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INTRODUCTION: Human pelvic shape has un-
dergone significant evolutionary change since
the divergence from the chimpanzee lineage.
This transformation involved the reduction of
pelvic canal dimensions to support bipedal lo-
comotion. At the same time, human brain size
also expanded significantly, which gave rise
to the obstetrical dilemma, a hypothesis that
highlights themismatch between the large brain
size of infants and the narrowed female birth
canal. Initially proposed in the 1960s, empirical
support for this classic hypothesis has been
equivocal, largely owing to limitations in sam-
ple size and a lack of appropriate types of data.

RATIONALE: By using a deep learningmodel, we
extracted a set of seven pelvic phenotypes, in-
cluding three measures of the birth canal, from
dual-energy x-ray absorptiometry (DXA) scans
of 31,115 individuals from the UK Biobank. To
elucidate the genetic underpinnings of pelvic
morphology, we conducted a genome-wide as-
sociation study (GWAS) on these seven pelvic
traits and combined these results with multiple
physiological and clinical outcomes related to
childbirth, locomotion, and pelvic floor function.
We also tested relevant evolutionary hypothe-
ses to further explore potential evolutionary
responses to alleviate the obstetrical dilemma.

RESULTS: The results revealed that all pelvic
proportions are highly heritable (~32 to 48%),
and a GWAS of these traits identified 180 in-
dependent loci. Unlike other skeletal propor-
tions, such as long bone lengths, the subpubic
angle,whichdetermines the sizeof thebirth canal,
shows an estimated genetic correlation be-
tween sexes significantly less than 1, consistent
with sex-specific reproductive functions. Addi-
tionally, although pelvic proportions display
left-right asymmetry, this asymmetry is not
heritable and is instead associatedwith handed-
ness. We conducted phenotypic and genetic as-
sociation analyses to link pelvic proportions
to three facets of the obstetrical dilemma. For
childbirth-related outcomes, narrower birth
canal phenotypes were linked to an increased
risk of emergency cesarean sections and ob-
structed labor owing to insufficient dilation
but not obstruction due to fetal positioning,
suggesting that childbirth imposes selective
pressure to widen the birth canal. Converse-
ly, larger birth canals were associated with
reduced walking pace and a decreased risk of
back pain but an increased risk of hip osteo-
arthritis, suggesting that lifelong effects of
birth canal width reduction on locomotor ef-
ficiency are mixed. However, larger birth
canal width was significantly associated with
an increased risk of genital prolapse and in-
continence, suggesting that pelvic floor dis-
orders impose additional constraints. Lastly,
we investigated whether the dilemma might
have been alleviated through evolution. In line
with recent evidence from great apes, we found
no evidence for an association between pelvic
proportions and gestational duration, suggest-
ing that there has not been selection for earlier
childbirth. Instead, we observed that infant
and adult head widths were genetically cor-
related with maternal birth canal widths.

CONCLUSION: Our study provides fresh in-
sights into a 60-year-old debate in human
evolution. Beyond pressures imposed by child-
birth, as initially proposed by the obstetrical
dilemma hypothesis, our findings suggest
that, rather than just locomotion, pelvic
floor health may have played a significant
role in reducing birth canal width in our
transition to bipedalism. Our observed ge-
netic correlation between birth canal width
and infant and adult head width provides
support for the coevolution of the human
brain and pelvis.▪
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Evolutionary constraints on pelvic proportions

Understanding the genetic basis of human pelvic proportions and how they impact locomotion, pel-
vic floor function, and childbirth. (A) Measurement of pelvic proportions using deep learning–based landmark
estimation on 31,115 DXAs. (B) Location of loci that localize to a single protein-coding gene associated with various
pelvic proportions colored according to the scheme in (A). (C) Multiple lines of evidence supporting and expanding
on the obstetrical dilemma hypothesis. OA, osteoarthritis. [Figure created with BioRender.com]
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Human pelvic evolution following the human-chimpanzee divergence is thought to result in an obstetrical
dilemma, a mismatch between large infant brains and narrowed female birth canals, but empirical
evidence has been equivocal. By using deep learning on 31,115 dual-energy x-ray absorptiometry scans
from UK Biobank, we identified 180 loci associated with seven highly heritable pelvic phenotypes.
Birth canal phenotypes showed sex-specific genetic architecture, aligning with reproductive function.
Larger birth canals were linked to slower walking pace and reduced back pain but increased hip
osteoarthritis risk, whereas narrower birth canals were associated with reduced pelvic floor disorder risk
but increased obstructed labor risk. Lastly, genetic correlation between birth canal and head widths
provides evidence of coevolution between the human pelvis and brain, partially mitigating the dilemma.

