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ABSTRACT Reproductive success requires successful maternal physiological adaptation to
pregnancy. An interspecif,rc perspective reveals that the human species has modif,red features of
our haplorhine heritage affecting the uteroplacental circulation. We speculate that such modif-rca-
tions - including early implantation and deep, widespread invasion of fetal (trophoblast cells)
into and resultant remodeling of maternal uterine vessels - are responses to or compensation for
the biomechanical constraints imposed by bipedalism which, in turn, render our species suscep-
tible to the pregnancy complication of preeclampsia. Preeclampsia is characterized by incomplete
remodeling of maternal uterine vessels as the result of shallow trophoblast invasion, which in
turn reduces uteroplacental blood flow and frequently leads to intrauterine growth restriction
(IUGR). Using an intraspecific perspective, we consider the ñtness-related consequences of
variation in uteroplacental blood flow during high-altitude pregnancy. Although birth weights
are reduced at high altitudes in Bolivia, multigenerational Andean residents are relatively
protected from altitude-associated IUGR. Our preliminary data suggest that Andean women
have greater uteroplacental o{ygen delivery than European high-altitude residents due to more
complete growth and remodeling of'maternal trterine vessels. Identification of the physiological
and genetic mechanisms involved in such inter- and intraspecific variations in pregnancy physiolory
will likely be useful for understanding human evolution and contemporary challenges to successful
reproduction. Am. J. Hum. Biot. 15:33G-341, 2003. , 2003 Wiley-Liss, Inc.

Maternal physiologrcal responses during
and prior to pregnancy directly influence
fecundity, fertility, and intrauterine morbid-
ity and mortality and hente the course of
evolution. Considering the length of time
involved (-10 months), the maternal physio-
logical responses to pregnancy are as great
or greater than those experienced at any
other time of postnatal life. Some of these
are shared with our primate cousins and
others distinguish our toron. Here we use
f,rrst an interspecific and then an intraspecific
perspective td highlight the unique features
of the human physiologrcal adaptation to
pregnancy and their significance for repro-
ductive success which, for the purposes of
this article, we def-rne as the production of a
healthy newborn. Both the inter- and intra-
specific perspectives suggest that natural
selection has in the past and continues to
operate in the present on maternal physio-
logical responses to pregnancy. As such, we
view physiolo$€l adaptation to pregnancy as
an evolutionary gate, admitting attributes
that contribute to reproductive success and
turning away those that do not.

@ 2003 Wiley-Liss, lnc

A hemochorial placenta is common to all
haplorhines (tarsiers, monkeys, apes, and
humans). Several features that affect the
establishment of the uteroplacental blood
supply appear to be unique to humans
(although this remains uncertain in the
absence of more complete documentation in
our closest ape relatives). Those of interest
include the depth and. extent of invasion of
fetal trophoblast cellst into maternal tissue
and the timing of implantation. We consider
the additional influence of bipedalism on
uteroplacental blood flow in an effort to
explain the uniquely human predilection

l'f he trophoblasts are the peripheral cells of the
blastocyst, which attach the conceptus to the uterine wall
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HUMAN ADAPTATION TO PREGNANCY

for the mater.nal pregnancy complication of
preeclampsia.= To test the importance of
sustaining high uteroplacental blood flow
for ensuring fetal and maternal well-being,
we üaw on our crrrrent stuües of the adaptive
challenges posed by reproduction at high
altihrdes. The most penrasive environmental
characteristic of high altitude, lowered Oz
availabiüW, or h¡poxia interferes with implant-
ation, compromises the pregnancy-associated
development of blood supply to the fetus, and
results in poor pregnancy outcome, including
an increased incidence of preeclampsia (PE)
and intrauterine growth restriction (IUGR)
(Blackburn and Clegg, L979; Moore et aI.,
2001a; Palmer et al., 1999; Rockwell et al.,
2000; Zamudio et al., 1995). Further, a growing
body of evidence demonstrates that the influ-
ence of IUGR does not end at delivery, but
rather, acting through the mechanism of
"fetal programming," increases the offspring's
like lihood of developi ng card iovascular disease
later in life (Barker et al., 1992). Both the
inter- and intraspecific perspective offer the
opportunity to identify the physiological
mechanisms tied directly to achieving repro-
ductive success and thereby of direct rele-
vance for the processes of natural selection
and evolutionary adaptation.

