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Abstract
Postpartum hemorrhage (PPH), the leading cause of maternal mortality worldwide, is responsible
for 35 percent of maternal deaths. Proximately, PPH results from the failure of the placenta to
separate from the uterine wall properly, most often because of impairment of uterine muscle
contraction. Despite its prevalence and its well-described clinical manifestations, the ultimate
causes of PPH are not known and have not been investigated through an evolutionary lens. We
argue that vulnerability to PPH stems from the intensely invasive nature of human placentation.
The human placenta causes uterine vessels to undergo transformation to provide the developing
fetus with a high plane of maternal resources; the degree of this transformation in humans is
extensive. We argue that the particularly invasive nature of the human placenta increases the
possibility of increased blood loss at parturition. We review evidence suggesting PPH and other
placental disorders represent an evolutionarily novel condition in hominins.
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THE THREAT OF POSTPARTUM HEMORRHAGE
Human childbirth is treacherous. In 2008, there were 358,000 maternal deaths, largely in
developing countries (United Nations 2010a).1 On a global level, one woman in 74 will die
of maternal causes—and in sub-Saharan Africa, this risk can be as high as one in six
(Ronsmans and Graham 2006). Maternal mortality rates (MMRs) have very likely been as
high or higher for much of human history. Estimates from historical data and religious
groups that decline medical treatment suggest that, without any intervention, maternal
mortality would be very high, perhaps 1,000–1,500 maternal deaths per 100,000 live births
(1–1.5 percent; see Van Lerberghe and De Brouwere 2001). Kim Hill and colleagues (2007)
estimated approximately one in 55–75 (1.3–1.8 percent) Hiwi women of Venezuela die in
childbirth. These rates approximate the current MMR in the sub-Saharan countries with the
highest rates of maternal mortality, like Afghanistan, Chad, and Somalia (respectively,
1,400, 1,200, and 1,200 per 100,000 live births; United Nations 2010a).

1Maternal mortality, as defined by the WHO (2005), is mortality that occurs between conception and 42 days postpartum.
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Reducing the incidence of maternal mortality is a global imperative. For example, President
Obama has designated maternal health as one of the funding priorities for US global health
aid during his administration (Obama 2009). Obama’s stance on maternal health reinforces
the aim of the United Nations Millennium Development Goal #5: to reduce the MMR by 75
percent by 2015, in part by encouraging women to deliver in the presence of skilled
attendants (United Nations 2010b). Although the improvement in the global MMR was slow
initially—dropping minimally between 1990 and 2005, from 430 to 400 (United Nations
2010b)—the pace of improvement has since accelerated, such that the MMR was only 260
in 2008 (United Nations 2010a). Unfortunately, even at the current pace, the goal of a 75
percent MMR reduction is unlikely to be met by 2015.

Postpartum hemorrhage (PPH), a catastrophic loss of maternal blood associated with
impaired placental separation from the uterine wall, is the leading cause of maternal
mortality worldwide, accounting for up to 35 percent of maternal deaths, or 125,000 women
annually (Khan and El-Refaey 2006). PPH is estimated to affect 10.5 percent of human
births worldwide (WHO 2005). As Andre Lalonde and colleagues state, PPH is an “equal-
opportunity occurrence” but “not an equal-opportunity killer” (Lalonde et al. 2006:245).
Globally, there are huge disparities in PPH-related mortality: PPH accounts for 34 percent of
maternal deaths in sub-Saharan Africa and 31 percent in Asia, but only 13 percent of
maternal deaths in resource-rich areas (Khan et al. 2006). As PPH “can kill even a healthy
woman within two hours, if unattended” (WHO 2005:62), then “it is the poor, malnourished,
unhealthy woman delivered away from medical care who will die from it” (Lalonde et al.
2006:245). Because distance to a health center and availability of transport are key
determinants of where women deliver (Kruk et al. 2009), women who hemorrhage after a
home delivery may be the least able to travel to a health center after birth and thus the most
likely to die. Encouragingly, the proportion of women in developing countries who received
skilled assistance during delivery rose ten percent between 1990 and 2008, from 53 percent
to 63 percent (United Nations 2010b).

Despite its ubiquity, the root causes of PPH remain obscure. In a typical delivery, the
placenta begins to separate from the uterine wall even before the delivery of the baby (Khan
and El-Refaey 2006). Uterine bleeding at the site of placental separation is normally stopped
by “the mechanical constriction of the blood vessels due to the uterine muscle contraction
and retraction and by clots sealing off the raw surface in the placental bed” (Choo et al.
1998:179–180). Uterine contractions are promoted by the pituitary hormone oxytocin, the
release of which is stimulated during birth by the stretching of the cervix and vaginal canal
and during lactation by nipple stimulation (Christensson et al. 1989). Indeed, conservative
management of hemorrhage includes encouraging nipple stimulation to trigger uterine
contractions and unassisted placental delivery (Mathai et al. 2007; McDonald 2007).
Coagulation factors in maternal blood contribute to the formation of clots that also stem the
blood flow (Martinelli et al. 2010). When uterine bleeding is not stopped by these
mechanisms, the threat of maternal death from catastrophic hemorrhage is very real.
Clinically, PPH is usually defined as a loss of approximately 500 cubic centimeters of blood
at or around delivery (for vaginal births), but it can also be defined as a life-threatening
change in blood pressure or a need for a blood transfusion (Coker and Oliver 2006).
Although PPH can occur in the weeks following birth, most PPH—as well as most of the
deaths associated with it—occur in the first four hours after delivery.

