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Abstract
High-altitude studies offer insight into the evolutionary processes and physiological mechanisms
affecting the early phases of the human lifespan. Chronic hypoxia slows fetal growth and reduces
the pregnancy-associated rise in uterine artery (UA) blood flow. Multigenerational vs. shorter-
term high-altitude residents are protected from the altitude-associated reductions in UA flow and
fetal growth. Presently unknown is whether this fetal-growth protection is due to the greater
delivery or metabolism of oxygen, glucose or other substrates or to other considerations such as
mechanical factors protecting fragile fetal villi, the creation of a reserve protecting against
ischemia/reperfusion injury, or improved placental O2 transfer as the result of narrowing the A-V
O2 difference and raising uterine PvO2. Placental growth and development appear to be normal or
modified at high altitude in ways likely to benefit diffusion. Much remains to be learned
concerning the effects of chronic hypoxia on embryonic development. Further research is required
for identifying the fetoplacental and maternal mechanisms responsible for transforming the
maternal vasculature and regulating UA blood flow and fetal growth. Genomic as well as
epigenetic studies are opening new avenues of investigation that can yield insights into the basic
pathways and evolutionary processes involved.
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1.0 Introduction
Studies at high altitude provide an important perspective for understanding energetics and
oxygen transport in human beings. While much can be learned from whole animal, cell-
based and other model systems as noted elsewhere in this issue, human studies are of special
importance given the profound species differences in physiological and evolutionary
processes. Exemplifying the former is the uniquely human susceptibility to the pregnancy
disorder of preeclampsia and the latter is the variation between taxonomic groups in survival
probabilities following conception. As shown in Figure 1, mammals compared to other
vertebrates such as fish, reptiles, or birds have an improved chance of survival. This relates,
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in part, to variation in r- vs. k-selection strategies among these animals (Stearns, 1992), but
these too are evolutionary processes. Survival probabilities are further enhanced in placental
(eutherian) compared to egg-laying or marsupial (metatherian or prototherian) mammals
given their longer intrauterine period. Social factors further benefit postnatal survival, with
human beings and other primates surviving well past the end of the reproductive period. All
these influences have the effect of concentrating the period of differential mortality prior to
the end of the reproductive period to the perinatal period (i.e., the interval from conception
through infancy), subjecting embryonic and fetal life to considerable selective pressure and
making this period of special relevance for understanding evolutionary process.

We approach the evolutionary processes affecting embryonic and fetal development through
the lens of pregnancy studies at high altitude given the importance of O2 tension as both a
regulator and enabler of embryonic and fetal development, and the pervasive reduction in O2
tension in the inspired air at high altitude. Studies at high altitude have clinical and public
health importance as well. There are 140 M persons living at above 2500 m (the
conventional definition of high altitude as that where arterial O2 saturation (SaO2)
measurably begins to fall), comprising the largest group of persons at risk of fetal growth
restriction (Krampl, 2002). Additional large numbers of persons visit high altitude or
experience intermittent hypoxia due to anemia, cardiovascular or pulmonary diseases.
Recognition of the importance of prenatal development for the risk of cardiovascular or
other disorders later in life (Barker, 1992) further underscores the importance of
understanding the mechanisms by which hypoxia influences fetal and embryonic
development.

We begin by reviewing the history of research on fetal growth and embryonic development
at high altitude. The physiological processes governing fetal oxygen supply and their
variation among human populations are then considered, first emphasizing those maternal
attributes that determine the amount of oxygen and other nutrients that are transported to the
uteroplacental circulation and then considering placental factors. The results of recent
genome scans are also considered as these can provide new insights into the physiological
pathways involved.

2.0 History of research concerning fetal growth and embryonic
development at high altitude

Research on fetal growth at high altitude began before studies of embryonic development.
Recognition of human variation in fetal growth at high altitude has further enlarged our
appreciation of the physiological responses involved.

2.1 Fetal Growth
While difficulties posed by high altitude for human or nonhuman animal reproduction have
been recognized for some time, systematic scientific studies aimed at investigating the
mechanisms responsible began in the 1950s. At that time “premature” was used to describe
any “baby [who] weighs 2500 gm or less regardless of the period of gestation” (Moore,
2001b). Since it was recognized that small-sized babies were more likely to die but it was
considered impractical to record the length of gestation, birth weight was used as a single
standard for identifying at-risk babies. Surprisingly this remained World Health
Organization policy until 1975 when shortened gestation and fetal growth restriction were
recognized as separable causes of low birth weight. Studies in Colorado were an important
impetus for this change since it was there that fetal growth restriction was first demonstrated
to lower birth weight independently of gestational age on a population scale.
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In the 1950s Colorado had the highest “prematurity” rate in the country (Lichty et al., 1957).
Dr. John Lichty was recruited from New York state to determine its cause (Moore, 2001b).
Notably, one of his team’s first actions was to revise the 1949 Colorado birth certificate
form to include pregnancy duration. Their state-wide review showed that the counties with
the highest “prematurity” rates were located at high altitudes, the highest of which was Lake
County whose population was centered in Leadville at 3100 m (10,200 ft). There the
average birth weight was 2655 gm and 45% of newborns weighed less than 2500 gm (5.5
lbs). Comparison of the Lake County records with those from Denver (1600 m, 5280 ft) and
Baltimore (sea level) revealed that the entire birth-weight distribution shifted leftward with
increasing elevation, but no change occurred in gestational age (Lichty et al., 1957).
Ethnicity, prepregnant body weight, pregnancy weight gain, week of onset of prenatal care,
number of prenatal visits, maternal nutrition (by 24-hr dietary recall), delivery type, or levels
of trace metals in the water supply could not explain the results observed. Reinforcing
reduced O2 availability as the likely cause, Leadville newborns had higher cord hemoglobin
levels and lower SaO2 values prior to the first breath than babies born in Denver. However,
until recently the Colorado pediatric and obstetrical communities continued to think that
factors such as ethnicity and inadequate medical care rather than altitude per se were
primarily responsible (Moore, 2001b; Schwartz et al., in review).