INVASIVE IMPLANTATION, BI PEDALISM,
AND SUSCEPTIBILITY TO PREECLAMPSIA

The placenta is an organ used by eutherian
mammals that permits the fetal and maternal
circulations to exchange nutrients and waste
products. The stmctural and functional
complexiby of this organ is reflected by several
distinct placental classification systems which,
because the features vary independently of one
a¡rother, alternatively group placentae on the
basis of fetal üllous stmcture, maternal-fet¿I
blood flow geometry, shape of the placenta, or
interhemal bamier structure. Grosser's 1927
classification, the most commonly referenced
in the anthropological literature, is based
on the number of cell layers that separate
maternal and fetal blood (Morriss et aI., 1994).
Among primates, two t¡pes of placentae are
most common. The majority of strepsirhine
primates have an epitheliochorial placenta in
which the maternal uterine epithelium
remains structurally intact throughout the
pregnancy, whereas the haplorhine primates
have a hemochorial placenta. An intimate rela-
tionship between maternal blood and fetal
trophoblast cells, the result of the invasive
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properties of the trophoblast cells, charac-
terizes the hemochorial placenta (reüewed in
Pijnenborg et aI., 1981).

The process of implantation that results in
the formation of a hemochorial placenta
begins when the blastocyst' breeches the
epithelium of the mother's uterus and then
progresses inward, invading the deeper
endometrial tissue (stroma) to anchor the
conceptus (Fig. 1). The fetal trophoblast
cells differentiate into villous or extravillous
phenotypesa (reviewed in Irving et al., 1995;
Morrish et al., 1998) which either fuse to
form a multinucleated layer in contact with
the endometrium (Athanassiades et aI.,
1998) or migrate even further into maternal
tissue as extravillous cytotrophoblasts
(EVC). Some EVC are embedded in the
maternal stromal tissue (interstitial inva-
sion) where they may grre paracrine (inter-
cellular) signals. Other EVC express cell
surface antigens that mimic maternal
endothelial cells and enables them to
migrate up the spiral arteries (endovascular
invasion ). Additional systems are also
involved in endovascular migration, includ-
ing angiopoietin-2 (Ang-2) and its receptor
Tie-2 (Goldman-Wohl et al., 2000; Wulff
et aI., 200D. EVC migration results in the
erosion of the vascular smooth muscle layer
of the maternal spiral arteries, loss of
vasoactivity, subsequent dilation, and a fall
in uteroplacental vascular resistance. Lorv
placental vascular resistance facilitates high
uteroplacental blood flow if blood pressure
remains unchanged (Moll and Kunzel,
1973). As we have argued previously,
another factor serving to increase uteropla-
cental perfusion might be a positive feedback
system in which initial lowering of vascular
resistance in the placental bed contributes to
increased flow and shear stress in the
upstream uterine artery, thus stimulating
its growth and a further increase in blood
flow to the placenta (Rockwell et al., 2000).
The displacement of vasoactive vessels outside

zPreeclampsia is among the leading maternal
complications of pregnancy. It is diagnosed on the basis of
h¡pertension and significant proteinuria during pregnancy
in an otherwise normotensive woman.

¡The term blastocyst describes the developmental stage of
the conceptus that has an inner cell mass and an external
cell layer, the trophoblast shell

{Villous trophoblasts make up the outermost layer of the
fetal üllae, flrnger-like projections within which fetal
capillaries of the placenta grow. Extravillous trophoblasts
further invade maternal tissue.



Trophoblast d i fferen t i ar i on. pro I i fe rat ion and
invasive migration.

F¡g. 1-. 
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The blastocyst is composed of two cell t¡pes, the inner cell massi and the outer layer of trophoblast cells. At
implantation, the trophoblast adheres to the maternal epithelium (left). In mammals that develop an epitheliochorial
placenta no further invasion of maternal tissue occur§, but in mammals that develop a hemochorial placenta the
trophoblast cells breech the maternal uterine epithelium and invade to varying degrees (right). The differentiation
and migration of the trophoblast cells is disc'r¡ssed in the text (modified from Guillomot et al., 1.993).

the low resistance placentd bed and their
decreased vasoconstrictor as well as
enhanced vasodilator responsiveness also
play important roles in increasing uteropla-
cental blood flow (Stock and Metcalfe, 1994).
Thus, EVC invasion in early pregnancy may
have consequences for the continued
increase in uteroptacental . blood flow aÍ¡
pregnancy progresses. species in which an
epitheliochorial placenta forms do not estab-
lish the placenta as a site of low vascular
resistance and the maternal vasculature
remains intact (Moll and Kunzel, 1973).

