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A large brain combined with an upright posture in humans has
resulted in a high cephalopelvic proportion and frequently
obstructed labor. Fischer and Mitteroecker [B. Fischer, P. Mitteroecker,
Proc. Natl. Acad. Sci. U.S.A. 112, 5655—5660 (2015)] proposed that
the morphological covariations between the skull and pelvis
could have evolved to ameliorate obstructed labor in humans.
The availability of quantitative data of such covariation, espe-
cially of the fetal skull and maternal pelvis, however, is still
scarce. Here, we present direct evidence of morphological covari-
ations between the skull and pelvis using actual mother—fetus
dyads during the perinatal period of Macaca mulatta, a species
that exhibits cephalopelvic proportions comparable to modern
humans. We analyzed the covariation of the three-dimensional
morphology of the fetal skull and maternal pelvis using com-
puted tomography-based models. The covariation was mostly
observed at the pelvic locations related to the birth canal, and
the forms of the birth canal and fetal skull covary in such a way
that reduces obstetric difficulties. Therefore, cephalopelvic co-
variation could have evolved not only in humans, but also in
other primate taxa in parallel, or it could have evolved already
in the early catarrhines.
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ncephalization and acquisition of bipedal locomotion are

hallmarks of human evolution. In modern humans, adult and
neonatal brain volumes reach 1,400 and 400 cc on average, re-
spectively (1-3). Bipedality with upright posture shaped the hu-
man pelvis in a specific way compared to other primates. The
human pelvis is short and deep along the cephalocaudal and
dorsoventral directions, respectively, which is thought to be as-
sociated with the stability and efficiency of bipedal locomotion
(4-6). The human pelvic morphology results in a narrow birth
canal, especially along the anteroposterior direction at the pelvic
inlet (7-9). As a result of encephalization and adaptations for
bipedalism, neonatal head and maternal pelvic dimensions typ-
ically exhibit a tight fit in humans. The large human neonatal
head relative to maternal pelvic sizes (a high cephalopelvic
proportion) frequently leads to difficulties in childbirth and has
prompted a unique delivery process coupled with fetal rotation
(refs. 7, 10-13, but see refs. 14, 15).

In principle, the risks of obstructed labor should be reduced by
expanding true pelvic dimensions (4, 8, 9, 16, 17). There is a
limitation in the capacity of pelvic expansion, however, since
increased pelvic width hampers energetic efficiency of bipedal
locomotion (refs. 8, 9, 16, 18, but see refs. 19, 20). Such a trade-
off that was hypothesized for the human pelvis is known as the
“obstetric dilemma” (7, 8, 18, 19, 21-25). This long-standing
hypothesis was recently challenged by Warrener et al. (20),
who showed that the broader pelves of females compared to
males do not result in energetic inefficiency. In either case, the
expansion of pelvic dimensions is limited, since a pelvic floor that
is too large could increase risk of visceral prolapse (26).

WWww.pnas.org/cgi/doi/10.,1073/pnas.2002112117

Given the relatively large head of the human neonate and the
constrained pelvic width for efficient bipedalism, what could,
then, reduce the risk of obstructed labor? Do the morphologies
of the skull and pelvis covary and coevolve to reduce difficulty of
childbirth? As the delivery process itself is primarily determined
by the interaction between the fetal head and maternal pelvis,
the morphological covariation between the head and pelvis
(cephalopelvic covariation [CPC]) has drawn considerable at-
tention. It has been reported that the sizes of the neonatal and
maternal heads show a positive correlation in humans (27, 28).
Fischer and Mitteroecker (29) showed that humans with larger
heads tend to exhibit a rounder shape of the pelvic inlet with
greater projection of the shorter sacrum to the dorsal direction
and the larger anteroposterior diameter in the pelvic outlet.
They also showed that such covariation between the head size
and pelvic shape is stronger in females than in males. Based on
these data, they proposed that the morphologies of the skull and
pelvis covary to ease childbirth.