The two major risk factors for PPH, uterine atony and a prolonged third phase of labor
(delivery of the placenta delayed more than 30 minutes after delivery of the neonate),
together account for 93 percent of PPH-related deaths (Carroli et al. 2008). Uterine atony,
the absence of adequate uterine contractions to sufficiently clamp the uterine vessels and
stop bleeding, is the leading risk factor for PPH, accounting for 70 percent of the cases
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(Khan and El-Refaey 2006). The underlying causes of uterine atony, however, are unclear.
Uterine atony is often associated with retained or incomplete placenta delivery, but the
directionality of this link is not clear. It is possible that a retained placenta and its vessels
may present a physical barrier to uterine muscle contraction. Conversely, uterine atony
could hinder placental separation and expulsion. Besides physical and physiological factors
that may block the ability of the uterus to contract, risk factors that overstretch the uterus are
also associated with atony, including multiple pregnancy, macrosomia (birth weight greater
than 4,000 grams, or 8.82 pounds), and polyhydramnios (too much amniotic fluid; Khan and
El-Refaey 2006). The ultimate causes of PPH are as yet unknown, but considering the
evolutionary primacy of reproduction and pregnancy, the integration of clinical medicine
and evolutionary biology is a logical avenue to pursue.

In this article, we explore a novel, evolutionarily driven hypothesis regarding human
vulnerability to PPH. We argue that this susceptibility has deep roots in the human pattern of
highly invasive placentation. To support this argument, we review some of the key features
of invasive human placentation, consider the comparative evidence for placental disorders
related to trophoblast invasion, propose that overly aggressive placental invasion may be
critical to the etiology of PPH, and evaluate the evidence for a deep human history of PPH.

THE IMPORTANCE OF PLACENTAL DEVELOPMENT IN HUMAN
VULNERABILITY TO PPH

We propose that there may be a critical link between the human pattern of placentation and
the high risk of extensive blood loss at delivery. Specifically, we suggest that the intensity
and extent of placental invasion into the uterine wall and subsequent transformation of the
maternal vasculature, which are adaptations to maximize resource transfer to the developing
fetus, play key roles in the etiology of PPH. A brief description of the development of the
placenta is thus critical to building this argument (for greater detail, see Benirshcke and
Kaufmann 1982; Luckett 1974, 1976; Mossman 1937, 1987; Wislocki 1929). The primate
placenta forms within a few days of fertilization from cells of fetal origin, the trophoblasts.
The trophoblasts comprise the outer cell mass (OCM) of the early blastocyst, a hollow ball
of cells derived from the fertilized egg (Mossman 1937, 1987; see Figure 1), while the inner
cell mass of the blastocyst gives rise to the fetus. Because of its shared origin with the fetus,
the placenta can be viewed as an extrasomatic fetal organ, which acts as a sensor of nutrient
availability in maternal circulation and thus a calibrator of fetal growth (Jansson and Powell
2006).

Placentas are the most morphologically variable organ among the mammalian taxa
(Kaufmann 1983; Mossman 1937). The placenta may manifest as one or two round discs, as
in primates and rodents; as a simple band or loop of tissue, as in carnivores; as a network of
small discrete round patches scattered throughout the uterus, as in sheep; or it may diffusely
cover the entire uterine wall, as in horses, pigs, and cetaceans (Mossman 1937, 1987).
Whereas all placentas act as the intrauterine interface between mother and fetus, the degree
to which the placenta advances into the uterus and thus the maternal circulation varies
markedly. Placentas show striking variation in invasiveness, exhibiting three main
phenotypes (as originally described by Grosser 1909). The epitheliochorial placenta is the
least invasive form; it adheres to the epithelial lining of the uterine wall without penetrating
it, and thus there is no contact with underlying maternal vasculature. Nutrient transport into
the fetal circulation is conducted via diffusion through several layers of tissue: the walls of
the maternal vessels, the surrounding endometrial stroma, the uterine epithelium, and finally
the chorion, which is comprised of trophoblasts from the OCM and fetal mesoderm, a tissue
deriving from one of the main three cell layers of the early embryo. In order of invasiveness,
the next mode is endotheliochorial, whereby the chorion penetrates the endometrial surface
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and is in contact with the endothelium of maternal vessels but is not immediately adjacent to
maternal blood. The most invasive form is the hemochorial placenta (as seen in rodents and
primates), in which the chorion penetrates the endometrial epithelium and the deeper
endometrial stroma to arrive in contact with maternal vessels and subsequently even
penetrates the vessel walls, so that placental tissue is in direct contact with maternal blood.