Human deviations from our haplo¡hine
t heritage

Given the structural features that influ-
ence placental hemodynamics, it is of inter-
est to consider some üstinctions between
humans a¡rd the norüumarí haplorhine
primates. In advance, w€ note that the data
for the nonhuman primates is scant at best.
Some information is simply not available
(".9., for gorillas). Three points, however,
are noteworthy. Humans, in comp'arison
with tarsiers, ceboids, and cercopithecoids
are characterized by invading trophoblast

cells that are highly dispersed throughout
the uterus, the placental area occrrpies a larger
portion of the utems, a¡rd a larger number of
maternal arteries - some quite distant from
the implantation site - are invaded by fetal
cells 4nd remodeled to zupply the intervillous
spaces (Gmenwald, L}7i;-Pijnenborg et al.,
1981). The evolutionary basis of and adaptive
significance for the human morpholory is
largely une:<plored but zugests to us an
enha¡rced functional role for these feattrres.
Second, implantation i¡ humans is partictrlarly
deep a¡rd interstitial;o the blastoc]rst is com-
pletely embedded in the uterine stroma. This
condition contrasts with morüeys, the tarsier,
and possibly the orangutan and chimpanzee
(Benirschke, 198{l: 388), in which the blast-
ocyst remains more superficially positioned
rel¡ative to the uterine tissue. Third, although
comparative data ane scance for many primate

the int¿rv¡llous apace is a potential space between the
projecting fetal ülla It iB f¡lled with blood because of the
ercsion of the ¡naüernd tissue and opening of maternal
blood vessels.
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species, there is eüdence that humans are üs-
tinguished by the early timing of blastocyst
implantation (Fig. 2; Enders and Schlafke,
1986). This contrasts with the mammalian
trend for later implantation with increasing
body size and gestational length. In sum, the
timing of human implantation and the extent
to which fetal cells promote stmctural changes
in the maternal vasculature that contribute to
the cpntrol of uteroplacental perfusion later in
gestation appears to differ between humans
and other haplorhines. Below, we suggest why'
these differences may rveal a critical function
for implantation biolory in humans.

Unexplored consequences of bipedalism

Following implantation, profound mater-
nal physiological adjustments occur during
pregnancy, including 407a increases in
plasma volume and cardiac output as well
as a 257a rise in ventilation. These function
to increase uteroplacental flow, 02 and other
nutrient delivery to the developing fetus in
humans as well as other mammals. But for
our species, these changes must be accom-
plished in a habitually bipedal posture. The
osteological reconfiguration of the pelvis
associated with the evolution of bipedalism
contributes to obstetrical complications by

horse u.
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GESTATION

_Fig.2. Scattergram ¿rnd LSR line (y : 0.07x + 3.34,
rz : 0.80, 95q(,Cl of the mean indicated) describing the
relationship between implantation (days) and gestation
(days) are shown for data from nonhuman mammals and
primates (Bruggemann and Dukelow, 1980; Enders
et al., 1983; Guillomot et al., 1993; Hearn, 1978; Kuster
and Paul, 1984) The t¿r-xa included in the analysis are
mouse, rat, hamster, guinea pig, rabbit, cat, pig, sheep,
cow, hor§e, nlarmoset, macaque, babo<¡n. The human
datum (not included in regression analysis) is unusual
in the extremely early timing of implantation relative to
gestation.

narrowing the dimensions the true pelvis
(Tague and Lovejoy, 1986). Surprisingly
little attention has been devoted to under-
stanüng the consequences of bipedalism for
other aspects of maternal and fetal physi-
olory. In a biped, the uterus, bladder, internal
genitalia, and much of the lower intestines
are situated within the pelüc caüty,
whereas in a quadruped these organs are
situated in the abdominal cavity. As human
pregnan_cy -progresses, the uterus and its
contént§ expand to occupy much of the
abdominal cavity. In the process, the uterus
compresses the major blood vessels, particu-
larly the vena cava that carries lower
extrer.nity venous blood back to the heart
(Abitbol, 1993). Such compression results in
a fall i4 cardiac output'near term, especially
in the supine posture where compression is
greatest (Ueland et aI., 1969). This vena-
caval compression is due, in part, to graüty
but also to the muscular tone of the abdom-
inal wall, which, rather than acting as a
supportive sling for the gravid uterus, as
in quadrupeds, compresses the uterus, its
contents, and supplying vessels (Abitbol,
1993). Bipedalism may compromise maternal
physiologrcal responses to pregnancy and,
specifically, the rise in cardiac output not
only through these mechanical effects but
also via chronically elevated sympathetic
tone. Increased sympathetic tone operates to
oppose gravity and ensure adequate cerebrai
perfusion, but it also impairs venous return
and hence reduces cardiac output. Indeed, an
inability to override high basal sympathetic
tone and a consequent reduction in plasma
volume have been suggested as responsible
for the known link between low plasma
volume and increased risk for developing PE
(Bernstein et al., 1998).