Small- to middle-sized primates (e.g., marmosets, squirrel
monkeys, macaques, and gibbons) also tend to exhibit high
cephalopelvic proportions (7), since maternal body mass and
neonatal body and brain masses follow negative allometry
(1, 30). In these taxa, the frequency of neonatal death during
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childbirth is relatively high (4, 10, 25). It is currently unknown
whether the CPC evolved only in humans, in parallel in other
primate taxa, or is a shared anthropoid synapomorphy.
Addressing this question is of special relevance to infer the
evolutionary history of the CPC in primates. Here, we assess the
CPC in Macaca, a genus that exhibits a high cephalopelvic pro-
portion. The macaques exhibit a high cephalopelvic proportion
comparable to humans (7, 31, 32), but do not exhibit obligate
bipedalism. Investigating the CPC in macaques could thus pro-
vide insights into the CPC hypothesis proposed by Fischer and
Mitteroecker (29).

While the CPC is the key for understanding the evolution of
the delivery processes in primates, our current knowledge is
limited in two aspects: First, direct data on the CPC are still
scarce (but see ref. 15). Fischer and Mitteroecker (29) proposed
the hypothesis based on the within-individual covariation of the
skull and pelvis in adults. However, the morphology of the
neonatal head is determined not only by the maternal, but also
by the paternal genetic factors. Thus, direct phenotypic data of
the mother and its fetus are essential. Second, data on the co-
variation of the three-dimensional neonatal skull and maternal
pelvic morphology remain unexplored. In this study, we investi-
gate the CPC using direct data obtained from mother—fetus
dyads of rhesus macaques (Macaca mulatta) (Fig. 1 and SI Ap-
pendix, Figs. S1-S3 and Table S1). We obtained detailed skeletal
morphological data derived from computed tomography (CT)
scans of perinatal rhesus macaques, such that the fetal skull
remained physically intact.

We analyzed the CPC using the following framework: First, we
identified how the fetal head passes through the birth canal using
the in silico simulation. Specifically, we evaluated whether any
head rotation is required for the fetuses to pass through the birth
canals. In macaques, the diameter of the birth canal is larger
dorsoventrally than mediolaterally throughout the birth canal (7,
32-34), while directions of long axes of birth-canal diameters
differ at the pelvic inlet and outlet in humans (6, 8, 12, 16). The
pattern of fetal rotation in macaques could, thus, differ from that
in humans. We virtually moved the three-dimensional surface
model of the fetal head relative to that of the maternal pelvis in
each of the actual mother—fetus dyads, minimizing contact

A

between the fetal head and maternal pelvis (see also Materials
and Methods). Second, we asked whether the fetal skull and
maternal pelvis show the covariation of three-dimensional mor-
phologies (HO: hypothesis 0). If HO is supported, we then asked
whether the CPC corresponds to childbirth rather than to other
functions, such as locomotion (H1: hypothesis 1), and whether
the CPC reduces the obstruction of childbirth in rhesus
macaques (H2: hypothesis 2). To answer these questions, we
assessed the three-dimensional morphologies of the fetal skull
and maternal pelvis using geometric morphometrics (Materials
and Methods).

Results

In all of the mother—fetus dyads examined in this study, the
anteroposterior diameter (see SI Appendix, Fig. S4 for defini-
tion) of the fetal skull was considerably larger than the dorso-
ventral diameter of the pelvic outlet, and the fetal skull width
was considerably larger than the mediolateral diameter of the
pelvic outlet (SI Appendix, Table S2 and Figs S5 and S6 and
Fig. 1). Specifically, the mediolateral diameter of the birth canal
was smallest at the ischial spines (SI Appendix, Figs. S1, S4, S5,
and S6). Thus, the major constraint of childbirth in rhesus ma-
caques is the disproportion of the mediolateral diameters of both
the fetal cranium and the pelvic outlet. The in silico simulation
showed that the space between the head and birth canal is larger
when the fetal face is oriented toward the caudal direction than
when it is oriented toward the pubic direction of the mother in
all of the dyads (Fig. 1 B and C and SI Appendix, Figs. S5 and S6).
When the fetal face was oriented toward the pubic direction of
the mother, there were more “crash points” between the fetal
skull and maternal pelvis (Fig. 1B and SI Appendix, Fig. S6).
While there were extra spaces ventral and dorsal to the fetal
head when the fetal face was oriented toward the caudal direc-
tion of the mother (Fig. 1C and SI Appendix, Fig. S5), further
movement and/or rotation of the fetal head was considerably
limited (SI Appendix, Fig. S5). To minimize the contact of the
fetal head and maternal pelvis, the midsagittal planes of the
maternal pelvis and fetal skull should, in principle, overlap, and
the fetal head should pass through the center of the birth canal
(Fig. 1C). Thus, it appears that a rotation during childbirth, with