There is even further differentiation within hemochorial placentation in terms of depth of
implantation. In placentation in the monkeys, there is moderate penetration of the uterine
lining by the chorion (Luckett 1976). Trophoblast cells surround maternal vessels within the
endometrium and cause them to lose some of their muscularity, which in turns lowers
vascular resistance and increases blood flow to the developing embryo (Kaufmann et al.
2003). The monkey placenta forms a trophoblast shell, which is a mostly continuous layer of
trophoblast cells within the endometrium that largely limits trophoblast invasion into the
myometrium (Blankenship and Enders 2003; Ramsey et al. 1976). In contrast to placentation
in monkeys, the hominoid (ape and human, and presumably early hominin) placenta is much
more invasive, deeply penetrating the uterine epithelium and migrating through the
endometrial stroma beneath into the upper third of the myometrium, the thick muscular wall
of the uterus (Enders et al. 1996; Mossman 1987; Pijnenborg et al. 1996). The human
trophoblasts extensively invade and remodel the maternal spiral arterioles, the small coiled
vessels that originate in the myometrium to populate and nourish the rich endometrium
(Robillard 2002; Figures 1 and 2). Less is known about placentation in the other hominoids
than in modern humans, but very recent reports suggest that this invasive placentation
occurs in the African great apes as well, although the currently available data are drawn
from two chimpanzee placentas (Carter and Pijnenborg 2010). There is no data regarding the
extent of invasiveness yet available from the orangutan, but deeply invasive placentation
(i.e. extensive arteriole remodeling extending into the myometrium) does not appear to
occur in the smaller Asian apes (Anthony Carter, conversation with Rutherford, October 20,
2010). It is important to note here that the degree of placental invasiveness—
epitheliochorial, endotheliochorial, or hemochorial—should not be viewed as representative
of qualitative shifts in placental efficiency in regard to supporting fetal growth. Indeed, the
orders producing the largest fetuses relative to adult weight are cetaceans (whales and
dolphins), artiodactyls (e.g., hippopotamuses, giraffes), and perissodactyls (e.g., horses,
rhinoceroses), which all have the least invasive placentas (Martin 2007), suggesting that
physiological and metabolic features of the placenta—such as membrane thickness, nutrient
consumption rates, or transporter density per unit area—refine the role of gross
morphological traits of the placenta in supporting fetal growth.

To accomplish the extraordinary feat of deeply invading the uterus and remodeling its
vessels, the trophoblast cells develop an invasive phenotype (Kliman 2000; Figure 3). Some
trophoblast cells become the villous cytotrophoblasts that cover mesoderm cores to become
the chorionic villi (Figure 3, “VCT”). These villi are in direct contact with maternal blood
pulsating throughout the placenta. As gestation progresses, most of the cytotrophoblasts fuse
to form a continuous multinucleated layer called the syncytiotrophoblast (Figure 3, “SCT”),
across which nutrient, gas, and waste transport takes place. A second type of trophoblast
cells mediates the placental adherence to the uterine wall as anchoring columns (Figure 3,
“ACT”). The last group of cytotrophoblast cells develops a highly invasive phenotype.
These extravillous invasive cytotrophoblasts break free from the other trophoblast cells and
migrate deeper into the uterus. They surround the maternal spiral arterioles and initiate a
breakdown of their internal muscular layer (the tunica media; see Figure 2). This replaces
the muscular and elastic tissue of the arteriole wall with a thick layer of noncontractile
fibrinoid material, which in turn reduces vascular resistance. The shape of the vessel is also
converted in such a way that the diameter of the vessel increases and the distal portion opens
into a funnel-like outlet into the growing placenta (Espinoza et al. 2006; Rockwell et al.
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2003). These changes combine to maximize the blood flow to the placenta, increase the
hemodynamic efficiency of the organ, and reduce the potential impact of vasoconstrictors
(Espinoza et al. 2006). The invasion and subsequent conversion of the deeper vessels of the
human uterus takes place early in the second trimester, around 15 weeks (Robillard et al.
2002). In sum, this transformation impairs the ability of maternal vasculature to physically
limit blood flow to the placenta, a strategy that channels large quantities of nutrients and
oxygen to the large-for-maternal-body-size newborns of hominoids, including humans
(Chaline 2003; Dufour and Sauther 2002; Martin 1983, 2003). As we argue in the following
sections, this process (and specifically its dysregulation) may play an important and as yet
unexamined role in the etiology of PPH in humans.