Studies in the 1950s were also taking place in the Peruvian Andes by a distinguished group
of scientists headed by Donald Barron from Yale University. Their work was aimed at
discovering how fetal development was possible at an altitude of 4900 m where less than
half as much oxygen was present in the inspired air compared to sea level. It was known
from Joseph Barcroft’s pioneering observations that normal fetal development takes place in
a low-oxygen environment, with placental intervillous O2 tensions being approximately 20
mm Hg at 7–10 weeks of gestation or one-third the values present on the maternal side of
the placenta (Rodesch et al., 1992; Stave, 1970). Unless compensations occurred, halving
maternal inspired O2 tensions would reduce fetal oxygenation below levels compatible with
life, let alone those needed for fetal growth and development. Their studies in native sheep
(which interestingly did not demonstrate lower birth weights) revealed that compensations
occurred at each step in the oxygen transport chain, with the greatest change being a
markedly higher uterine artery (UA) blood flow. These investigators speculated that if
similar increases occurred in humans at high altitude, intervillous O2 tensions would only be
slightly reduced compared to sea level (Metcalfe et al., 1967), an observation that was
remarkably prescient given the reports to be published some 50 yrs later.

More recent studies show that birth weight falls, on average, 102 gm per 1000 m elevation
gain and that approximately three times as many babies are born who are small for their
gestational age and sex (SGA1) at high compared to low altitude (Jensen and Moore, 1997;
Julian et al., 2007; Krampl, 2002). While the birth-weight reduction can be modeled as
linear in large samples, finer-scale analyses reveal that it begins gradually and becomes
marked at altitudes > 2500 m (8000 ft) (Mortola et al., 2000). The birth weight reduction can
be observed after 29–31 wk gestation in babies born prematurely (Unger et al., 1988) or 25–
29 wk by fetal biometry (Krampl et al., 2000). While poor nutrition, low socioeconomic
status, primiparity, and limited health care contribute to birth-weight variation in any
population, such factors cannot account for the altitude-associated fall (Giussani et al., 2001;
Jensen and Moore, 1997; Keyes et al., 2003). Approximately half the fall can be attributed to
a tripling of the incidence of preeclampsia2 (PE) (Jensen and Moore, 1997; Keyes et al.,
2003; Palmer et al., 1999). However since only about half the babies born to PE women are

1Birth weights < 10th percentile of sea-level values for a given gestational age and sex (Williams et al., 1982).
2Two or more resting blood pressures >140/90 mmHg accompanied by ≥1+ proteinuria (or ≥300 mg in 24 hours) after the 20th week
of pregnancy in a previously normotensive women.
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growth restricted and SGA and PE are, increasingly, being recognized as having distinct
etiologies (Rajakumar et al., 2007), chronic hypoxia appears to be the dominant factor that
gives rise not only to more SGA babies but also more cases of PE.

Although birth-weight reductions are seen in every population to date, the magnitude of the
birth-weight fall varies among populations. Figure 2 summarizes all published studies from
more than 4.6 million newborns in four major world populations – Andeans, Europeans,
Han (“Chinese”), and Tibetans. Populations with 8000 or more years of high-altitude
residence (Tibetans and Andeans) have less altitude-associated birth-weight decline than
groups with < 400 yrs residence (Europeans and Han). In particular, Tibetan and Andean
birth weights fall one-third as much as Europeans and half as much as Han. Similar findings
were observed when comparisons were restricted to data acquired at low vs. high altitude
within the same study so as to better control for other factors influencing fetal growth
(Moore, 2010) and for variation in sample size (Moore, 2001a), reinforcing the view that
multigenerational high-altitude residents are protected from altitude-associated fetal growth
restriction. Interestingly, the sea-level birth weights (y-intercepts, Figure 2) are similar in all
groups, contrasting with the view voiced by Zamudio and co-workers that “Andeans and
Tibetans appear to have increased fetal growth, regardless of altitude” (Zamudio et al.,
2007). As commented elsewhere (Moore, 2010), the heavier birth weights in that study
likely resulted from the fact that subjects were required to be undergoing elective C-sections
and therefore likely to be of above-average socioeconomic status, a factor known to raise
birth weight at high altitude (Giussani et al., 2001; Unger et al., 1988). As shown in Figure
2, Tibetan and Andean newborns at 4000 m weigh ~300 gm less than their sea-level
counterparts whereas European and Han infants are >400 and >700 gm lighter respectively.
Comparing populations, Tibetans and Andeans weigh essentially the same at 4000 m but
European newborns are >100 gm and Han >400 gm lighter. Thus whether comparisons are
restricted to studies conducted by the same investigative team at high vs. low altitudes
(Moore, 2010) or all studies are considered (Figure 2), the magnitude of altitude’s effect on
birth weight is ordered such that it is least in those populations with the greatest number of
generations of high-altitude residence (Tibetans and Andeans) and progressively greater in
groups with shorter duration of residence (Europeans and Han). Unfortunately, the lack of
complete vital statistics or prenatal care prevents reliable determination of whether
population differences exist in the timing with which hypoxia influences fetal growth or the
frequency of other pregnancy complications.