Fig. 1. (A) CT-based rendering of the perinatal fetal skeleton and maternal pelvis of rhesus macaques (IDs: PRI-Mm1752 [mother] and PRI-Mm2059 [fetus]).
(B and C) The in silico simulation of the childbirth with the fetal head facing toward the pubic (B) and caudal (C) directions of the mother (midsagittal section
[Left], caudal view [Center], and superior view [Right]). The cephalopelvic proportion is higher at the pelvic outlet than at the pelvic inlet. (B) Black ar-
rowheads indicate “crash points,” where the fetal head exceeds the dimensions of the maternal birth canal. (C) Fetuses that face the caudal direction of the
mother result in a lessened risk of obstruction, since the anteroposterior diameter of the head is larger than that of the pelvic inlet. Note that the medio-
lateral diameter of the fetal head is considerably larger than that of the pelvic outlet of the maternal birth canal. See S/ Appendix, Figs. S1, S5, and S6 for the

simulation of other dyads.

21252 | www.pnas.org/cgi/doi/10.1073/pnas.2002112117

Kawada et al.

www.manaraa.com


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002112117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002112117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002112117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002112117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002112117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002112117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002112117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002112117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002112117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002112117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002112117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002112117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2002112117

Downloaded at Palestinian Territory, occupied on November 23, 2021

which the fetal head is in oblique or transverse positions relative
to the maternal pelvis, is not likely in most of the dyads (11 out of
12; SI Appendix, Fig. S5).

To test these hypotheses, we quantified the three-dimensional
morphologies of the fetal skull and maternal pelvis by anatomical
points of reference (so-called landmarks) (SI Appendix, Fig. S7).
According to HO, actual mother—fetus dyads should show a
higher level of morphological covariation than random combi-
nations of mothers and fetuses. This can be tested by using two-
block partial least-squares (PLS; Materials and Methods) (35).
According to H1, the magnitude of the covariation should be
greater at locations within the birth canal (Materials and Meth-
ods) than other locations of the pelvis. The birth canal of rhesus
macaques consists of the linea terminalis (the ilium, upper part of
the sacrum, and upper part of the pubis; inlet); ischium, sacrum,
and pubis (midplane); and the lower part of the ischium and the
lower part of the sacrum (outlet). In contrast to humans, the
pelvic outlet in nonhuman primates is located dorsal to the is-
chial tuberosities (10, 36). Thus, the location of the ischial tu-
berosities, as well as the ischial spines, should be closely
associated with difficulty of childbirth in rhesus macaques. Fi-
nally, if the CPC reduces the obstruction during childbirth (H2),
then locations of the fetal skull and maternal pelvis, especially
the birth canal, that contribute to CPC should correspond to
each other. For example, it is expected that the covariation will
be observed between the overall morphologies of the fetal skull
and maternal pelvis; i.e., mothers with birth canals of circular vs.
elliptic cross-sectional shape should have fetuses with globular
vs. ellipsoidal skulls, respectively.