We speculate that these mechanical and
sympathetically mediated consequences of
bipedalism put selective pressure on the
physiolog,cal systems responsible for redis-
tributing carüac output to the uteroplacental
circulation as a means for ensuring high
uteroplacental blood flow. In other words,
confronted by the cardiac output limitations
imposed by bipedal posture, vasodilation and
structural remodeling of the uteroplacental
vasculature became critical for ensuring the
exponential rise in uteroplacental blood flow
required to meet the nutrient demands of the
near-term t'etus. If so, the adjustments char-
acteristic of human pregnancy which estab-
lish and sustain increased uteroplacental
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perfusion early and deep invasiveness,
greater placental area and larger number of
maternal arteries accessed by fetal cells -are evolutionary adaptations to accourm(>
date pregnancy in a biped. Possibly, selecüion
for these attributes was not only important
in compensating for the constraints imposed
by bipedalism but, to some extent, also
enabled the emergenoe of our species.

Trophoblast migration and preeclampsia

Incomplete trophoblast invasion and the
resulting reduction in uteroplacental per-
fusion have been identified as underlfng
the human pregnancy complications of PE
(Fig. 3; Gerretson et al., 1981; Van Beek and
Peeters, 1998). PE occurs in an estimated
7-LO7o of primigravida pregnancies but is
unknown in other mammals (Sharkey et al.,
2001), with the exception of patas monkeys
(Palmer et aI., 1979; Ramsay et d., 1997).
While still poorly understood a¡rd the subject
of intensive investigation, incomplete tropho-
blast invasion and tissue h¡poxia are
believed to prompt the release of reactive
02 species or some other 'toxic" factor from
the placental circrrlation. This as-yet undefined
substance(s) is then thought to enter the
maternal circulation, causing endothelial

(

iqiury and rezultant loss of the nor:mal
increased vasodilator response of pregnancy.
The placenta is the source of the üsorder;
PE may (rccur under the unuzud circum-
gtance of hydatiform mole, in which there is
a placenta but no fetus. Moreover, the only
cure for PE is delivery. It is unknown why
humans are apparently more susceptible to
this disorder tha¡r are other primates in
which hemochorial placentation and mater-
nal vasct¡lar remodeling also occur. Haig
(1993) proposed that the üsorder is due to
the genetic conflict between fetal a¡rd mater-
nal genomes, but such a perspective does not
adüess why humans, unlike other haplor-
hines, respond to poor placental perfusion
with a series of changes resulting in mater-
nal h¡pertension. The consequence of PE
may be severe; it can advance to eclampsia, a
potentially fatal conütion marked by neuro-
logic connrlsions. It is more likely to result
in spontaneous or induced preterrn delivery
of often growth-retarded (IUGR) infants
with, in turn, a poorer chance of survival
(Lydakis et al., 2001; Witlin et al., 2000).
Even in the absence of PE, some cases of
ruGR are asisociated with a failure of the
maternal spiral arteries to undergo complete
physiological transformation (Sheepard and
Bonnar, 1988). Thus, both conütions may be

NORMAL PRE-ECLAMPTIC

Maternal side

. Fig. 3. 'fhe mate*ql p["":ntal structure in normal and preectamptic pnegnancies. Normally, endovascular
invasion of the maternal spiral arteries replacea the maternal éndothelium wtttr fetal cells, destroys the musca¡lar

pregnancy these physiological changes
preeclampsia the physiological changes
m Van Beek and Peeters, 1998).
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ctraracterized by shallow penetration of the
endometrium a¡rd a smaller number of
artcries beins invaded by EVCo.

