 30.6 (9) 84.2 6 16.6 (8)b 178.8 6 24.7 (15)c <0.05 <0.05

Newcomer 133.8 6 17.6 (21) 260.3 6 36.0 (26)a 185.3 6 21.7 (26) <0.01
P-native/newcomer NS <0.01 NS

External iliac a. (diameter, cm) Lifelong 0.6 6 0.0 (15) 0.6 6 0.0 (8) 0.76 0.0 (16) NS NS
Newcomer 0.6 6 0.0 (28) 0.6 6 0.0 (26) 0.66 0.0 (31)a NS

P-native/newcomer NS NS NS
TAM (cm/sec) Lifelong 8.1 6 0.7 (12) 6.7 6 0.8 (8) 7.96 0.7 (15) NS NS

Newcomer 8.6 6 1.0 (23) 8.3 6 0.6 (25) 7.86 0.8 (26) NS
P-native/newcomer NS NS* NS

Volumetric flow (ml/min) Lifelong 117.6 6 10.6 (12) 111.2 6 17.4 (8) 185.1 6 28.0 (15) <0.05 NS
Newcomer 146.7 6 16.4 (23) 151.2 6 12.7 (25) 143.8 6 17.3 (26) NS

P-native/newcomer NS NS NS

Values are shown as mean6 SEM with sample sizes shown in parentheses.
aSignificantly different from nonpregnant (postpartum) value.
bSignificantly different from week 36 value using Tukey’s post hoc tests.
cSignificantly different from week 20 value.
*0.05 < P < 0.10.
a 5 artery, TAM 5 time-averaged mean blood flow velocity, S/D 5 peak systolic velocity/peak end-diastolic velocity, RI 5 resistance index ([peak systolic velocity-peak
end-diastolic velocity]/peak systolic velocity).
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considered together (main effect) and tended to be so at
week 36 considered separately as well (see Fig. 2), due to
somewhat smaller UA diameters and lower flow velocity
(Table 3).

Pelvic (common iliac, CI) and lower extremity (external
iliac, EI) blood flow rose with pregnancy. There was less
rise in CI flow in lifelong than newcomer high-altitude
residents due to less pregnancy-associated increase in ves-
sel diameter, but EI parameters were similar (Table 3).
Pregnancy changed the distribution of pelvic blood flow in
both groups such that a greater proportion of CI flow was
directed to the UA and UA flow increased relative to EI
flow (Fig. 1B,C).

Delivery and newborn characteristics

Birth weights were similar in the infants born at high
altitude to lifelong versus newcomer high-altitude resi-
dents (Table 4). Gestational age, length, ponderal index, 1
and 5 min Apgar scores, proportion of male infants, and
frequency of SGA or prematurity were similar in the life-
long and newcomer groups, as was the proportion deliver-
ing by elective cesarean section. Newborn head circumfer-
ence was larger in the newcomer group (Table 4). Since
birth weight was positively correlated with gestational
age (r 5 0.54, P < 0.001) and ponderal index positively
correlated with maternal income and parity (r values 5
0.38, and 0.31 respectively, both P < 0.05), we adjusted
birth weight and ponderal index for these variables.
However there was still no difference in birth weight or

Fig. 1. A. Uterine artery (UA) volumetric flow rose with pregnancy in both lifelong and newcomer women (P < 0.001). Newcomers had
greater volumetric flow than lifelong residents across all times (P < 0.01). B. The ratio of UA to CI volumetric flow increased with pregnancy in
both groups but tended to do so more in lifelong than newcomer women. C. UA/EI volumetric flow rose with pregnancy, and there were no differ-
ences between groups at any time in the UA/EI ratio. D. EI/CI volumetric flow did not change with pregnancy in either group, and was similar
between newcomers and lifelong residents at all times. Four month postpartum measurements are used as an index in the nonpregnant state
to approximate prepregnant values. The interaction effect assesses whether the effect of pregnancy on each variable differs by high-altitude
resident status.