Test of HO. In this study, we focused on the variation in form (size
and shape) (37). The results of two-block PLS showed that the
fetal skull and maternal pelvis exhibit a relatively high level of
covariation (RV = 0.60; P = 0.02, level of significance was tested
by 10,000 permutations; see Fig. 2 for PLS1 scores) (Materials
and Methods).

Test of H1. We then evaluated the contribution ratio of each
landmark coordinate to PLS1 in the maternal pelvis, which was
calculated as the proportion of PLS1-related variance to the
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Fig. 2. Plot graph of the PLS1 scores of the fetal skull and maternal pelvis.
Numbers indicate IDs of mothers and fetuses (PRI-Mm-numbers).

Kawada et al.

entire variance of the coordinate for each landmark (henceforth
PLSC [PLS-contribution] score; see Materials and Methods for for-
mula). The PLSC score was statistically higher at birth-canal-related
landmarks than at other landmarks (P = 0.01, Wilcoxon rank sum
test). The visualization of the landmark-specific PLSC score (Fig. 3)
showed that the contribution ratio was relatively high, especially at
the pelvic inlet (e.g., on the pelvic brim, pubic region, and sacral
promontory) and at the outlet (e.g., on the medial parts of the pelvic
tuberosities and ischial spines). In contrast, the PLSC was relatively
low on the lateral parts of the ilium and ischium, which are not
directly related to the morphology of the birth canal.

Test of H2. The morphologies corresponding to highest and lowest
PLS1 scores (PLSmax and PLSmin, respectively) were visual-
ized by using thin-plate spline-based morphing of the three-
dimensional surface models for the fetal skull and maternal
pelvis (Fig. 4). PLSmax and PLSmin correspond to the small and
large sizes of the fetal skull and maternal pelvis, respectively. The
visualization of PLS1-related morphological variations is sum-
marized as follows.

Skull. The width of the fetal skull is fairly constant for the PLSmax
and PLSmin fetal skulls, despite the difference in their overall
sizes (Fig. 44). Thus, the overall shape of the PLSmax (small)
skull is rounded due to relatively large mediolateral diameter,
while that of the PLSmin (large) is anteroposteriorly and
superoinferiorly elongated (Fig. 44; see SI Appendix, Fig. S8 for
measurements of the skull width relative to the overall skull
size). Thus, the size variation of the fetal skull is largely due to
variation of the length and height, while the skull width remains
fairly constant.

Pelvis. The dorsoventral and mediolateral diameters of the pelvic
inlet are fairly constant for the PLSmax and PLSmin pelves
(Fig. 4B). In the PLSmax (small) pelvis, the inferior pubic ramus
is more anteriorly positioned relative to the superior pubic ra-
mus, such that the birth canal is relatively wide in the PLSmax
(small) pelvis. The ischium spreads laterally, such that the bi-ischial
distance is greater relative to the overall size at the outlet in the
PLSmax (small) pelvis. Furthermore, the sacrum projects more
posteriorly in the PLSmax (small) pelvis. Collectively, the birth
canal is large relative to the overall size of the pelvis at both the
pelvic inlet and outlet in the PLSmax (small) pelvis (Fig. 4B; see
SI Appendix, Fig. S8 for measurements of diameters of the pelvic
inlet and outlet relative to overall pelvic size).