We speculate that early implantation and
d*p, widespread invasion of fetal (tropho-
btast ceUs) into maternal uterine vessels
are nesporu¡es to or compensation for the
biomechanical constraints imposed by
bipedalism that, in turn, render our species
susceptible to the pregnancy cumplication of
PE. The endangered status of the non-
human, large-bodied hominoids limits direct
evaluation of our model in an interspecific
fra¡nework. We can, however, consider data
derived from intraspecific studies to examine
the relationship between variation in utero-
placental blood flow, its controlling factors,
and pregnancy outcome. For such an evalu-
ation we use data from our own and others'
previous stuües obtained under the natural
laboratory of high altitude to show how
maternal cardiovascular adjustments to
pregnancy impact fetal outcome.

UTERINE BLOOD FLOW AND FETAL-
MATERNAL WELL BEING: THE EXAMPLE

OF HIGH ALTITUDE

Adaptive challenges of the high-altitude
environment

Studies of the health-related effects of
high altitude @cupy an important place in
human biolory (Beall, 2000; Bmtsaert, 2001;
Hochachka, 2000; Moore, 2001; Niermeyer
et al., 2001; Ramirez et al., 1999). Of particu-
lar interest are the effects of high altitude
that pose challenges to human adaptation,
operationally defined here as the ability to
reproduse successfully. Two sources of data
provide convincing evidence that the high-
altih¡de environment challenges human
adaptive capacity. One is the reproductive
difliculty e:rperienced by indiüduals who
migrate from low to high altitudes. Another
is the continuing occurrence of the altitude-
related increase in the frequency of the
complications of ruGR and PE, both of
which measurably raise mortality risk in
utero, during infancy, and even in adult life.

Historical accounts reveal that some 53
years were required for the first child born
of Spanish parentage to zurvive in the
mining center of Potosí, located at 4,100 m
in what is now Bolivia (Monge, 1948). For a
time, this city was the focus of the Spanish
Empire, as its mines were among the richest

in the Americas. The diffrculty appeared to
be more one of survival following birth than
a faih¡re to conceive. One remedy was for the
Spanish women to descend to lower altitudes
to give birth and remain there for several
years after the baby was born. A¡rother may
have been interbreeding with the indigenous
Andean population. Similar problems ¿rre
being encountered today by Han (Chinese)
migrants to the Tibet Autonomous Region of
western China. In the community of Nachu
at 4,800 m, we found that even though Han
lived there, no Han deliveries occurred over
a 2-year period because the pregnant Han
had descended to lower elevations in China
to give birth (Moore et al., 2001a). At some-
what lower (but still "high'r) altitudes where
Han did grue birth, their babies weighed
markedly less than Tibetan babies born at
the same altitude, averagrng 530 g lower at
3,000-3,800 m and 310 g lower at 2,700-
3,000 m. Lower birthweights are known to
raise mortality risk. Postnatal as well as pre-
natal mortality rates were higher in the Han
than the Tibetans (Moore et al., 2001a). No
cause of death could be established in these
accounts but direct measurements of arterial
Oz saturation (SaOz) in Tibetan and Han
newborns at 3,600 m support the possibility
that physiologrcal responses to hlpoxia are
involved. SaO2 was similar at delivery but
the Tibetans maintained levels in a normal
range, whereas Han values fell progressivelv
during the first 4 months of life, averaging
92 to 76Vo during wakefulness and quiet
sleep, respectively (Niermeyer et al., 1995).
Such SaO2 levels can prompt pulmonary
vasoconstriction, resultant hypertension,
and right heart failure. Suggesting that
the Han may be more vulnerable, of the
15 babies in Lhasa dying from a syndrome
marked by pulmonary hypertension and
right heart failure, all but one were Han
(Sui et al., 1988).

Considerable evidence from our and
others'studies show that altitude continues
to challenge fetal well-being, as indicated by
a reduction in birthweight in populations
throughout the world. In Colorado, birth-
weight falls an average of 100 g (ll(th lb)
per 1,000 m (3,000 ft) gain, an effect which
is comparable to that of maternal smoking,
primiparity, or minimal prenatal care
(Jensen and Moore, 1997). This is due chiefly
to IUGR rather than shortened gestation.
Altitude also raises the incidence of PE
(Palmer et al., 1999). Until recently, the
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dtihrde-related decline in birthweight wa¡t
associated with an increase in infant mortal-
ity in Colorado (Unger et aI., 1988). Such an
association clearly erists in South America
today, both between and within ountries.
That is, the countries with the highest
alütudes have the higlrest levels of infant
mortality a¡rd within the highest-altitude
country, Boliüa, infant mortality rises H-
fold from the lowest to the highest regions
(PA[IO, 1994). Socioeconomic factors are no
doubt involved, as the highest-altitude
regions are also the poorest and have the
fewest health cane servic€s (Demographic
and Health Surveys, 1998). But altitude is
also a likely contributor, aÉ¡ demonstrated
by a recent comparison of the altitude-
associated mortality rise in urban vs. mral
regions of Boliüa (Giussani,2002). The rural
areasi had higher infant mortality than the
urban centers, as might be orpected given
their more limited health care serwices, but
the altitude-associated rise was essentially
parallel in the two regions.