T
he hominin skeleton has undergone ma-
jor morphological change associated with
the transition to bipedalism. Some of the
most substantial changes occurred in
the pelvis, resulting in a superoinferiorly

short and mediolaterally flaring pelvis relative
to the modern great apes (1, 2). These features
are believed to have emerged early in hominin
evolution, with these changes in pelvic anat-
omy allowing for the positioning of the upper
body above the lower limb joints and facilitat-
ing the maintenance of an upright posture (3).
Although debate continues about the details of
gait mechanics in fossil hominins (1), themod-
ern humanpelvis is clearly adapted to habitual
bipedality and undergoes a specific motion
during walking that is thought to reduce en-
ergetic costs associated with bipedal locomo-
tion (4).
The suite of adaptations for bipedality in-

cludes a reduction of the bi-acetabular distance,
minimizingpelvic rotationduringbipedalmove-
ment and consequently enhancing efficiency
(5, 6). This narrowing of the bi-acetabular dis-
tance results in a narrower birth canal and is
thought to stand in direct opposition to the
birthing of children with significantly larger
brains than our evolutionary predecessors
(5–13), the latter evolutionary shift occurring
more recently than the former (14–16). In the
1960s, this functional and evolutionary con-

flict was coined the “obstetrical dilemma” by
Washburn (12). In the six decades since then,
the obstetrical dilemma has been a source of
intense debate, and different studies have
attempted to test the hypothesis by using var-
ious approaches and forms of empirical data
(6, 13, 17–19). One area of contention centers on
the relationship between pelvic shape andwalk-
ing efficiency or walking speed. Some studies
have found that there is an association between
the two (5, 20), whereas others have not (21–24).
Another point of debate revolves around
whether variation in birth canal proportions
is associated with obstruction during deliv-
ery (5, 7–13, 19, 25–28). Recently, appreciation
has grown for the concept of a multifactorial
pelvis, which proposes that the role of pelvic
width reduction is not just to facilitate efficient
bipedal locomotion but also to reduce the risk
of pelvic floor disorders (29, 30). Pelvic canal
width reduction improves the pelvic floor’s
ability to support the fetus and the internal
organs and to prevent incontinence (5, 31, 32).
In addition to debates about the association

between pelvic morphology and locomotion,
childbirth, and pelvic floor function, it has been
suggested that, inmodern humans, the obstet-
rical dilemma has been alleviated through
evolution. Washburn (12) proposed that the
obstetrical dilemma had been “solved by the
delivery of the fetus at a much earlier stage of
development” in humans relative to the other
great apes. Today, this is generally taken to
mean that human newborns are born at a rel-
atively immature stage of development, there-
by limiting the extent of brain growth before
birth and ensuring that the newborn can suc-
cessfully traverse the birth canal during deliv-
ery (5, 6, 29). However,Washburn did not specify
what he meant by “earlier stage,” leading to
some ambiguity and some interpretations that

suggest that humans have a shortened gesta-
tional length relative to other primates (5). This
hypothesis has been challenged and updated in
recent years, as human gestational length and
newborn size have been found to align with
or exceed expectations for primates of our size
(13, 33–35) [see (5, 6, 36) for alternate usages
andhistorical perspectives on the term “obstet-
rical dilemma”].
Although different aspects of the dilemma