HUMAN VULNERABILITY TO POSTPARTUM HEMORRHAGE IN
COMPARATIVE CONTEXT

PPH is rare in domestic animals for which substantial data are available (Noakes et al.
2001). David Noakes and colleagues (2001:319) report that, because many domesticated
animals (e.g., swine, horses, cattle) have noninvasive epitheliochorial placentas, bleeding at
or around the time of delivery is only likely if excessive force is used to deliver the placenta;
in fact, in these animals, “the usual cause of serious hemorrhage is laceration of a uterine
blood vessel by a fetal appendage, obstetric instrument, or hand of the obstetrician”—in
other words, trauma followed by hemorrhage. For example, James Rooney (1964) reported
ten fatal cases of PPH in aging mares, all related to lacerations of arteries. In carnivores like
the house cat, moderately invasive endotheliochorial placentas allow for an increased risk of
blood loss at delivery, particularly when the placenta is precipitously removed during
elective cesarean sections (Noakes et al. 2001). These data, albeit minimal, suggest that
blood loss at delivery has a direct connection to the degree of placental invasiveness, such
that animals with minimally invasive epitheliochorial placentas are unlikely to bleed at
delivery except in the case of induced vascular trauma, while those with moderately invasive
endotheliochorial placentas may bleed if the placenta is prematurely separated from the
uterine wall.

If the invasiveness of the placental type predicts the probability of blood loss at delivery,
then orders with hemochorial placentation, the rodents and the primates, should be expected
to lose at least some blood postpartum. Unfortunately, there are very few data available on
postpartum bleeding or its risk factors in either rodents or nonhuman primates. We could
find no data regarding postpartum hemorrhage in rodents. Anecdotally, some nonhuman
primate observers report that a small degree of blood loss is common at delivery (captive
chimpanzees: Steven Ross, e-mail with Abrams, August 2, 2010; wild mantled howler
monkeys: Paul Garber, conference presentation, October 2009; captive common marmoset
monkeys: Rutherford, personal observation, August 2004–July 2006), but we were unable
able to find any accounts of excessive blood loss at delivery or maternal mortality linked to
PPH in the nonhuman primate literature. In addition, we found only two published reports of
retained placenta, a key risk factor for PPH, in nonhuman primates (Bronson et al. 2005;
Halbwax et al. 2009). Considering the importance of pregnancy and labor in zoos and
captive research and breeding facilities, the lack of an anecdotal literature on PPH in
nonhuman primates can be viewed as tentative support for the hypothesis that the elevated
incidence of PPH is unique to humans, although more systematic study is clearly required,
particularly among the great apes.
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RISKY BUSINESS: PLACENTAL INVASION AND VASCULAR REMODELING
The differentiation and subsequent invasion described above are normal components of
human pregnancy. However, the process of trophoblast invasion must be finely tuned. As
Harvey Kliman observes,

Enacting this scenario takes a very delicate balancing of conflicting biological
needs between the mother and fetus. The fetus, on the one hand, requires its
invasive trophoblasts to penetrate the mother’s uterus aggressively in search of
vessels to modify. The mother, on the other hand, must protect herself from the
invasive trophoblasts, lest they completely penetrate her uterus, causing her to
hemorrhage and bleed to death. [Kliman 2000:1760]

One manifestation of the disruption of this delicate balance in utero may be preeclampsia
(PE). PE is characterized by shallow trophoblast invasion and insufficient remodeling of
maternal vessels. Rather than being transformed into the wide, straight funnels that easily
conduct maternal blood to the placenta and in turn the fetus, the maternal spiral arterioles
remain coiled, their muscular walls intact and operable, thus restricting blood flow to the
placenta (Fisher 2004). This starkly limits fetal access to maternal tissues (Chaline 2003;
Robillard et al. 2002), suggesting that PE represents a case in which maternal agendas
successfully limit investment (Haig 1993).

From a proximate perspective, Kliman and colleagues have recently suggested that placental
protein 13 (PP13), a protein that triggers an immune response by maternal tissues, may be
employed by the fetal side of the placenta as a decoy to divert the attention of the maternal
immune system away from the true front lines of trophoblast invasion, as PP13 is produced
not by the invasive extravillous trophoblasts surrounding the maternal arterioles but, rather,
by villous syncytiotrophoblast (Kliman et al. n.d.). Supporting this diversion hypothesis,
several researchers have shown that low PP13 levels during the first trimester are associated
with an increased risk of developing PE (Chafetz et al. 2007; Cowans et al. 2008; Than et al.
2004). In other words, the low levels of PP13 characteristic of PE do not fully misdirect the
maternal immune response away from the invasive trophoblasts, allowing an increased level
of maternal protection against aggressive vascular remodeling and thus leaving vessels
underremodeled. Conversely, if levels of PP13 are excessive, the maternal immune response
may be diverted to such an extent that vessels are exceptionally vulnerable to invasion and
remodeling, leading to an overperfusion of the placenta and potentially to uncontrolled
blood loss during placental separation (i.e., PPH).