Discussion

Results of the in silico simulation show that the fetal head should
change its orientation, such that the face of the fetus is oriented
toward the caudal direction rather than to the pubic direction of
the mother to ease childbirth (Fig. 1 and SI Appendix, Figs. S5
and S6). Thus, head rotation is required for the fetus to pass
through the birth canal with less obstruction in rhesus macaques.
This is consistent with a field observation of childbirth in black
macaques (Macaca nigra) (38). Our results are also consistent
with findings of Stoller’s pioneering study (15) in two respects:
The first is the fetal rotation observed in Stoller’s study, with
dorsal flexion of the fetal head during childbirth in Papio that
have longer snouts (15). Our data add further evidence to the
notion that fetal rotation during childbirth is required not only in
primates with long snouts, but also in those with relatively short
snouts (rhesus macaques). The second is fetal neck extension.
Orienting the face toward the caudal direction of the mother
should require neck extension of the fetus. This is consistent with
Stoller’s finding that neck extension is a way to alleviate
obstructed labor in nonhuman primates with high cephalopelvic
proportions (15). While these inferences could be drawn from
our data, there are two factors that remain to be elucidated, one
each on the fetal and maternal side. The first is the temporary
deformation of the fetal head. In our sample, 10 out of 12 fetuses
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Fig. 3. Visualization of the PLSC scores. The proportion of the PLS1-related variation to total variation is visualized as different-sized spheres (blue, birth
canal-related landmarks [see Materials and Methods and S/ Appendix, Table S4 for definition]; red, other locations). The PLSC score is generally high at
birth-canal-related locations (with exceptions such as the location indicated by the arrowhead “a"). Conversely, the PLSC score is generally low at locomotion-
related locations (e.g., at the acetabulum [indicated by the arrowhead “b"]).

exhibited unfused metopic sutures (with varying degree of fusion;
SI Appendix, Fig. S2). The unfused metopic suture permits the
temporary deformation of the fetal skull (39). Given the narrow
width of the pelvic outlet relative to the fetal-skull width (S7
Appendix, Fig. S5 and Table S2), it is likely that some degree of
deformation occurs when the fetus passes through the pelvic
outlet. The second is the ligamentary relaxation of the maternal
pelvis. The varying degree of the fusion/closure of the metopic
suture suggests varying degrees of skull deformation. In cases
when the degree of skull deformation during delivery is low, it is
the pelvis that should remodel to widen the birth canal (40).
Stoller (15) also reported the effect of ligamentary relaxation.
With the CT-based data for static condition obtained in this
study, direct evaluation of these factors is difficult. Further
evaluation by means of real-time tracking of the delivery pro-
cesses (41) is needed to reveal the actual processes of childbirth
in rhesus macaques.

The analyses of the three-dimensional morphologies show that
the forms of the fetal skull and maternal pelvis exhibit a rela-
tively high level of covariation (supporting HO) and that the CPC
along the PLS1 axes is largely explained by the covariation of the
fetal skull and birth canal (Figs. 3 and 4; supporting H1). Fur-
thermore, the direction of the morphological variation was
consistent (i.e., along the mediolateral direction) in the fetal
skull and maternal pelvis (Fig. 4). The morphological features
found in the small-sized (PLSmax) pelvis were consistent with
female-specific features of the pelvis that was previously reported in
macaques, such as the large dorsoventral diameter of the pelvic inlet
and width of the pelvic inlet and outlet (42). This indicates that
female-specific features are expressed in the small-sized pelvis to a
greater extent. Thus, our data show that the pattern of CPC reduces
the risk of obstructed labor, which supports H2.

Collectively, our data provide strong support for the hypoth-
esis that the fetal skull and maternal pelvis exhibit the mor-
phological covariation in order to reduce the risk of obstructed
labor in rhesus macaques. The fetal skull and maternal pelvis,
however, show some features that do not follow expectations
under H1 (CPC to ease childbirth). First, not all of the
birth-canal-related locations contribute to CPC. Specifically, the
PLSC scores were relatively low at the acetabulum and sacroiliac
joints (Fig. 3), even though they are relevant components of the
birth canal. Furthermore, the morphological variance was rela-
tively low at these locations (S Appendix, Fig. S9). We hypoth-
esize that CPC-related plasticity is constrained in these locations,
since they are also relevant for locomotor function. Increasing
biacetabular distance and width of the sacrum would cause an