2.2 Embryonic development
Studies on the effects of chronic hypoxia on embryonic development have identified the
critical role played by physiologic hypoxia in orchestrating cellular differentiation and
organogenesis. Shortly after implantation, trophoblast cells (i.e., the specialized epithelial
cells forming the outer layer of the blastocyst) migrate into the uterine tissue and the lumen
of maternal spiral arterioles. This serves to occlude the vessels and prevent direct exposure
of placental tissue to oxidative damage. The trophoblast plugs loosen and initiate the
intravillous circulation after ~12 wk, but by this time embryogenesis is complete. The
resultant three-fold increase in placental O2 tensions is accompanied by increased expression
of antioxidant enzymes that serves, in turn, to defend the placenta and the developing fetus
against the progressive rise in O2 tensions (Jauniaux et al., 2000). Underscoring the
importance of these developments, oxidative stress resulting from incomplete or shallow
trophoblast invasion is considered to contribute to PE and miscarriage (Burton and Jauniaux,
2004).

While hypoxia plays an important role in normal embryogenesis, several studies indicate
that the superimposed chronic hypoxia of residence at high altitude has deleterious effects.
For example congenital anomalies, many of which stem from impaired embryonic
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development, are more common at high than low altitudes in Colorado (Jensen and Moore,
1997). Given the key role played by trophoblast-induced remodeling of maternal spiral
arterioles in the etiology of PE, the increased frequency of PE at high vs. low altitude
(Keyes et al., 2003; Palmer et al., 1999) and the accompanying reduction in pregnancy-
associated trophoblast remodeling of placental vessels (Tissot van Patot et al., 2003) suggest
that chronic hypoxia interferes with such processes. Experimental animal studies also
indicate that maternal exposure to chronic hypoxia impairs pulmonary development. Rat
pups whose mothers were exposed to a 10% inspired O2 concentration on the last day of
gestation and for 1–2 hours after birth had a delayed increase in lung volume, impaired
septation of gas exchange saccules, blunted expansion of gas-exchange surface area, and
accelerated thinning of alveolar walls at 7 and 30 days after birth (Massaro et al., 1989).
Perinatal hypoxia also affects the chemoreceptor pathway, delaying the onset and decreasing
ventilatory sensitivity to hypoxia (Joseph et al., 2000; Okubo and Mortola, 1990). Further,
babies born at low altitude who have experienced exaggerated perinatal hypoxia have a
markedly greater rise in pulmonary arterial pressure than do age-matched controls when
exposed to hypoxia during adulthood (Sartori et al., 1999), suggesting that changes in the
pulmonary circulation are also involved.

The above studies indicate that embryonic and/or fetal hypoxia affect more than just fetal
growth. As first proposed by David Barker, birth weight has a continuous, inverse
relationship with the risk of obesity, hypertension, diabetes, heart as well as pulmonary
disease and stroke later in life (Barker, 1992). A range of potential mechanisms might be
involved. Fetal hypoxia can impair myocardial development and adult cardiac performance
by acting through hypoxia-inducible factor (HIF)-1 and HIF-regulated genes important in
heart formation (Patterson and Pouliot, 1987). Epigenetic modification of gene expression
may also be involved by increasing the methylation of highly conserved CpG islands (i.e.,
genomic regions with a high frequency of sequential cytosine-guanine nucleotides). For
example, hypermethylation of CpG islands located in the promoter region of the homeobox
1 transcription factor Pdx1 has been shown to decrease Pdx1 expression and lead to type-II
diabetes in rats (Park et al., 2008). In short, insufficient fetal growth can initiate a cascade of
epigenetic events that could silence critical genes and predispose persons for developing
diabetes or other chronic diseases later in life.

3.0 Maternal factors influencing fetal growth
Given the nature of eutherian mammalian reproduction, maternal factors profoundly affect
fetal growth. We consider here first the effects of pregnancy on ventilation and UA blood
flow as these influence the amount of oxygen and other nutrients being transported to the
uteroplacental circulation, and then turn to genetic factors. We address each of these by
using the experiment of nature afforded by the existence of populations at high altitude with
varying susceptibility to hypoxia-associated reductions in fetal growth.

3.1 Ventilation and arterial O2 content
Pregnancy raises maternal ventilation more than 25%, due principally to higher basal
metabolic rate and the effects of progesterone and estrogen acting to increase hypoxic
chemosensitivity. Whereas the ventilation rise has little effect on the already nearly-maximal
SaO2 levels present at low altitude, maternal SaO2 increases appreciably at high altitude.
Hemoglobin concentration falls during pregnancy due to the normal 40% rise in plasma
volume and lack of commensurate increase in red cell mass. Since pre-pregnant hemoglobin
concentration is higher at high than low altitude, values also tend to be higher during
pregnancy. Combined with the ventilatory-induced rise in SaO2, arterial O2 content (CaO2)
is maintained during pregnancy close to low-altitude values (see (Moore, 2010) for review).
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Variation in the extent to which women raise their ventilation and defend CaO2 during
pregnancy relates positively to their infant’s birth weight at high altitude (Moore et al.,
1982; Moore et al., 2001). However, comparisons between groups at the same altitude
indicate that Andeans or Tibetans do not have higher SaO2 or CaO2 levels than their
European or Han counterparts (Julian et al., 2009; Moore et al., 2001; Vargas et al., 2007;
Zamudio et al., 2007), making it unlikely that differences in arterial oxygenation underlie
the protection from altitude-associated fetal growth reduction seen in long-resident groups.