PE is the primary cause of maternal mortality in resource-rich countries (Fisher 2004) and
the second leading cause (after PPH) of maternal mortality and morbidity worldwide
(Hawfield and Freedman 2009). The incidence of PE and eclampsia—the latter of which is a
very severe development of the former that can lead to maternal convulsions, coma, and
death—may be as high as 18 percent in some African nations (Maharaj and Moodley 1994).
PE is also associated with high fetal and neonatal mortality, even in technologically
advanced medical contexts (Lydakis et al. 2001). Even when PE does not directly lead to
fetal death, it is frequently associated with a number of poor outcomes, including relative
placental overgrowth, reductions in blood flow through the placenta, and intrauterine growth
retardation (IUGR), a condition marked by small-for-gestational-age neonates. IUGR is a
major risk factor for fetal and neonatal mortality (Fang 2005; Garite et al. 2004; Tan and
Yeo 2005) and may program the fetus for increased adult susceptibility to diabetes, obesity,
and poor cardiovascular health (Barker 1995, 1998; Eriksson et al. 2010; Godfrey and
Barker 2001; Kuzawa and Adair 2004).
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Besides preeclampsia, there are a number of disorders representing a range of placental
invasiveness. On one end of the spectrum is placental abruption, in which the placenta
prematurely separates from the uterine wall, suggestive of shallow implantation (Tikkanen
2010). On the other end of the range is the cluster of highly invasive disorders comprising
placental accreta, whereby trophoblast invasion is severely dysregulated and the placenta
implants far beyond its normal limits (Angstmann et al. 2009). The most invasive of these is
placenta percreta, in which the placenta completely penetrates the myometrium, in some
cases migrating out onto organs outside the reproductive tract, such as the rectum or kidneys
(Moore and Gonzalez 2008). Placenta percreta, which can lead to spontaneous uterine
rupture (Esmans et al. 2004), is often localized to areas of uterine scarring, as the
nonvascular fibrous scar tissue that replaces the muscle may allow overimplantation (Khan
and El-Refaey 2006). The highly invasive nature of human trophoblasts can also give rise to
gestational trophoblastic diseases such as choriocarcinoma, a neoplasm that can metastasize
to the lungs and cause death years after pregnancy (Shintaku et al. 2006; Smith et al. 2005).

THE LINK BETWEEN PLACENTATION AND POSTPARTUM HEMORRHAGE
Just as PE is a gestational disorder arising from impaired placentation and resultant
underremodeling of the uterine vasculature, we suggest that PPH has its roots in overly
aggressive placental invasion and vascular remodeling. Severe blood loss at delivery may be
an unfortunate by-product of selection to maximize the transport of maternal resources to the
fetus, occurring when trophoblast invasion and vascular remodeling are extreme and leading
to overremodeled vessels that are too wide, too open, too conductive of maternal blood to
the placenta. In support of this hypothesis (and in direct contrast to PE), one of the clinical
risk factors for PPH is macrosomia, which is defined as fetal weight over 4,000–4,500 grams
(8.82–9.92 pounds) or weight over the 90th percentile for gestational age (Sacks and Chen
2000). Fetal macrosomia is indicative of a high rate of nutrient delivery to the fetus, as
would be expected if the vessels supplying the placenta were expanded in size, number, or
power.

There are a number of factors that may contribute to this overremodeling. As mentioned
above, the PP13 decoy mechanism that lures maternal immune response factors away from
the invasive trophoblast cells surrounding the spiral arterioles (Kliman et al. n.d.) may be
poorly regulated (e.g., released in an overly diffuse spatial pattern or produced in
excessively large quantities). This could lead the maternal immune system to respond
inadequately to the activity of invasive trophoblasts on the arterioles, leaving these vessels
vulnerable to becoming excessively remodeled and overly conductive of maternal blood to
the fetoplacental unit. Alternatively or concomitantly, more arterioles than usual may be
remodeled or even recruited to form de novo by the invasive cells. Indeed, invasive
trophoblast cells are capable of attracting and increasing neighboring maternal blood flow
through the production of factors that promote vessel dilation and discourage clot formation
(Athanassiades and Lala 1998; Cross et al. 2002; Hemberger et al. 2003). These invasive
cells can also completely displace the maternal cells lining the remodeled vessels, essentially
forming new blood vessels of placental origin within the uterus (Hemberger et al. 2003). In
addition to the great advantage of directly soliciting and facilitating increased maternal
blood flow to the placenta and fetus, these mechanisms, when unchecked, may also have the
effect of replacing or handicapping uterine muscle cells, thus diminishing the effective ratio
of contractile-to-noncontractile tissue in the myometrium and dampening the ability of the
uterus to contract. A high rate of vascular turnover and inflammation could be accompanied
by an accumulation of subclinical uterine trauma and scarring that could also hamper
contractility, which is the most significant immediate risk factor for hemorrhage.
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EVIDENCE FOR EVOLUTIONARY NOVELTY OF PLACENTAL DISORDERS
IN HUMANS