have been tackled over the past few decades,
these previous studies suffer from several short-
comings. One issue with many studies, partic-
ularly those involving clinical outcomes, is that
measurements of pelvic dimensions were col-
lected externally (21, 24), which may not ad-
equately reflect the skeletal constraints imposed,
particularly with respect to the birth canal. An-
other issue is that some earlier studies lack
complete information about individual life-
time health records and are unable to dis-
tinguish between fine-grained but important
details, such as elective and emergency cesar-
ean sections (C-sections). However, the major
challenge contributing to the ongoing debate is
the limited sample size inmany of these studies,
which often only have data on a few hundred
individuals (sample sizes and references of pre-
vious papers are reported in table S1). In addi-
tion, data obtained for each study is often only
capable of addressing one facet of the dilemma,
as datasets examining childbirth outcomes
and pelvic morphology often do not include
data about pelvic floor function or walking
speed or efficiency for the same individuals.
Although functional genomic datasets exam-

ining gene expression through development as
well as comparative gene expression between
the great apes and humans for the pelvis have
yielded valuable insights (37–39), direct associa-
tion studies between pelvic phenotypic and ge-
netic variationhavenotyetbeencarriedout.Thus,
the genetic basis of pelvicmorphology in humans
or any other vertebrate is largely unknown.
In this study, we applied methods in compu-

ter vision to derive a comprehensive set of seven
skeletalmeasurements of the humanpelvis from
full-body dual-energy x-ray absorptiometry (DXA)
images at biobank scale. We performed genome-
wide scans on these seven phenotypes to identify
loci associated with variation in pelvic propor-
tions. By using summary statistics from these
image-derived phenotypes (IDPs), we linked hu-
man pelvic proportions through phenotypic and
genetic correlation with other biobank pheno-
types, with an emphasis on locomotor, pelvic
floor, and childbirth-related outcomes.

Results
A deep-learning approach to measure
pelvic morphology

To study the genetic basis of the human pelvis,
we jointly analyzed DXA and genetic data from
42,284 individuals in the UK Biobank (UKB).
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Individuals from this dataset are between 40
and 80 years old and reflect adult skeletal mor-
phology. We report baseline information about
our analyzed cohort in table S2. By using a pre-
viously published deep learning–based image
quality control (QC) pipeline (40,41), we retained
only DXA images for the full body, which in-
cluded the entire pelvis, and removed images

that contained image artifacts, atypical aspect
ratios, and other abnormalities, retaining 39,469
images of high quality. These images were then
uniformly cropped and padded to focus on the
pelvis for subsequent analysis (42).
After performing image QC, we manually an-

notated 17 landmarks on 293 randomly selected
pelvic images (fig. S2) to train our model. To as-

sess the accuracy of ourmanual annotations, we
reannotated 20 images from the initial set of 293
and refined this annotation through model-in-
the-loop labeling (42) (Fig. 1, B andC). Our deep-
learningmodel was based on aHigh-Resolution
Network (HRNet) architecture chosen be-
cause it maintains a high-resolution represen-
tation throughout the model that improves
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Fig. 1. Deep learning–based image quantification and validation. (A) Deep
learning–based image landmark estimation using the HRNet architecture is
shown. During this process, 293 training images manually annotated with
specific landmarks were used to train the model, which was used to perform
automatic annotation of landmarks on the rest of images in the dataset from
which pelvic measurements were calculated. (B) Model-in-the-loop training data
workflow. The coordinates from the 293 training images initially annotated
by humans were used as a training set to train a model that was then redeployed
on the training data. This helped to remove variation present in human
labeling of the images and refined the training data itself. (C) Model-in-
the-loop training reduces annotation variability. The light blue bar indicates

the average Euclidean distances between human annotated landmarks and
the model's first prediction on 58 validation set images. The dark blue bar
indicates the average Euclidean distance between first and second model
prediction on 58 validation set images. (D) Correlation of lengths measured from
the first and second imaging visits for the same individual. (E) (Left) The
correlation between the left- and right-side measurements of the iliac isthmus
breadth. (Right) The correlation of the left-right discrepancy in the iliac isthmus
breadth between the first and second imaging visit. (F) (Left) The correlation
between the left- and right-side measurements of the acetabular diameter.
(Right) The correlation of the left-right discrepancy in the acetabular diameter
between the first and second imaging visit.
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the performance of landmarking for this task
on benchmarking tasks. These methods were
robustly applied to a similar task of identifying
joints on the overall skeleton (40) (see mate-
rials and methods).