21254 | www.pnas.org/cgi/doi/10.1073/pnas.2002112117

increased width of the trunk, owing to its morphological co-
variation with the pelvis (43), which could result in increased
body weight and reduced locomotor efficiency. Furthermore, an
increased biacetabular distance could hamper arboreal locomo-
tor behaviors (44). These inferences are in accordance with the
framework of “obstetric dilemma” for pelvic morphology and
bipedal locomotion in humans (refs. 8, 9, 16, 18, but see refs. 19,
20). Second, the mediolateral diameter of the fetal skull is
constant for small and large skulls (Fig. 4), even though the
constant diameter of the fetal skull can contribute to obstructed
labor. We hypothesize that the maintenance of a certain diam-
eter of the cranium is relevant for keeping a certain size and
shape of the brain during early ontogeny. It has been suggested
that the spatial relationship of the craniofacial complex—i.e.,
basic craniofacial shape— is already established by the fetal
period [macaques (45, 46); humans (47-50)]. It is, thus, likely
that the large mediolateral diameter of the skull during the fetal
period is a developmental requisite. These hypotheses on func-
tional and developmental constraints on the maternal pelvis and
the fetal skull should be further tested.

Our data show that the CPC is present in a primate taxon that
does not exhibit a specialized locomotor behavior, such as obli-
gate bipedality or extreme encephalization, as modern humans.
It appears that the pattern of covariation observed in rhesus
macaques is at least partly similar to that in humans. For ex-
ample, the sacrum is more posteriorly projected in the small-
sized pelvis in rhesus macaques (Fig. 4B), as observed in hu-
man females with short stature (29). On the other hand, the
shape of the pelvic inlet is fairly similar in small- and large-sized
pelves in rhesus macaques (Fig. 4B), while it differs between
human females with short and tall stature (29). It is likely that
different patterns of the CPC in humans and rhesus macaques
reflect different patterns of obstetric constraint. Our data indi-
cate that the CPC could evolve in different ways in each primate
taxa, reflecting taxon-specific patterns of obstetric difficulty and
locomotor constraint.

The mechanisms behind the observed CPC remain to be elu-
cidated. Fischer and Mitteroecker (29) proposed a correlational
selection on the morphologies of the skull and pelvis via genetic
linkage due to their proximity in chromosomes and pleiotropic
effects of one locus or multiple loci that are unlinked with each
other. Our data suggest that such mechanisms at the genetic level
could be shared in humans and rhesus macaques. Further studies
on genotype—-phenotype correlations, from the perspective that
the mechanisms of CPC could be shared in humans and ma-
caques, are required to answer these questions.
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100mm

Fig. 4. Morphological variations of the fetal skull (4) and maternal pelvis (B) along PLS1 axes. The yellow and blue models correspond to PLSmax (small) and
PLSmin (large), respectively. The width of the fetal skull and the pelvic inlet remain fairly constant, despite the differences of the overall sizes (A, Left [fetal
skull] and B, Left [maternal pelvis]; dotted lines and arrows show the width defined in the blue model). (B) The small-sized pelvis (yellow) has larger birth-canal
dimensions relative to the whole pelvic size than the large-sized pelvis (blue). The markers a—f indicate features of the small-sized pelvis (yellow) compared to the
large-sized pelvis (blue). The arrowhead “a" indicates the relative expansion of the width of the pelvic inlet. The arrowhead “b” indicates that the inferior pubic ramus
is more anteriorly positioned relative to the superior pubic ramus, such that the pelvic outlet is relatively large (expressed also as visibility of the foramen obturatum in
this view). The arrowheads “c” and “d” indicate the relative expansion of the pelvic outlet at the ischial spines (c) and ischial tuberosities (d). The angle between the os
coxa and sacrum is greater (e), which results in the relative expansion of the dorsoventral dimeter of the birth canal (f).