We turn again to the preeclampsia literature to serve as a corollary for PPH. Tellingly, PE
has frequently been described as a disorder unique to humans because of the role of
trophoblast invasion and vascular remodeling (Chez 1976; Jauniaux et al. 2006; Pijnenborg
et al. 2006; Rosenberg and Trevathan 2007), although this is not universally supported.
Anthony Carter and Robert Martin (in press) recently critiqued the conventional wisdom of
PE as a uniquely human condition, suggesting that this assumption has not been exposed to
extensive inquiry. They cite examples of physiological changes in pregnant primates that
may indicate a deeper evolutionary timeline for PE. For example, in a study of five pregnant
baboons who underwent uterine artery ligation (a treatment that effectively limits blood flow
to the placenta and increases maternal blood pressure), symptoms consistent with PE were
observed: namely, changes to the microscopic kidney morphology, proteinuria, and
increased blood pressure (Makris et al. 2007). Annemarie Hennessy and colleagues (1997)
described similar renal and hypertensive symptoms in a baboon pregnant with twins.
Comparable changes to the kidney have been observed in a single chimpanzee (Stout and
Lemmon 1969), and symptoms tentatively described as “eclamptic convulsions” have been
observed in two matrilineally related gorillas (Thornton and Onwude 1992).

Although this small dataset (n = 9, across three genera) points to the possibility that the
hypertensive symptoms of PE may not be limited to humans, none of these studies described
any morphological features of the placenta corresponding to the well-described alteration of
invasive events that characterizes PE in humans (Fisher 2004). What is consistent in these
examples is the induction of a hypertensive environment, either through the mechanical
restriction of blood flow to the uterus or through spontaneous multiple pregnancy. Further,
as Carter and Martin (in press) also note, the invasive extravillous trophoblasts responsible
for the extensive vascular remodeling of the human uterine vasculature appear to be absent
in baboons and macaques, the monkey species in which placentation has been most studied.
Taken together, the available observations suggest to us that although the hypertensive
symptoms of PE may be inducible within the primate order, the underlying placental
causation—blocking of the characteristically deep invasion and extensive vascular
remodeling—either is unique to hominins or at least has not yet been definitively shown to
be a component of the etiology of gestational hypertension in nonhuman primates, even in
the two great ape species in which invasive remodeling has been demonstrated (Carter and
Pijnenborg 2010; Pijnenborg et al. in press). Thus, we suggest by extension that, although
catastrophic blood loss at delivery may occasionally occur in all placental mammals, it is the
extreme trophoblast invasion and vascular remodeling of the human placenta that underlies
the uniquely high incidence and risk of PPH.

Genetic and ethnographic evidence offer more clues to a deep human history of PPH. Pelle
Lindqvist and colleagues (Lindqvist and Dahlback 2008; Lindqvist et al. 1998) argue that
polymorphisms that promote coagulation (i.e., thrombophilias, the propensity to form blood
clots) have been selected to counterbalance the risk of PPH. Factor V Leiden (FVL), one of
the best characterized procoagulatory mutations, causes a resistance to the anticoagulatory
activity of Activated Protein C (APC; Spina et al. 2000); this allows individuals with the
FVL mutation to clot faster. Approximately five percent of Europeans carry the FVL gene,
and frequencies can reach as high as 10 to 15 percent in northern Europe, where the
mutation likely arose (Spina et al. 2000) approximately 21,000 years ago (Zivelin et al.
2006). In a retrospective Swedish study, Lindqvist et al. (1998) found that women who were
homozygous or heterozygous for the FVL mutation lost significantly less blood at delivery
(an average of ~60 ml less blood lost; p = 0.001) and were significantly less likely to
hemorrhage than individuals without the mutation (defined in this study as ≥ 600 ml blood
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loss; 2 percent of those with the mutation vs. 14 percent of those without it; p = 0.01). Even
if thrombophilias offer protection against PPH, carriers may incur other potentially
significant costs. The most significant of these costs is an increased risk of
thromboembolism (a blood clot that breaks free from the vessel in which it forms, thus
entering the circulation and blocking another vessel—e.g., in the brain or lung) in
pregnancy, which accounts for approximately 15 percent of maternal deaths (Khan et al.
2006). A recent systematic literature review and metanalysis of the risk of thrombosis (a
condition characterized by the formation of venous blood clots) in pregnancy for FVL
carriers determined that homozygotes have a relative risk as high as 34.4 percent compared
to the 8.3 percent risk of heterozygotes, although this does not translate to an exceptionally
high absolute risk (3.4 percent in homozygotes and 0.8 percent in heterozygotes), given the
rarity of thrombosis in the overall population (1:1000; Robertson et al. 2006). The costs of
FVL, which accounts for over 40 percent of all thromboses, are also suggested by its virtual
absence among natives of Africa and Asia (Spina et al. 2000), parts of the world where the
mortality rate due to PPH is especially high. Lindqvist and colleagues (Lindqvist and
Dahlback 2008; Lindqvist et al. 1998) argue that the maintenance of the FVL allele at such a
high frequency despite its associated risks is indicative of strong balancing selection for
protection against PPH.