3.2 Uterine artery (UA) blood flow
Pregnancy prompts profound circulatory changes, lowering systemic vascular resistance and
raising cardiac output more than 25%. The greater fall in uteroplacental vascular resistance
preferentially directs blood flow to this vascular bed, raising values from 20–50 ml/min in
the nonpregnant state to 450–800 ml/min or more than one liter/min in twin pregnancies
near term (Palmer et al., 1992). Humans are more reliant on lower vascular resistance in the
uteroplacental than non-uteroplacental portions of the systemic circulation for sustaining
high UA blood flow during the 3rd trimester than other mammalian species due to the fact
that our bipedal posture and anatomical organization of the pelvic cavity results in uterine
compression of the vena caval compression, reduction in venous return, and cessation of the
continued rise in cardiac output. We have speculated elsewhere that this may be one factor
contributing to human susceptibility to PE, a disorder which accounts for 10% of maternal
mortality and considerable infant mortality and morbidity worldwide (Rockwell 2003).

More than 80% of total uterine blood flow is supplied by the two UA, with the remainder
coming from a branch of the ovarian artery that anastomoses with the UA to form a dually-
perfused cascade on each side of the uterus. Prior to week 20, the increase in UA blood flow
is due primarily to an enlarged vessel diameter whereas faster blood flow velocity accounts
for most of the late-pregnancy rise (Palmer et al., 1992). The main UA undergoes marked
alterations to facilitate and accommodate this increased blood flow. At low altitude UA
diameter doubles due to vascular growth and remodelling as well as to alterations in
vasoreactivity and distensibility. These changes begin early with UA diameter doubling by
week 6.5 (Burchell, 1967), suggesting that it is initiated by hormonal factors. Estradiol is
likely a key player given its angiogenic properties and stimulatory effects on nitric-oxide
mediated vasodilation (Kublickiene et al., 2000a). Once the placental circulation is
established, uterine vascular resistance continues to decline due to trophoblast-induced
remodelling of end-spiral arterioles (Burton et al., 2009). Hypertrophy and hyperplasia in all
layers of the UA wall are evident by mid-gestation (Keyes et al., 1997). The mid-pregnant or
near-term UA also shows greater distensibility and increased vasodilator response to
pharmacologic substances and blood flow (Kublickiene et al., 1997; Mateev et al., 2003;
White et al., 2000).

High altitude decreases the pregnancy-associated rise in UA blood flow (Julian et al., 2008).
Consistent with the likelihood that alterations in UA vascular growth are involved, there is
only half as much pregnancy-associated increase in UA DNA synthesis in chronically
hypoxic vs. normoxic guinea pigs (Rockwell et al., 2006). The proliferative response to
serum stimulation in cultured UA vascular smooth muscle cells is also diminished,
suggesting that chronic hypoxia interferes with the ability of vascular smooth muscle cells to
de-differentiate to a proliferative phenotype (Rockwell et al., 2006). The changes in growth
may be due, in part, to less pregnancy-associated increase in nitric oxide (NO). NO synthase
inhibition reduced the relaxation response to acetylcholine in UA isolated from chronically-
hypoxic vs. normoxic guinea pigs, suggesting that a diminished stimulatory effect of
pregnancy at high altitude (White et al., 2000). Isolated UA from chronically-hypoxic vs.
normoxic pregnant animals also show less vasodilator response to flow (Mateev et al.,
2003), similar to what has been observed in myometrial arteries from PE women
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(Kublickiene et al., 2000b). Also consistent with reduced NO production or activity,
pregnant high- vs. low-altitude women in Colorado not only have smaller UA diameters but
also lower levels of circulating NO metabolites (NOx) and higher endothelin-1 (ET1) to
NOx ratios (Julian et al., 2008).

These adverse effects of high altitude on UA responses to pregnancy are absent or greatly
diminished in long- vs. short-resident high-altitude populations. Pregnant Tibetan compared
with Han women have higher UA flow velocity (Moore et al., 2001) and larger UA
diameters (Chen et al., 2002), both of which would be expected to raise UA blood flow.
Andean women undergo the normal doubling of UA diameter during pregnancy at high
altitude whereas European women show only about half as much increase (Wilson et al.,
2007). As a result, Andean women achieve much higher UA blood flows and O2 delivery
than Europeans at high altitude. Values are the same, however, at low altitude indicating that
the protective effects of Andean ancestry are only evident under circumstances of chronic
hypoxia (Julian et al., 2009; Wilson et al., 2007; Zamudio et al., 2007). Our recent Bolivian
investigations support the likelihood that a more favorable balance of angiogenic to anti-
angiogenic factors plays a role in the Andeans’ larger UA diameters. Specifically, Andean
compared with European women at high altitude had lower ratios of the anti-angiogenic
substance sFlt-1 relative to the pro-angiogenic PlGF, which was due entirely to lower sFlt-1
levels (Davila et al., 2010).

Recently the functional significance of the pregnancy rise in UA blood flow and blood-flow
differences between long- and short-residents groups has been questioned (Postigo et al.,
2009; Zamudio et al., 2007). We consider that such differing interpretations are due to
characteristics of study design and consideration of the ways in which UA blood flow can
influence fetal growth.

With respect to study design, the Zamudio study was conducted near term as it was designed
to collect placentas and evaluate fetal oxygenation at delivery (Postigo et al., 2009; Zamudio
et al., 2007). As we have pointed out, measurements at term cannot address the origin of
differences in fetal growth (Julian et al., 2009; Moore, 2010). Our longitudinal studies have
shown that ancestry-group differences in UA blood flow are present by week 20 (Julian et
al., 2009; Wilson et al., 2007), which is well before altitude-associated reductions in fetal
growth are apparent (Krampl, 2002; Unger et al., 1988). Another factor pertaining to study
design is that there is a limited range of variation in UA blood flow or birth weight when
only healthy high-altitude women are considered. As shown in Figure 3, when the full range
of variation in birth weight is present by including women with hypertensive complications
and preterm deliveries, 80% of the variation in birth weight can be attributed to UA blood
flow (Browne et al., 2011).