The limited sample size of the present study must be consid-
ered in the interpretation of the results, and a detailed evalua-
tion of the questions raised here must await further studies.
However, our data showing that the CPC is not unique to hu-
mans have broad implications for the study of evolution of
childbirth in primates. We have shown that rhesus macaques,
which have neither obligate bipedal locomotion nor extreme
encephalization as modern humans, exhibit the CPC. This indi-
cates that specialized pelvic morphology and a high degree of
encephalization are not necessarily required for the acquisition
of the CPC and that the CPC can be more generalized than
previously thought. There could be two scenarios for evolution of
the CPC that remain to be tested. The first scenario is that the
CPC evolved independently in humans and macaques, and pos-
sibly in other primates, such as New World monkeys (NWMs)
ative scenario is
fore the split of

the Hominoidea and Cercopithecoidea, or even prior to the di-
vergence of stem catarrhines, given a high degree of cephalopelvic
proportions in some NWMs. The latter scenario indicates that the
CPC evolved prior to the acquisition of bipedal locomotion and
encephalization in the human lineage and may in fact be an an-
thropoid synapomorphy. These scenarios remain to be tested with
a larger sample of primates, especially including taxa with low
cephalopelvic proportions, such as great apes. The evaluation of a
wider range of primate taxa in future studies is of special relevance
to clarify the CPC perspective in the morphological evolution of
the skull and pelvis.

Materials and Methods

CT Scanning. Using a medical CT scanner (Asteion, Cannon Medical Systems),
we scanned 12 Macaca mulatta (rhesus macaques) mother—fetus dyads, of
which two mothers were scanned twice with different fetuses in different
years (S| Appendix, Table S1). Due to the difficulty in obtaining data of
mother—fetus dyads, we counted the data from these two mothers as independent
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datasets. The rhesus macaques used in this study were all raised at the Pri-
mate Research Institute of Kyoto University (KUPRI). All CT scans were per-
formed at KUPRI. The CT scans used here were registered and are available
via the website of the Digital Morphology Museum of KUPRI (http:/dmm.
pri.kyoto-u.ac.jp/dmm/WebGallery/index.html).

Mothers were anesthetized by A.K. before CT scans using one of the
following protocols: intramuscularly with 10 mg of ketamine hydrochloride
(Ketalar; Daiichi Sankyo Propharma), 0.01 mg of atropine sulfate hydrate
(Atropine Injection 0.05%, Terumo, Tokyo, Japan) per kilogram of body
weight; or intramuscularly with 8 mg of ketamine hydrochloride or 0.0125 mg
of medetomidine hydrochloride (Domitor; Nippon Zenyaku Kogyo). Note
that method of anesthetization did not affect quality of resulting images of
CT scans. While the subjects were under anesthesia, the pulse rate and SpO,
(an estimate of arterial oxygen saturation) were monitored by using a
medical monitor (BP-608EV, Fukuda Colin Co. Ltd.). Respiration was checked
visually. After all of the scanning procedures were completed, subjects that
were anesthetized with medetomidine hydrochloride were awakened by an
intramuscular injection of 0.03125 mg of atipamezole (Mepatia; Meiji) per
kilogram of body weight.

The CT scanning and image-reconstruction parameters were as follows:
beam collimation 1.0 mm, pitch: 0.75, reconstruction interval: 0.3-0.5 mm,
reconstruction kernel: FC30 or FC31. We controlled the timing of the scan
during pregnancy as much as possible, but each dataset has different lengths
of time lags between the dates of CT scan and birth, which varied from 8 to
37 d (SI Appendix, Table S1). In 10 out of 12 cases, the fetal head was ori-
ented toward the caudal direction of the mother (S/ Appendix, Fig. S1). The
CT volumetric data were then converted into surface models by using Amira
(Thermo Fisher Scientific, Version 5.50). All experiments were performed in
strict accordance with the Guidelines for the Care and Use of Laboratory
Primates at KUPRI (51). The protocol was approved by the Animal Welfare
and Animal Care Committee at KUPRI (permits 2013-004, 2015-004, 2018-
018, and 2020-156).

Morphometric Data Acquisition and Analysis. The three-dimensional surface
models of mother—fetus dyads derived from CT data were imported to an in-
house program, ForMATit, developed by N.M. (MATLAB-based [MathWorks,
Version R2019b]). The surface models were separated into mothers and
fetuses to perform the in silico simulation of childbirth. Various positions
and orientations of the fetal head relative to the maternal pelvis were
simulated for all of the dyads (Fig. 1 and S/ Appendlix, Figs. S5 and S6).