Fig. 2. Newcomers had greater uteroplacental O2 delivery than
lifelong residents across all times. O2 delivery rose with pregnancy in
both groups. Four-month postpartum measurements are used as an
index in the nonpregnant state to approximate prepregnant values.
The interaction effect assesses whether the effect of pregnancy on
each variable differs by high-altitude resident status.
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ponderal index between the lifelong and newcomer high-
altitude residents (Table 4).

DISCUSSION

Our findings suggest that lifelong high-altitude resi-
dence is not sufficient to raise UA blood flow and uteropla-
cental O2 delivery or to protect infants from the altitude-
associated decrease in birth weight in populations of
lowland origin. Specifically, women who were raised at
high altitude compared to those who moved there as adults
had an equivalent increase in arterial O2 saturation dur-
ing pregnancy and less, not more, rise in UA blood flow
and uteroplacental O2 delivery. Birth weights likewise
were the same for infants born to lifelong and newcomer
residents of high altitude but less than values for infants
born to lowland origin women at low altitude reported in
our previous publications (Julian et al., 2007, 2009).
Our study results are subject to certain limitations. The

sample size for lifelong high-altitude residents was
smaller than desired given the need to obtain a subject
population without substantial admixture and, of course,
for those women to be pregnant. Despite recruiting sub-
jects over more than a 5-year period we were only able to
enroll 18 women raised at high altitude who did not have
substantial Indigenous American ancestry of probable
Andean origin. We conducted power analyses to assess
whether the magnitude of birth-weight differences seen
previously between European and Andean high-altitude
residents (Julian et al., 2009) could have been detected
with the sample sizes obtained. With 18 subjects in each
group, there is a 50% power or chance to detect such dif-
ferences or 80% power with 42 subjects in each group.
While thus we cannot definitively rule out protection from
altitude-associated reductions in birth weight by lifelong
high-altitude residence, the results obtained and presence
of lower (not higher) levels of UA blood flow during preg-
nancy makes such an eventuality unlikely. While the
departure of eight women at �34 weeks to deliver at

low altitude reduced the sample size available for study
postpartum, this group provides information on the effect
of normoxia on fetal growth during the last month of ges-
tation. A final limitation was that technical difficulties
prevented obtaining the requisite low angle of insonation
necessary for measuring flow accurately in the deep, rela-
tively horizontal CI, leading to probable underestimation
of volumetric flow in this vessel. But since this limitation
was present for all subjects, comparisons across time and
between groups remain meaningful.
Our study design also benefited from certain strengths;

namely the completeness of our assessment of uteropla-
cental O2 delivery, the longitudinal nature of our study
design, and our use of several means for determining pop-
ulation ancestry. The longitudinal study design not only
afforded the opportunity to compare changes across preg-
nancy in the two groups, but also provided a nonpregnant
measurement that allowed us to distinguish the effects of
pregnancy from constitutional differences between life-
long and newcomer women unrelated to pregnancy. It
should be noted that although recruiting women through
their health care providers ensured that each woman was
receiving prenatal care, it also meant that data obtained 4
months postpartum had to be used as an index of the non-
pregnant state. We considered that any alterations in
hematological variables due to blood loss, fluid shifts, or
other factor at delivery would no longer be present, as
supported by previous finding that there were no such dif-
ferences in nulliparous versus 4 months postpartum
women under similar conditions (Moore et al., 1986). Four
independent methods were used for assessing ancestry—
self-reported ancestry, parental and grandparental sur-
names, self and parental places of birth and residence,
and AIMs. The AIMS allowed us to distinguish major geo-
graphic groups and the other sources of information
enabled differentiating Andean Indigenous American
ancestry from that of low-altitude Indigenous American
groups. Using this strategy we were able to retain women
with Indigenous American admixture of low-altitude ori-
gin for study.
A considerable anthropological literature stemming