There are several considerations affecting the ways in which UA blood flow can influence
fetal growth. One is the question of where the UA blood flow goes and, in particular, how
much is distributed to the uterine, placental and fetal vascular beds. Anastomoses have
recently been observed by ultrasound between arterial and venous vessels in the myometrial
vasculature (Schaaps et al., 2005), which means that some of the UA flow does not reach the
intervillous space. These shunts have been suggested to protect fragile fetal villi from
mechanical damage due to high velocity or collapse from high intervillous pressure (Burton
et al., 2009). Given that such a collapse would reduce umbilical vein blood flow, the lower
umbilical vein blood flows seen in European than Andean pregnancies at high altitude
(Postigo et al., 2009) are consistent with such mechanical considerations being important.
Such shunts might also serve to increase the delivery of substrates to the myometrial (non-
decidualized) portions of the uterine circulation and/or raise uterine PvO2. A related
consideration pertains to how much O2 is consumed by the placenta. While it has been
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estimated that placental O2 consumption constitutes 40% of the fetoplacental total (Carter,
2000), this is derived from acute studies at low altitude and may not be applicable to the
high-altitude case. To our knowledge, there are no direct measurements of placental O2
consumption at high altitude. Supporting the possibility of higher placental O2 consumption,
a recent report shows a 71% increase in oxidative phosphorylation in placentas from native
Tibetan compared with immigrant Han residents of 3600 m (Zhao, 2007). As noted below,
placental morphology is remarkably well conserved at high vs. low altitude, which may also
reflect higher placental O2 consumption. The recent report by Zamudio and co-workers of
greater glucose extraction at high than low altitude is also consistent with increased
placental metabolism (Zamudio et al., 2010).

A second possibility is that high UA flow constitutes a reserve that protects against
intermittent hypoxia and ischemia/reperfusion (I/R) injury. Blood flow is likely to be highly
variable during pregnancy (Jeffreys et al., 2006); the resultant intermittent hypoxia and I/R
injury would be expected to stimulate the production of reactive oxygen species (ROS),
damage the endothelium, reduce vasodilator production or activity, and decrease uterine
vessel diameter and flow. The higher antioxidant activity seen in high-altitude Andean than
European women during pregnancy might be one mechanism by which such oxidant
damage is prevented and larger UA diameters and flow preserved (Julian et al., (in review)).

A final consideration stems from the nature of human placental exchange. It has been
suggested that the human placenta operates like a venous equilibration exchanger for which
a large uterine-umbilical venous PO2 gradient is required to draw O2 across the placental
barrier (Wilkening and Meschia, 1992). As suggested long ago (Metcalfe et al., 1967) and
predicted by the Fick equation, the benefit of high UA blood flow may therefore be to
narrow the maternal A-V O2 content difference and thereby raise uterine PvO2 and fetal
oxygenation. Such an effect would not be detected by measurements of maternal-fetal O2
gradients as reported by Zamudio (Postigo et al., 2009) since uterine PvO2data are required.

We conclude that a rise in UA blood flow is clearly important for sustaining fetal growth
and maternal well-being during pregnancy. The lesser rise in UA blood flow seen during
pregnancy in short- vs. long-resident high-altitude populations seems likely to be an
important contributor to their relative protection from altitude-associated fetal growth
restriction, but the precise mechanisms involved are presently unknown.

3.3 Genetic factors
The population differences in the altitude-related decline in birth weight (Figure 2) and in
the maternal physiological responses to pregnancy described above raise the question as to
whether genetic factors are involved. We have approached this question by medical records,
gene marker, and single nucleotide polymorphism (SNP) studies.

Using medical records surnames to classify population ancestry, we showed that European
newborns at high altitude were nearly five-times more likely than Andeans to be SGA
whether or not variation in maternal hypertensive complications of pregnancy, parity,
pregnancy weight gain, near-term body weight, week of onset and number of prenatal visits
were taken into account (Julian et al., 2007). Finer-scale groupings using all surname
combinations (Andean-Andean, Andean-Mestizo, Mestizo-Mestizo, Mestizo-European,
European-European) revealed that altitude-associated reductions in birth weight were
inversely related to the number of Andean surnames present (Bennett et al., 2008).
Intriguingly, the baby’s birth weight was 74 g higher when classified by the father’s rather
than the mother’s ancestry, or 81 g higher if the effects of gestational age were taken into
account. Such findings are consistent with genetic imprinting in which maternally-
transmitted genes restrict and paternally-transmitted ones enhance fetal growth (Moore and
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Haig, 1991) and with associations observed in Pima Indians between paternally-expressed
genes on chromosome 11 and birth weight (Lindsay et al., 2002).

More direct assessment of the role of genetic factors is available from studies using
ancestry-informative gene markers (AIMs). We found that the percent maternal indigenous
American AIMs was positively correlated with UA blood flow, uteroplacental O2 delivery,
fetal head circumference and infant birth weight at high altitude (Julian et al., 2009). No
such relationships were present at low altitude, implying that the protective effect of
indigenous American ancestry was confined to high altitude. These observations differ from
those of Zamudio and co-workers insofar as they found that the percent fetal indigenous
American AIMs was related to birth weight at low as well as high altitude (Zamudio et al.,
2007); this, as we have suggested elsewhere, may be due to the influence of paternal factors
on fetal growth (Julian et al., 2009).