The three-dimensional morphology was quantified by using landmarks (S/
Appendix, Fig. S7; a total of 74 and 59 landmarks for the skull and pelvis,
respectively) using ForMATit. The landmark locations were determined fol-
lowing ref. 52 for the fetal skull and refs. 42, 53 for the maternal pelvis. See
SI Appendix, Tables S3 and S4 for landmark definitions (landmark data are
compiled in Dataset S1). The overall sizes of the fetal skull and maternal
pelvis were evaluated by the centroid size calculated from landmark coor-
dinate data (37). In this study, we focus on the form (size and shape) of the
fetal skull and maternal pelvis. Thus, the following analyses of the mor-
phological covariation were performed without size standardization.

The morphological covariation was evaluated by two-block PLS (35), fol-
lowing the protocols in refs. 54, 55. The differences in position and orientation
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4. W. Leutenegger, Functional aspects of pelvic morphology in simian primates. J. Hum.
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5. R. G. Tague, C. O. Lovejoy, The obstetric pelvis of A.L. 288-1 (Lucy). J. Hum. Evol. 15,
237-255 (1986).

6. C. O. Lovejoy, The natural history of human gait and posture. Part 1. Spine and pelvis.
Gait Posture 21, 95-112 (2005).
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401-423 (1949).

8. K. Rosenberg, W. Trevathan, Bipedalism and human birth: The obstetrical dilemma
revisited. Evol. Anthropol. 4, 161-168 (1995).
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of landmark configuration were corrected by using Generalized Procrustes
fitting for each skull and pelvis. The level of covariation between two sets
(blocks) of data (here, landmark configurations of the skull and pelvis) was
evaluated by RV coefficient (56) calculated using the variance—covariance
matrix within each block and covariance matrix between the two blocks. Note
that RV is an extension of the expression for the squared correlation coeffi-
cient (54). The level of significance of RV was evaluated by using the permu-
tation test (10,000 permutations); that is, a comparison of the RV coefficient
for actual mother—fetus dyads and that of randomly generated dyads, testing
whether the observed covariation is obtained by chance. The P value was
calculated as the number of RV, n40m that is larger than RV, divided by the
total number of permutations (54).

The contribution ratio of PLS1-related variation to the total variation,
which we call PLSC score, was calculated for each landmark as

Exry’zvar(coord,-, pLST)

PLSC; = .
"7 X,y.2var(coord; proc)

where i denotes the landmark number on the maternal pelvis (i =1, 2, ...,
59), var denotes the function to calculate the variance, and coordp,.. and
coordp;s; denote Cartesian coordinates that were processed by Generalized
Procrustes fitting and were reconstructed from the PLS1 score for each in-
dividual, respectively (thus, the PLSC score at each landmark was calculated
from 12 [i.e., sample size of mothers] data points). We then tested whether
the PLSC score differed between the birth canal and other locations using
the Wilcoxon rank sum test (see S/ Appendix, Fig. S7 for definition of
birth-canal-related landmarks). The PLSC score and variation of landmark
coordinates were also visualized as spheres of different sizes plotted on the
surface model (Fig. 3).

The morphological variation along the PLS1 axis was visualized for the
fetal skull and maternal pelvis as deformations of the surface models at
maximum and minimum values of the PLS1 score. The surface models of the
skull and pelvis were used as templates for deformation, according to the
different landmark configurations, by using thin-plate spline function (57). A
dyad, which was close to the average of all individuals, was selected as the
template for deformation (IDs: PRI-Mm1565 [mother] and PRI-Mm2034
[fetus]). All of the calculations were performed by using MATLAB.

Data Availability. All data related to this paper are cited in the main text and
SI Appendix.The CT images used in this study are available on the website of
the Digital Morphology Museum of KUPRI (http:/dmm.pri.kyoto-u.ac.jp/
dmm/WebGallery/). The specimen IDs are provided in S/ Appendix, Table S1.
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