from Franz Boas’ seminal work concerning changes in the
head size and shape in the children of immigrants (Boas,
1912) supports the importance of developmental influen-
ces. At high altitude developmental factors are important
in lung development, prompting an increase functional re-
sidual capacity which in turn reduces the alveolar-arterial
O2 gradient and may improve SaO2 during exercise (Brut-
saert et al., 2000; Frisancho et al., 1997; Zhuang et al.,
1996). Current data, however, do not support an effect on
birth weight, given that babies born to lifelong high-alti-
tude residents in Colorado are not heavier than those of
newcomers (Moore et al., 1982a,b; Weinstein and Haas,
1977). Consistent with this, Haas et al. also found lower
birth weights in lifelong European than Andean high-alti-
tude residents in Bolivia (Haas et al., 1980). Since the Col-
orado women lived at somewhat lower elevations (3,100
m) and the Bolivian studies did not include high-altitude
newcomers or control for genetic ancestry, we felt reinves-
tigation of this question was warranted. Prior studies also
did not seek to determine the physiological factors that
might be influenced by developmental exposure. We there-
fore designed the present study to assess whether develop-
mental factors influenced characteristics of maternal oxy-
gen transport during pregnancy in ways that could confer

TABLE 4. Delivery and newborn characteristics adjusted
for gestational age

Variable Newcomer Lifelong P

Hospital delivery (%) 96 [82–99] (28) 100 [81–100] (17) NS
Delivery type
Spontaneous vaginal (%) 39 [24–58] (28) 33 [15, 58] (15) NS
Cesarean section (%) 61 [42–76] (28) 67 [42–85] (15)

Birth weight (gm)
(high-altitude births)

3,108 6 76 (30) 2,916 6 119 (17) NS

Length (cm) 49.56 0.5 (29) 48.3 6 0.9 (16) NS
Ponderal index (kg/m3) 25.86 0.7 (29) 26.0 6 0.9 (16) NS
Head circumference (cm) 34.9 6 0.2 (27) 33.4 6 0.5 (14) <0.05
Gestational age (wks) 39.16 0.3 (30) 38.8 6 0.4 (17) NS
Preterm (%) 13 [5–30] (30) 29 [13–53] (17) NS
Post-term (%) 3 [1–17] (30) 0 [0–18] (17)

Apgar score (1 min) 8.36 0.2 (29) 7.9 6 0.3 (17) NS
Apgar score (5 min) 9.36 0.2 (29) 8.7 6 0.3 (17) NS*

Male (%) 74 [55–87] (27) 47 [26–69] (17) NS
SGA (%) 20 [10–37] (30) 24 [10–47] (17) NS
Birth weight (gm) (adjusted) 3,0906 70 2,948 6 93 NS
Ponderal index (kg/m3)

(adjusted)
25.6 6 0.8 26.56 1.1 NS

Values shown are mean6 SEM or 95% confidence intervals for proportions.
*0.05 < P < 0.10.
SGA 5 small for gestational age (<10th percentile for gestational age and sex
without adjustment for maternal body size or other characteristics).
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protection from altitude-associated reductions in fetal
growth.

Our data agreed with prior reports insofar as we found
no differences in birth weight or the frequency of SGA
infants in lifelong versus newcomer women residing at
high altitude.

Supporting the likelihood that birth weights in both
groups were reduced, values were lower than those
observed in subjects residing at low altitude in Bolivia
and participating in the larger study of which this project
was a part (Julian et al., 2009). Likewise the birth weights
adjusted for gestational age for all high-altitude births in
the present study averaged 3,066 6 55 gm, which was
lower than the 3,418 6 133 g (P < 0.05) value observed in
the eight subjects who elected to descend to low altitude at
week �34 and to remain there to give birth. Their descent
was prompted by the policy of the US Government, for
whom most of them worked, and derives from both con-
cerns about the effect of altitude on birth weight as well as
policies regarding malpractice insurance as opposed to
descent out of medical necessity. Women who delivered at
low altitude reported higher incomes, and weighed more
at 20 weeks than those who delivered at high altitude, but
other maternal characteristics with a known relationship
to birth weight such as maternal education or adiposity
were equivalent; this suggests that there is no apparent
reason to believe that they would have delivered larger
infants at high altitude as well. Notably, although there
was a tendency for greater UA flow velocity and uteropla-
cental O2 delivery at 36 weeks in the four women who
delivered at low altitude for whom we were able to obtain
third trimester ultrasound studies all other primary
maternal determinants of oxygen delivery to the fetus
(i.e., arterial oxygen saturation, hemoglobin, ventilation,
end-tidal pO2, UA diameter and volume flow) at week 20
or week 36 of pregnancy were equivalent between women
who delivered at low or high altitude. We consider this to
suggest that physiologic or metabolic changes that encour-
aged greater fetal growth in the women who delivered at
low altitude occurred after descent and was likely a direct
or indirect product of increased ambient oxygen availabil-
ity. While the number of subjects is small, this �500 g
birth-weight difference is about the same as that reported
previously for babies born to the same mother whose
entire pregnancy was spent at high vs. low altitude
(Moore et al., 1982a). We include these values here insofar
as they support the intriguing idea that restoration of nor-
moxia late in pregnancy essentially reverses the effect of
chronic hypoxia on infant birth weight.