Yvonne Lefèber and Henk Voorhoeve (1998) extensively reviewed childbirth customs and
discussed a number of interventions by traditional birth attendants (TBAs) that appear to
mimic the effects of WHO-recommended biomedical interventions in encouraging placental
delivery. Termed active management of the third phase of labor, the WHO recommends
facilitating the delivery of the placenta via controlled cord traction, in which an attendant
gently but firmly grasps the umbilical cord to help guide the placenta out; uterine massage,
which stimulates muscular contraction; and injections of drugs like Pitocin (i.e., synthetic
oxytocin), which induce uterine contractions (WHO 2007). First, if the placenta is delayed,
TBAs may administer substances or perform actions that will cause the delivering woman to
sneeze, gag, or vomit, thus tensing the abdominal muscles and contracting the uterus. For
example, TBAs may insert garlic or hair into the woman’s mouth or administer salted water
to induce gagging or vomiting (Lefèber and Voorhoeve 1998). In Jamaica, the woman may
be encouraged to inhale deeply then exhale forcefully into a bottle, which applies internal
pressure to the uterus and can stimulate contractions (Kitzinger 1982). Second, abdominal
pressure and uterine massage, pressing, and rubbing are widely reported (Lefèber and
Voorhoeve 1998). In West Melanesia, a hot compress made of wood may be applied to the
vulva and abdomen to stop the flow of blood (Lefèber and Voorhoeve 1998). And third,
Lefèber and Voorhoeve (1998) present examples from India, Malaysia, Ghana, and
Indonesia of TBAs pulling on the umbilical cord and manually removing the placenta,
which harkens back to the WHO’s example of controlled cord traction. These examples
demonstrate that TBAs attend to cues of possible PPH and are able to intervene in manners
that replicate the effects of the WHO’s recommended actions. The crosscultural variations in
these interventions suggest these traditions have deep roots, and the minimal materials
required suggest that these sorts of interventions could have been performed by earlier
hominins, who were already likely engaging in obligate midwifery because of the
anatomical complications of delivering a large-headed neonate through a relatively restricted
birth canal (Trevathan 1987).

If PPH is not a common feature of mammalian or even primate pregnancy, when did the
vulnerability to PPH arise in human history? Christie Rockwell and colleagues (2003)
suggest that the shift toward bipedal locomotion approximately seven million years ago and
its attendant consequences for pelvic anatomy may have spurred changes in patterns of
placental invasiveness and vascular remodeling to counteract gravitational effects. They
argue that a shift to habitual bipedal posture and locomotion would have put the major
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abdominal vasculature (e.g., inferior vena cava, abdominal aorta) at risk of compression by
the gravid uterus (Abitbol 1993). This in turn would have constrained blood flow and thus
oxygen to the uteroplacental unit, with potentially deleterious consequences for a developing
fetus, particularly later in gestation when somatic and brain growth are at their peak. By
taking advantage of an extant anthropoid mode of invasive placentation, the human placenta
could implant even more deeply and actively alter maternal vasculature to improve
perfusion of the placenta, and hence the fetus would be protected from the vascular effects
of gravity (Rockwell et al. 2003). One possible consequence of these placental adaptations
to more global anatomical changes might be an increase in the flow of nutrients to the fetus,
and in particular, the fetal brain, which may have contributed to dramatic evolutionary
increases in relative brain size. In particular, invasiveness is related to the total amount of
surface area at the interface between maternal and fetal circulations, indicating that an
increase in invasiveness that was a response to locomotor constraints may have led to a
largely expanded transport surface across which nutrients could flow more readily to the
developing hominin fetus. These hypotheses suggest that human vulnerability to PPH and
other placental disorders related to trophoblast invasiveness arose around the same time as
routinely bipedal locomotion and intensified with the trend toward encephalization.

CONCLUSIONS, APPLICATIONS, AND FUTURE DIRECTIONS
PPH is the leading cause of maternal mortality worldwide, exacting huge tolls on economic
and human capital, particularly in those regions where women do not have ready access to
medical care. Whereas the clinical literature on PPH has focused extensively on treatment
modalities and the quantification of risk factors, comparatively little work has been done by
the medical community to excavate the foundation of this potentially fatal disorder. We
argue here that the high risk of PPH-related mortality in humans is a byproduct of unique
placental adaptations toward intense invasiveness and radical remodeling of maternal
vasculature. The transformed maternal uterine vessels allow maximum perfusion of the
placenta, thus creating a generous conduit of maternal resources to the developing fetus, a
developmental and evolutionary boon to hominin fetal somatic and brain growth. However,
the transformative activity of the human trophoblast cells carries with it significant risk of
gestational complications for both mother and offspring. We use the example of
preeclampsia, a serious hypertensive complication of pregnancy caused by inadequate
vascular remodeling of the uteroplacental unit, as a corollary for the etiology of PPH we
propose here: that is, miss the target for adequate vascular remodeling and risk maternal
hypertension and fetal undergrowth; overshoot the target—causing excessive remodeling,
hyperperfusion of the placenta, and overnourishment of the fetus—and risk catastrophic
maternal bleeding and maternal and fetal death. We suggest that although the human
placenta shares deep phylogenetic roots with the primate hemochorial placenta, the highly
invasive phenotype of the modern human placenta appears to be distinct from that of other
primates, as indicated by available histological and physiological studies of the placenta,
comparative data on pregnancy outcomes, and the time depth of PPH suggested by
coagulation factor polymorphism distribution and ethnographic consilience in birth
practices.