Genome scans using SNP mapping arrays permit fuller evaluation of the role of genetic
factors and in particular, HIF-regulatory or targeted genes (Moore et al., 2006). We have
shown that nine HIF-related gene regions were distinctive in high-altitude Andeans when
compared with low-altitude indigenous American, East Asian, European and West African
populations using the Affymetrix 500k GeneChip® Mapping array (Bigham et al., 2009)
(Table 1). Three of these gene regions were confirmed using the higher density Affymetrix
1M GeneChip® (Bigham et al., 2010). Each of these -- EGLN1, PRKAA1, and NOS2A --
plays a key role in relation to oxygen-sensing and maternal physiological response to
pregnancy. EGLN1, also called PHD2, is involved in the degradation of HIF under
normoxia or conversely its preservation in hypoxia. NOS2A, also called iNOS, is the
inducible form of NO synthase and hence an important source of NO. PRKAA1, also called
AMPK or AMPKa1, plays a key role in the regulation of protein synthesis by acting via
inhibitory effects on the mTOR (mammalian target of rapamycin) pathway. AMPK functions
as a cellular energy sensor, being activated by the accumulation of AMP and hence energy
depletion, and has recently been implicated in the etiology of intrauterine growth restriction
and PE (Burton et al., 2010). Of note, one of these, EGLN1, distinguished both Andeans and
Tibetans from the low-altitude control populations considered. Three other studies
employing genome scans appeared about the same time as our report (Table 1). All were
conducted in Tibetans and implicated one of the same gene regions, EPAS (also called
HIF2a) that we had seen (Bigham et al., 2010) although we found this gene region to be
somewhat less distinctive, perhaps because of our broader set of control populations. In any
event, the convergence of these three lines of evidence as well as confirmation by other
investigators strongly implicates genetic factors in human adaptation to high altitude.

4.0 Placental factors influencing fetal growth
The placenta plays a key role in implantation as well as maternal cardiovascular and
metabolic responses to pregnancy. Here we summarize previous studies concerning
placental morphology and its functional attributes in relation to fetal growth at low and high
altitude.

4.1 Placental morphology
Placentas from growth-restricted babies at low altitude are reduced in size and show
multiple vascular abnormalities, including poorly branched or capillarized villi and
thickened exchange barriers (Kingdom et al., 2000). These characteristics are consistent
with increased fetal vascular resistance as seen clinically by absent or reversed umbilical
artery blood flow.
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In contrast, reduced birth weights at high altitude are not accompanied by Doppler indices of
augmented fetal vascular resistance (Julian et al., 2008; Julian et al., 2009; Krampl, 2002;
Postigo et al., 2009; Wilson et al., 2007; Zamudio et al., 2007) and placental morphology
appears well preserved. While there is considerable variation among high-altitude studies,
placental size or weight at high altitude has generally been found to be similar to low-
altitude values but larger in relation to fetal size since birth weights are reduced (Kruger and
Arias-Stella, 1970; Tissot van Patot et al., 2009). Variation between studies may be due to
differences in methodology (e.g., the use of wet vs. dry weight specimens since the former
includes blood and other fluids that do not reflect placental tissue) or between the Colorado,
Bolivia, Kirghizstan, and Saudi Arabian populations being considered (Ali et al., 1996;
Jackson et al., 1987; Reshetnikova et al., 1994). Larger placental relative to fetal size would
be expected to benefit diffusion, as would the thinning of the villous membrane as described
in Bolivian materials (Jackson et al., 1985). The greater branching of fetal capillaries and
shorter, more-closely spaced loops that were seen in the terminal villi in Saudi Arabian
reports would also be expected to facilitate diffusion (Ali et al., 1996). The only population
comparison at high altitude found similar placental weights but more trophoblast, more
villous stroma and longer, thinner fetal capillaries in Andean vs. European/Mestizo
placentas (Jackson et al., 1987). Thus existing data indicate that the high-altitude placenta is
relatively protected from the abnormalities seen in SGA pregnancies at low altitude but
well-controlled comparisons with validation of genetic ancestry are needed to establish
whether population differences exist in placental morphology.

4.2
Functional attributes of the placenta reside in its role as an immunological barrier between
the fetus and mother and in the nature of placental exchange. While studies of such
characteristics at high altitude are only beginning, it is constructive to examine what is
known as a means for directing future investigations.

4.2.1. Role as an immunological barrier—Following recognition of fetally-derived
antigens, the maternal immune system reacts by initiating a range of protective mechanisms.
Previously we found higher levels of the pro-inflammatory cytokines interleukin (IL)-6 and
tumor necrosis factor relative to the anti-inflammatory IL-10 at 3100 than 1600 m in
Colorado (Coussons-Read et al., 2002). To determine if differences in inflammatory
response contributed to Andean protection from altitude-associated reductions in fetal
growth, we compared pro- and anti-inflammatory cytokines in pregnant Andean and
Bolivian women at low and high altitude (Davila et al., 2011). While both pregnancy and
altitude altered cytokine levels, the only population difference was that high altitude lowered
the pro-inflammatory IL-1β during pregnancy in Andean but not European women,
suggesting that the Andeans had relatively less inflammatory response.

4.2.2. Placental exchange—The placenta’s primary exchange barriers are the two cell
layers between the maternal and fetal blood vessels; namely the syncytiotrophoblast (i.e., the
placenta’s transporting epithelium) and the fetal capillary endothelium. The
syncytiotrophoblast consists of the microvillus plasma membrane (MVM) that is in contact
with the maternal blood and the basal plasma membrane (BM), which faces the fetal
circulation (Desforges and Sibley, 2010).