Population differences in altitude-associated
IUGR

While birthweight falls with increasing
altitude in each geographic region of the

LC. ROCI(WEII ET AL.

world, when we recently summarized all
published data by geographic region we
noted that the magnitude of the altitude-
associated birthweight reduction varied in
relation to the duration of high-altihrde resi-
dence (Fig. 4). In other words, birthweights
fell the least in the longest-resident groups
and progressively more in sho¡ter-resident
populations. Such differences were not
attributable to variation in sea-level birth-
weights, population differences in maternal
body size, or socioeconomic factors likely
to affect the availability of health care.
Likewise, being born and raised at high alti-
tude appears to exert little protective effect
(Moore et al., 1982; Weinstein and Haas,
L977).

Much of the Tibetan and Han data in
Figure 4 came from our own work, where
we could be reasonably certain of the popu-
lation ancestry of the persons studied. Since
Han migration to the Tibetan Plateau has
occurred in significant numbers only in the
last "-50 years, there is also little chance that
admixture between the two groups has
occurred. Most of the data for the European
and Andean groups comes, however, from
the published literature where the popula-
tion ancestry of the groups is often not well
described. In a well-controlled but small

Tibetan

Han (Chinese)

(p<0.0f)o)

0 tooo 2o0o 3000 /t00o 5000

Altitude (m)

F¡9. 4. BeÁt-ñt regression lines are shown for data acquired in some 90 shrües or approximately 4 million infants in
which birthweights were measured at the range of altitudes shown. When grouped by population ancestry, the altitude-
associated fall in birttrweight is least in the populations with the longest period of ¡esidence (in generations) at high
altitude and greatest in the shoÉest-resident populations. Reprintcd with permission from Moore et al. (2001a).

,q

E 3zx¡
ta-c
.§P gooo
CD

D
E
.E 2W
o¡

2600

European



HUTiAN ADAPTANON TO PREGNANCY

study, Haas and colleagues noted that birth-
weights of babies born to Andean women
wene L27 g heavier than those of European
women residing at -3,6(X) m in L,a Paz,
Boliüa, or 143 g heavier afüer adjusting for
maternd body weight. Of interest, these
differences in birthweight wene not as great
as the ^,50O-600 g üfference seen between
Tibetan and Han residents of 3,600 m
(Moore et aI., 2001a"b), suggesting that üf-
ferences in the duration of high-altitude resi-
dence anüor admixture may be involved. To
better define the magnitude of birthweight
differences between babies of fuidean vs.
European ancestry and the physiologlcal
mechanisms involved, w€ have begun collab-
orative stuües with the Instih¡to Boliviano de
BiologÍa de la Altura (IBBA), the Ceia
Nacional de Salud, and private physicians
and clinics in Bolivia.

One part of this effort has involved med-
ical record studies of consecutive births to
women receiüng two or more prenatal üsits
at hospitals belonging to the Caja Nacional
de Salud, the largest insured national health
ca,re proüder, and from meflical clinics spe-
cializing in obstetrical care.' Approximately
1,000 records were reviewed per 1,000 m
altitude interval throughout the country,
comprising the urba¡r centers of Santa
Cntz, Cochabamba, L,a Pu, and Orurro.
The study aims were to determine the extent
to which birthweight falls with increasing
altitude in Bolivia today, the contribution of
an altitude-related increase in the ocsur-
rence of PE to the reduction in birthweight,
and the extent to which Andean vs.
European population ancestry influences
the birthweight reductions observed.
Parental surnames were used to judge popu-
lation ancestry, requiring three or four
Aymara or Quechua maternal or paternal
surnames to be considered "Andean" and,
correspondingly, three or four European
maternal or paternal surnames to be con-
sidered "European." All others were termed
"rnestizo" or mixed. This sunrame-based
approach has. been previously feli4ate-d by
comparison with gene markers (Chakraborty
et al., 1989).