We have drawn from the available nonhuman literature on maternal mortality resulting from
bleeding and other placental disorders. Unfortunately, the primate literature is currently
inadequate to the task of completely rejecting the null hypothesis that humans do not differ
from other primates, especially the African apes. Recent work by Anthony Carter, Robert
Pijnenborg, and colleagues (Carter and Pijnenborg 2010; Pijnenborg et al. in press) has
demonstrated that both the gorilla and chimpanzee term placenta do reflect an invasive mode
of placentation that is similar, “although not necessarily identical,” to the human condition
(Carter and Pijnenborg 2010:7). Further, Carter and Pijnenborg were unable to demonstrate
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highly invasive placentation in the orangutan placenta (Carter and Pijnenborg 2010). More
detailed exploration of comparative primate placentation, fetal development, and maternal
complications is needed to fully address these issues. However, even if it were to be
definitively demonstrated that modern humans and the African apes, but not the orangutans,
share an identically invasive placenta, this would offer tremendous insight into to the
reproductive biology of the last common ancestor of the African hominoids. Perhaps more
intriguing, in light of our hypothesis, would be if similarities in placentation were confirmed
but incidence and severity of either PE or PPH were far greater in modern humans. This
would indicate that the risk for placenta-related gestational complications is regulated by
other critical factors, such as the timing and process of early invasive processes, relative
fetal somatic and brain size, ratio of placental to fetal mass, relative maternal blood volume,
coagulation factors, and behavioral adaptations.

Understanding the underlying cause of the increased risk of PPH in humans is a critical step
toward discovering new modes of treatment and eventually prevention on a global scale.
Whereas the medical community focuses on atony (loss of uterine contractility), the primary
proximate risk factor for PPH during labor, our synthesis suggests that a focus on circulating
biomarkers of trophoblast invasion during the period of intense invasion and remodeling—
the first few weeks of the second trimester—may yield an early predictor of risk. Although
the invasive trophoblasts do produce unique endocrine signatures that are assayable from
maternal blood or urine, none has yet been investigated as potential markers of PPH risk.
Biomarkers of PPH that could be used early in pregnancy would allow women to make
informed decisions about their choice of birthing site and medical care based on their risk of
PPH. Additionally, our synthesis calls into further question interventions that interfere with
the uterus’s ability to contract and expel the placenta because of oxytocin dysregulation
(e.g., for epidurals, see Rahm et al. 2002; for delayed initial breastfeeding, see Irons et al.
1994), particularly among women who may be more prone to hemorrhage because of
population differences in coagulation factors.

We view an interdisciplinary approach to addressing the ultimate and proximate causes of
PPH as an exemplar of applied evolutionary medicine and the emerging field of biomedical
anthropology, with applications toward research, diagnosis, and treatment of PPH. Even
more critically, women’s lives are at stake: over 100,000 women will die this year because
of PPH. Over 50 percent of PPH cases have no identifiable risk factors (Kominiarek 2008),
and the best predictor of PPH is previous PPH, which has disturbing implications for women
in resource-poor settings. For the 37 percent of women who do not give birth attended by
skilled attendants (United Nations 2010b), by the time it becomes evident that the
postpartum bleeding is not attenuating, it may be too late to travel to a health center for
treatment. Early diagnostics of PPH based on an understanding of evolutionary biology and
physiological mechanisms will aid women in making informed choices about place of
delivery to staunch the tide of PPH-related maternal deaths.
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Figure 1.
The pre–implantation stage of the human embryo. The implanting blastocyst is a hollow ball
of cells that contains an internal mass of cells that will give rise to the embryo proper
surrounded by an outer shell of cells called trophoblasts. These cells will form part of the
placenta. Later migrations of extraembryonic mesoderm from the developing embryo will
complete the placental structures. Together, the trophoblast and embryonic mesoderm form
the placental villi. (Modified from Rutherford 2009)
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Figure 2.
Darkly staining invasive extravillous cytotrophoblasts (ECT, some indicated by white
arrows) surrounding maternal arterioles (outlined in black hashed circles). Arteriole on left
is completely surrounded by ECT and further along the conversion process than the arteriole
on the right. (Micrograph used with permission from Harvey Kliman, MD, PhD, Yale
University)
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Figure 3.
Localization of differentiated human trophoblast cells. Human placenta, section through
chorionic villus (embryonic mesoderm core covered in trophoblast) and underlying
endometrium. Dark-staining cells are various trophoblast phenotypes: SCT =
syncytiotrophoblast; VCT = villous cytotrophoblast; ACT = anchoring cytotrophoblast; ECT
= extravillous invasive cytotrophoblast. (Micrograph used with permission from Harvey
Kliman, MD, PhD, Yale University)
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