The absence of heavier birth weights in lifelong than
newcomer high-altitude residents was paralleled by the
lack of higher levels of alveolar ventilation, SaO2, or utero-
placental O2 delivery. Lifelong high-altitude residents were
expected to have lower VE than the newcomer women,
given that prolonged residence at high altitude is known to
blunt the hypoxic ventilatory drive and lower ventilation in
Andeans and Europeans (Brutsaert et al., 2005; Severin-
ghaus et al., 1966; Weil et al., 1971). The lower total VE
seen in the lifelong than newcomer women in the nonpreg-
nant state was consistent with this but pregnancy
appeared to overcome the inhibitory effect of lifelong high-
altitude residence such that VE rose normally, consistent
with what we have reported previously (Moore et al., 1986).
While pregnancy increased SaO2 in both groups, CaO2 was
not higher because hemoglobin content fell due to a normal

expansion in plasma volume in both groups (Moore, 2000;
Vargas et al., 2007). Lifelong high-altitude residents had
marginally but significantly lower CaO2 at all times than
the newcomers, and lower uteroplacental O2 delivery as
well due to smaller UA diameters and lower flow velocities.
Interestingly CI flow was also lower in the lifelong high-
altitude residents, suggesting that the lower UA flow may
have been due to less pregnancy rise in cardiac output. In
short, the European women who had resided at high alti-
tude throughout their lives did not resemble women of
highland ancestry (i.e., Andeans), a group characterized by
markedly greater UA blood flow and uteroplacental O2

delivery than seen in European high-altitude residents.
In summary, birth weights of babies born to lifelong ver-

sus newcomer residents of high altitude were lower than
values seen in a subset of women descending late in preg-
nancy to give birth at low altitude or as reported previously
for low-altitude control subjects participating in the larger
study for which this present study was a part. Notably, life-
long high-altitude residents had lower, not higher, levels of
uteroplacental O2 delivery across all time points. We there-
fore concluded that lifelong high-altitude residence did not
augment the pregnancy-associated increase in UA blood
flow, or uteroplacental O2 delivery nor did it protect against
altitude-associated reductions in birth weight. We consider
it possible that that for lowland natives the ‘‘adaptation’’ of
exposure to chronic hypoxia during gestation and/or devel-
opment may in fact inhibit rather than improve maternal
oxygen transport under conditions of limited oxygen supply
relative to demand (e.g., pregnancy). Such a speculation is
similar to the observation that perinatal hypoxia decreases
ventilatory response (Joseph et al., 2000; Okubo and Mor-
tola, 1990) and increases pulmonary artery response to hy-
poxia in adulthood (Sartori et al., 1999). The absence of dif-
ferences between newcomer and lifelong women suggests
that greater than three generations of high-altitude resi-
dence is not sufficient to confer protection from altitude-
associated reductions in fetal growth. Combined with
recent evidence supporting the existence of genetic differ-
ences between Andean and Tibetan high-altitude popula-
tions and low-altitude controls (Beall et al., 2010; Bigham
et al., 2009, 2010; Simonson et al., 2010; Yi et al., 2010) as
well as relationships between genetic ancestry, UA blood
flow, and birth weight in Andean high-altitude women (Ju-
lian et al., 2009), it appears likely that protection from
altitude-associated fetal growth reduction is more likely
due to genetic or other population-specific attributes than
developmental effects.
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