We have begun the analyses with the La
Paz (3,600 m) and Santa Cmz (300 m) data
since these are the largest urban centers
with the most similar levels of health care.
Birthweights were lower in La Paz as the
result of IUGR rather than shortened gesta-
tion (Keyes et al., 2003), considering IUGR
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as birthweights less than the 10th percentile
for a given gestational age and sex using sea-
level norms (Williams et al., 1982). Because
proteinuria was infrequently assessed, data
were combined from women who became
h¡pertensive while pregnant with protein-
uria (PE) or without proteinuria (gestational
h¡pertension, GH). Approximately twice as
many women developed PE or GH at high vs.
low dtitude when all women were con-
sidered. Among primiparous women, three
times as many became h¡pertensive at high
compared with low altitude (Keyes et al.,
2003). The altitude-related increase in
PE/GH contributed to but could not fully
account for the fall in birthweights observed.
Analyses are currently being conducted to
determine whether population ancestry
influences the altitude-relaüed rise in IUGR
and PE/GH, taking into account differences
in prenatal care, parity, and other socio-
demographic characteristics. In sum, while
analyses are ongoing, results to date are
consistent with previous observations that
Andean compared with European residents of
high altitude are protected from an altitude-
associated increase in IUGR, although the
precise magnitude of protection has yet to
be determined.

Causes of population variation in IUGR

Potentially, 
^ 

great many factors could be
involved in explaining such population
differences in infant birthweight. We are
undertaking prospective studies of pregnant
Andean and European women to test the
h¡ryothesis that maternal physiological adap-
tations which increase 02 delivery to the
uteroplacental circulation protect babies of
Andean vs. low-altitude (European) ancestry
from IUGR at high altitude. To test this
h¡pothesis, we are recruiting approximately
40 women of Andean ancestry and as many
women of low-altitude ancestry as possible
for measurements of the two primary deter-
minants of 02 delivery to the uteroplacental
circulation: uterine artery blood flow and
arterial oxygenation. Measurements are
being made at weeks 20, 30, and 36 of preg-
nancy and again 3 months postpartum for
characterizing the nonpregnant state. To

TBecause a large portion of the Boliüan population does
not ¡eceive prcnatal care, the findings from this stud-v
cannot be generalized to the country as a whole.
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date, the women in the two groups are simi-
lar in age and weight gain during pregnaricy
but the Andean women are shorter, lighter,
and have had ñore prior deliveries. Sh¡ües
have been cnmpleted in 25 Andean and eight
European women, all of whom have resided
at high dtitudq_(-3,600m) throughout their
pregnancies. These dats are summarized
here by way of a preliminary report. .

Oz delivery to the uteroplacental circ'ula-
tion is the product of uterine artery blood
flow and art€riat Oz oontent. We measured
uterine artery blood flow as preüously
described (Palmer et al., L992; Zamuüo
et al., 1995) using ultrasound to measure
vessel üameter and Doppler velocimetry to
record blood flow velocity averaged through-
out the cardiac cycle. Uterine artery blood
flow rose progressiively during pregnancy in
the Andeans due to marked increases in both
vessel üa¡neter and flow velocity (Wilson
et al., 200D. However, after an initial rise,
uterine artcry blood flow in the European
women declined near term to values that
were lower than those of the Andean sub-
jects. Both groups increased their levels of
SaO2 and the increase was similar, but a
lesser fall in hemoglobin levels during preg-
nancy raised art€rial 02 content in the
European compared to the Andean women
near term (Vargas et al., 2002). However,
despite their higher art€rial 02 content, the
Europeans had lower uteroplacental 02
delivery near term compared to the Andean
subjects (Fig. 5). The Europeans' higher
hemoglobin levels near term may have
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Fig. 5. Uteroplacental 02 delivery appears to be
greater in Andeans than Europeans at teml. Values
were calcr¡lat€d as the product of uterine artery blood
flow a¡rd arterial 02 content which wene estimat€d, in
h¡rn, from Eteaaurements of uterine artery din'igte¡ anfl
blood flow velocity, and hemoglobin ooncentration and
arterid Oz saturation, respectively.
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reflected a decrease in plasma volume, as
hemoglobin levels were similar in the two
groups when nonpregnant. Failure to
expanq phsml volume during ppg-nancy is
an ominous sign since, as noted above, an
increased plasma volume iE vital for sustain-
ing higü levels of cardiac output and utero-
placental blood flow. We found lower
oornmon iliac as well as uterine artery blood
flows in the European compared to the
A¡rdea¡r women near term, @nsistent with
the possibi[ty that reduced plasma volume
lowered carüac output and contributed to
the uterine artery blood flow reductions
observed.