Diffusion accounts for most placental exchange (Desforges and Sibley, 2010). According to
Fick’s Law, the net rate of diffusion is dependent on (a) the surface area available for
diffusion per gm placental tissue; (b) the path length over which diffusion takes place or
membrane thickness; (c) the diffusion coefficient for the substance, which is inversely
related to the square root of the gas molecular weight; and (d) the maternal-fetal pressure
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gradient affecting the diffusion of gases in liquids. In growth-restricted fetuses at low
altitude, smaller placental size and impaired vascularization reduce surface area and increase
path length, thereby impairing placental exchange. However the larger placental relative to
fetal size, membrane thinning and greater branching of fetal capillaries at high altitude
would be expected to benefit diffusion by (a) increasing surface area and (b) reducing the
path length for diffusion. Factor (c) is unlikely to be important since the molecular sizes of
O2, glucose, water and the various ions necessary for fetal growth are unaffected by altitude.
The primary determinant of factor (d) is the rate of blood flow through the uterine and
umbilical circulations as well as the metabolic consumption of the intervening tissues.

A considerable number of studies at low altitude support a causal role for maternal uterine
blood flow. For example, experimentally-induced reduction of uterine blood flow in animal
models and low maternal UA blood flows observed clinically are clearly associated with
reductions in placental weight that can be detected well before any attenuation in fetal
growth (Hafner et al., 2003; Jansson et al., 1986). As reviewed above, it seems reasonable to
suppose that the Andeans’ higher UA blood flow during pregnancy at high altitude improves
placental exchange and therefore is one factor serving to protect placental morphology as
well as fetal growth.

4.2.3. Transporters present—Flux across the MVM is the rate-limiting step in
maternal-fetal transfer of glucose, amino acids and ions. Transporters are required for the
movement of these less-readily diffusible substances. Reduced activity of placental amino
acid transporters and decreased fetal plasma amino acid concentrations play important roles
in fetal growth restriction at low altitude (Cetin and Antonazzo, 2009). To our knowledge no
studies of amino acid transporters have been done at high altitude. With respect to glucose,
the activity and expression of the glucose transporters GLUT 1 and GLUT 3 have been
reported as unaltered or upregulated in IUGR fetuses at low altitude (Jansson et al., 2002).
At high altitude, GLUT 1 on the BM was decreased at 3100 vs. 1600 m in Colorado
(Zamudio et al., 2006) as well as at somewhat higher altitudes (3600 m) in Bolivia, but this
was judged to be a consequence, not a cause, of reduced maternal-fetal transfer (Zamudio et
al., 2010). Of note in our genome scan, none of the 64 SNPs in or near GLUT 1 gene regions
was distinctive in Andean compared with low-altitude populations (Bigham, personal
communication).

Recent data support the possibility that fetoplacental glucose metabolism is altered under
conditions of high altitude. Confirming previous reports (Krampl et al., 2001), Zamudio and
coworkers found lower maternal venous glucose concentrations at high vs. low altitude.
These were not due to diet, since arterialized (and nonpregnant) levels were unaffected, but
rather to a widened A-V gradient at high altitude. The authors interpreted this widened A-V
gradient as indicating an increased placental glucose consumption that, in turn, spared
oxygen but limited glucose for fetal growth (Zamudio et al., 2010). This study makes a
valuable contribution by advancing our knowledge of how chronic hypoxia affects fetal-
placental metabolism but we think underestimates the importance of UA blood flow.
Abundant data support the likelihood that widened A-V gradients indicate that blood flow is
insufficient to meet metabolic demands (Reeves et al., 1961). The authors’ own data
underscore the importance of UA blood flow since it was the major determinant of
uteroplacental glucose delivery and strongly (R2=0.43) associated with fetal glucose
consumption (Zamudio et al., 2010). However, the authors interpreted the altitudinal
differences in UA blood flow as not being the cause of the widened A-V gradient based on
prior in vitro observations indicating that the magnitude of flow differences would only
lower fetal glucose transfer half as much as observed (by ~12% vs. ~28%). Nonetheless,
half is a considerable fraction and their data indicate that less glucose was transported to the
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uteroplacental circulation at high than low altitude (2.3 vs. 2.9 mmol/min), pointing to an
important influence of UA blood flow on fetal glucose consumption and growth.

5.0 Summary and conclusions
Studies at high altitude have had a rich history, demonstrating the separable influences of
fetal growth restriction and length of gestation on birth weight and improving our
understanding of the compensatory responses enabling successful fetal growth and
development. The chronic hypoxia of residence at high altitude influences maternal
physiological responses to pregnancy in ways that serve to reduce the rise in UA blood flow
and slow fetal growth. Multigenerational high-altitude populations are relatively protected
from these adverse effects. The precise mechanisms by which their higher UA flow
preserves fetal growth remain uncertain but likely involve increased delivery and/or
metabolism of oxygen, glucose or other substrates; mechanical factors protecting fragile
fetal villi; creation of a reserve protecting against I/R injury of the uteroplacental
vasculature; and improved placental exchange. Placental growth and development appear
remarkably well protected at high altitude, with the modifications observed likely to benefit
placental exchange by increasing the surface area and/or reducing the path length over
which diffusion occurs. Compared to the placental abnormalities seen in fetal growth
restriction at low altitude, the relative protection of placental morphology at high altitude
may be due to differences in the timing of the insults on placental vs. fetal growth, the more
chronic nature of the growth restriction present, and perhaps also the portion(s) of the
vasculature or other organ systems affected. The recent study of Browne and co-workers
showing that Andean ancestry preserves UA enlargement but does not prevent the impaired
trophoblast remodelling and invasion characteristic of PE (Browne et al., 2011) suggests that
chronic hypoxia influences maternal and fetoplacental factors in fundamentally different
ways. Perhaps the chronic hypoxia of residence at high altitude alters maternal but not
fetoplacental vascular responses to pregnancy, unless the hypoxia is sufficiently severe to
compromise placental function.