Validation of human pelvic phenotype estimates

After training and validating the deep-learning
model on the 293manually annotated images,
we applied this model to predict the 17 land-
marks on the rest of the 39,469 full-body DXA
images. We then calculated the pixel Euclid-
ean distances between pairs of landmark co-
ordinates to ascertain six length phenotypes,
pelvic width, pelvic inlet width, oblique pelvic
inlet width, iliac isthmus breadth, pelvic height,
and acetabular diameter, as well as one angle
phenotype, subpubic angle (Fig. 1A). To stan-
dardize images with varying aspect ratios, we
rescaled pixels into centimeters for each image
resolution. This was achieved by regressing the
height wemeasured in pixels against standing
height in centimeters, asmeasured in theUKB
assessments (42) (fig. S11). For all seven pelvic
measurements, we excluded individuals exceed-
ing four standard deviations from the mean
(42) (fig. S11).
Following outlier removal, we validated the

accuracy of ourmeasurements on the remaining
samples in two ways. Firstly, we calculated the
average error between labels in the validation
data andmodel performance, whichwas 2 pixels
across all 17 landmarks (fig. S3). Secondly, we
analyzed 935 individuals with repeat imaging
visits at least two years apart. The correlation
of all pelvic length phenotypes between the first
and second imaging visits was greater than 0.99
(Fig. 1D). This indicates that the phenotype es-
timations through our deep-learning model
are both accurate and highly replicable.

Human pelvic asymmetry is associated with
handedness and is not heritable

Next, we wanted to examine the genetic basis
of pelvic asymmetry. To do this, we examined
the correlation between measurements on the
left and the right side of the pelvis. The two
phenotypes withmeasurements on each side
were iliac isthmus breath and acetabular diam-
eter. The left-right correlations for iliac isthmus
breadth and acetabular diameter were 0.809
and 0.894, respectively (Fig. 1, E and F). The
average difference between themeasurements
in the iliac isthmus breadth between the left
and right sides was 0.287 cm [P < 2 × 10−16,
95% confidence interval (CI) = 0.280 to 0.294],
and for acetabular diameter, it was 0.101 cm
(P < 2 × 10−16, 95% CI = 0.093 to 0.108). Though
these differences were small, we found that
they were replicable: left- and right-side dis-
crepancies in individuals across two imaging
visits had Pearson correlations of 0.632 and
0.407 for iliac isthmus breadth and acetabular
diameter, respectively (Fig. 1, E and F). This

suggests that we can capture ameasure of pelvic
asymmetry beyondmeasurement error. On esti-
mating the heritability of this trait by using
genome-wide complex trait analysis (GCTA; 43),
we found that itwas consistentwith zero [herit-
ability (hg

2) for acetabular diameter discrep-
ancy = 0.0131, SE = 0.0149; hg

2 for iliac isthmus
breadthdiscrepancy=0.0275, SE=0.0158].How-
ever, we observed a significant association be-
tween pelvic asymmetry and handedness,
another trait that is also not significantly herit-
able (left-handedhg

2=0.0064, right-handedhg
2 =

0.0058 in 360,913 individuals). We regressed
the left and right pelvic phenotype ratio against
handedness while controlling for age and sex.
Right-handed individuals tended to have sig-
nificantly larger right acetabular diameters
(regression P = 8.31 × 10−6) and marginally
larger left iliac isthmus breadth than left-handed
individuals (regression P = 0.0665). This sug-
gests that left-right pelvic asymmetry might be
driven by left- or right-side dominance, which
is largely environmentally determined, but left-
right dominance affectsmovement patterns and
consequently skeletal development.