Birthweight data are not yet available
from these women, largely becauqe their
deliveries occulred in hospitals scattered
throughout the la,Paz area. Further compli-
cating the retrieval of such information,
some gave birth at home and severd of the
foreign women returned to their home coun-
try to gr.re birth. However, ultrasound meas-
urements were made of fetal ümensions
during the period of study. The Andean
babies tended to have larger aMomind üam-
eters and head circumferences, suggesting
greater fetal growth at a given gestational
age. Interestingly, the Andean oompared to
the European babies in utero also tended to
have a lower ratio of systolic to üastolic
blood flow velocity in the umbilical artery,
inücating less fetal distress.

SUMMARY AND CONCLUSIONS

Ar¡ increase in uteroplacental perfusion
during pregnancy is required to meet the
needs of the growing placenta and fetus and
to achieve reproductive success. Important
determinants of this increase are a rise in
blood volume and cardiac output, selective
redistribution of blood to the uteroplacental
circulation, growth and dilation of the
uterine artery, and structural remodeling of
the endometrial spiral arteries resulting
from the proximally directed migration of
extravillous cytotrophoblast cells. Human
physiological adjustments to pregnancy
resemble those of our primate relatives but
differ in several key respects; namely, earlier
implantation, deeper and more extensive
penetration of maternal uterine tissue by
fet¿l (trophoblast) cells, and a larger placenta
relative to the utenrs. We speculate that this
human elaboration of haplorhine placental
physiolory may have been selected for, in

ATIDEA¡IS EUB(»EATS
p<ot

Er

I
to''l



part, as a mea¡rs for overuming the mectran- adaptation may therefore have the additional
ical constraints a¡rd oonsequent reduction in
cardiac output due to bipedal posh¡re. Such
important modiflrcations to the timing of
implantation and depth of placentation rer¡eal
a pcsible cause for the apparent greater strs-
ceptibiliff of our species to PE. This suggests
that variation in the mechanisms by which
uteroplacental blood flow is increased during
pregnancy have important er¡olutionary
consequenoes. Consistent with this notion,
our studies of pregnancy at high altih¡de indi-
cate that variability in uterine artery blood
flow has an important influence on preg-
nancy outcome. To date, we have found that
higher oommon iliac flow near terrn and a
greater increase in uterine artery diameter
raise Andean uteroplacental 02 delivery
above the levels present in European
women. If the present rezults are confirmed
by ongoing studies, it will suggest that higher
uterine artery blood flow is more important
than higher arterial Oz mntent for the
previously observed protection from ruGR
seen in long-resident groups at high altihrde.
Such findings would be consistent with our
preüous Tibet shrdies in which we observed
that third trimester Tibetan women had
greater uterine artery blood flow velocity
and redistribution of common iliac blood
flow to favor the uterine artery in coqiunction
with heaüer weight infa¡rts when compared
with Han women resiüng at 3,600m (Mmre
et al., 2001a). Interestingly, when we crlm-
pard the Tibetan and Han women to
Colorado residents at 3,100 m, we found that
the Tibetan women resembled healthy
pregnant Colorado women in terms of their
redistribution of common iliac blood flow to
favor the uterine artery a¡rd infa¡¡t birth-
weight, whereas the Han were like Colorado
preeclamptic women (Moore et al., 200b). In
this respect, well-adapted high-altitude popu-
lations may resemble healthy. pregnant
women, while less well-adapted groups may
be like persons with the pregnancy complica-
tions of PE and ruGR. This suggests the
intriguing poss¡ibitity that the spectrum of
genetic variation within a population that
influences susceptibility to disorders zuch as
PE and IUGR is similar to that which has
been operated on by the evolutionary pnooess¡
of natt¡ral selection, consistent with our con-
cept that the maternal vascular adaptations
during pregnanq at high altih¡de are acting
asi an evolutionary gate. Identification of the
mecharrisms responsible for evolutionary

benefit of facilitating the search for solutions
to the still-significant public health problems
of IUGR a¡rd PE.
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