Much remains to be learned concerning the effects of chronic hypoxia on embryonic
development and the early placental (intravillous) circulation. Important will be studies that
determine the fetoplacental and maternal factors responsible for the transformation of the
uterine vasculature from a high resistance, low flow to a low resistance, high flow vascular
bed. Comparative studies of placental morphology, exchange, and metabolism in long- vs.
short-resident high-altitude populations are also needed. Genomic as well as epigenetic
studies have opened new avenues for investigation that are likely to yield insights into the
basic pathways involved in regulating maternal and fetoplacental physiologic responses to
pregnancy and chronic hypoxia. Continued use of the experiment of nature afforded by
studying human populations that have resided at high altitudes for varying lengths of time
promises to improve our understanding of the physiological mechanisms regulating maternal
vascular responses to pregnancy, genes responsible for influencing susceptibility to
pregnancy disorders, and the evolutionary processes by which high-altitude adaptation has
been achieved. Such information, in turn, can lead to tests for predicting persons at risk and
for identifying new treatments.
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Figure 1.
depicts a theoretical model for describing variation in the probability of survival from the
time of conception through the end of the reproductive period in various taxonomic groups.
The protection afforded by the shell of an egg as well as other factors increase survival
probability in reptiles and birds relative to fish. Placental mammals have a further advantage
commensurate with their longer period of intrauterine protection and improved survivorship
during adult years. Since considerable differential mortality occurs soon after conception in
all groups, the effects of natural selection are especially concentrated in the perinatal period,
with this being particularly true in humans and other placental mammals.
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Figure 2.
Shown are the average birth weights and regression lines for all published studies from 1957
to the present for the geographic regions shown. A total of 4,690,093 newborns are
represented, encompassing 12,129 Tibetans (including Sherpa, Panel A); 140,105 Andeans
(Panel B); 4,409,917 Europeans (Panel C); and 127,942 Han (“Chinese”, Panel D) living at
the altitudes specified. While birth weight declines with increasing altitude in each
population, the decline is markedly less in Tibetans (−88 gm per 1000 m) or Andeans (−89
gm per 1000 m) than in Europeans (−119 gm per 1000 m), all of whom show less birth-
weight decline than Han (−153 gm per 1000 m). Compared to the sea-level average (3393
gm), newborns at 4000 m weigh 296 gm less if Tibetan, 338 gm less if Andean, 439 gm less
if European or 723 gm less if Han. Compared to Tibetans or Andeans at 4000 m, Europeans
weigh 122 gm less and Han 406 gm less. See (Moore, 2010; Moore, 2001a) for original
citations, with data added from (Gonzales et al., 2009).
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Figure 3.
Third trimester uterine artery (UA) artery blood flows in 157 Andean residents of 3600–
4100 m measured either before or after week 34 are strongly associated with their infant’s
birth weight (R2 = 0.80, y = 1085 × + 985 where x is UA blood flow in liters/min and y is
birth weight in grams, P<0.007). Normal women were without any pregnancy complications
and delivered at term (n=119) or preterm (n=6). Twenty (20) were diagnosed with
preeclampsia, and 12 had gestational hypertension (Gest HTN). The solid line represents the
regression line with dotted 95% confidence intervals. *= p<0.05 compared with normal
women who delivered at term; §= p<0.05 compared with Gest HTN; and †= p<0.05
compared with ≤34 wk. Figure adapted from (Browne et al., 2011) where study details may
be found.
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Table 1

Genome scans implicating gene regions in long-term high-altitude adaptation.

Study Gene Definition Chromosome

(Bigham et al., 2009) 500k SNP genome scan in Andeans vs. low-altitude controls:

EDNRA Endothelin receptor A 4q31.22

EGLN1 Egl nine homolog 1; also called HIF prolyl hydroxylase 2, HIF-PH2, HIF-prolyl hydroxylase 2, HPH-2,
nine-like protein 1, hypoxia-inducible factor prolyl hydroxylase 2, prolyl hydroxylase domain-
containing protein 2, zinc finger MYND domain-containing protein 6);

1q42.1

NOS2A Inducible or nitric oxide 2a 17q11.2-q12

PRKAA1 Protein kinase, AMP-activated, alpha 1 catalytic subunit; also called AMPK, AMPKa1 5p12

ELF2 E74-like factor 2; also called ets domain transcription factor, EU32, NERF, NERF-1A, NERF-1B,
NERF-1a, b, NERF-2

4q28

CDH Cadherin 1; also called E-cadherin 18q12.1

PIK3CA Phosphoinositide-3-kinase, catalytic, alpha polypeptide; also called MGC142161, MGC142163, PI3K,
p110-alpha

3q26.3

TNC Tenascin C 9q33

VEGFA Vascular endothelial growth factor; also called RP1-261G23.1, MGC70609, MVCD1, VEGF, VPF 6p12

(Bigham et al., 2010) 1 M SNP genome scan in Andeans and Tibetans vs. low-altitude controls:

EGLN1 See above See above

EPAS1 Endothelial PAS domain protein 1; also called ECYT4, HIF2A, HLF, MOP2, PASD2, bHLHe73 2p21-p16

NOS2A See above See above

PRKAA1 See above See above

(Simonson et al., 2010) Genome-wide allelic differentiation scan of Tibetans with lowland Han:

EPAS1 Endothelial PAS domain protein 1; also called ECYT4, HIF2A, HLF, MOP2, PASD2, bHLHe73 2p21-p16

(Yi et al., 2010) Sequencing 50 exomes in Tibetans, encompassing 92% of coding genes:

EPAS1 Endothelial PAS domain protein 1; also called ECYT4, HIF2A, HLF, MOP2, PASD2, bHLHe73 2p21-p16
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