Genome-wide association study of human
pelvic proportions

We performed genome-wide association studies
(GWASs) with imputed genotype data in the
UKB to identify variants associated with each
pelvic phenotype.We applied standard variant
and sample QC and focused our analyses on
31,115 individuals of “white British ancestry,”
as defined by theUKB genetic assessment, and
7.4 million common biallelic single-nucleotide
polymorphisms (SNPs) with minor allele fre-
quency >1%. We used BOLT-LMM (44) to
regress each skeletal measure on variants by
using a LMM association framework. We in-
cluded height as a covariate to directly adjust
for differences in body size between individ-
uals and focus on skeletal proportions instead
of overall length. We also adjusted for body
size differences in two other ways: by divid-
ing each phenotype by height to generate a
skeletal proportion and by including a “leave-
one-chromosome-out” polygenic risk score
(PRS) for height as a covariate in the GWAS
(45). Variant effect sizes with either height or
height combined with the one-chromosome-
out PRS as a covariate were highly correlated
[Pearson correlation coefficient (r) = 0.99] (42).
For downstream analyses, we focused on the
results from the GWAS that included height as
a covariate. Notably, we show that the genetic
correlation between pelvic proportion pheno-
types and height are 0, and PRS estimated
from pelvic proportion GWAS summary sta-
tistics can not explain any variance of height
(figs. S13 and S14).
After generating summary statistics for each

skeletal measure, we estimated SNP heritabil-
ity with linkage disequilibrium score regres-

sion (LDSC) (46) andGCTA–restrictedmaximum
likelihood (REML) (43). All traits were highly
heritable, with SNP heritability between 32
and 48% for GCTA-REML and between 28
and 45% for LDSC (42) (Fig. 2B and fig. S16).
Across the six pelvic phenotypes adjusted by
height (pelvic width, pelvic height, iliac isth-
mus breath, acetabular diameter, pelvic inlet
width, oblique pelvic inlet length) and subpubic
angle, we identified 342 loci at P < 5 × 10−8 and
241 loci at P < 7.14 × 10−9 (Bonferroni correction
for seven traits). Of these loci, 180 are indepen-
dently significant at P < 5 × 10−8 [LD (r2) < 0.1]
across all seven phenotypes (119 after Bonferroni
correction for seven traits at P < 7.14 × 10−9)
(Fig. 2A).

Biological insights from pelvic associations

Out of the 180 independent loci identified across
GWASs (table S11), 51 loci overlapped a single
protein-coding gene within each clumped re-
gion (Fig. 2B). Of these 51 genes, 22 (43%) re-
sult in abnormal skeletal phenotypes when
disrupted in mice according to the Human-
Mouse Disease Connection database (40). Eight
genes (COL11A1, NPR3, CDC5L, TNFRSF11B,
TBX5, FBN1, SMAD3, and TBX4) are associated
with rare skeletal diseases in humans (table
S11). In some cases, genes associated with spe-
cific pelvic proportions in our GWAS contrib-
ute to human pelvic abnormalities. We found
that TBX15 and TBX4, two T-box transcription
factors, have been associated with differences
in pelvic inlet width and pelvic height in mod-
el organisms, and, in humans, large effect rare
mutations in TBX15 and TBX4 genes lead to
pelvic abnormalities such as hypoplasia of the
pelvis and small patella syndrome (47, 48). Thus,
ourGWASof pelvic proportions identified genes
that were previously associated with skeletal
developmental biology and Mendelian skele-
tal phenotypes anddemonstrates the potential
for future functional and knockout studies.

Sexual dimorphism in the genetic basis
of pelvic proportions

The human pelvis plays a critical role in child-
birth and is one of the most phenotypically
dimorphic skeletal regions betweenmales and
females (49–51). Given the distinct reproduc-
tive functionalities between the male and fe-
male pelvis, we examined whether the genetic
basis of our seven pelvic phenotypes differed
betweenmales and females. To do so,we carried
out genetic correlation analysis between aGWAS
carried out in males versus females. This anal-
ysis serves as a way to measure genetic dimor-
phism. Functionally similar pelvic phenotypes,
such as pelvic height, exhibit similar genetic
architectures betweenmales and females. By
contrast, birth canal–related phenotypes, such
as the subpubic angle, showed estimated ge-
netic correlations significantly divergent from
1. Thisdifference in estimatedgenetic correlation
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is in contrast to virtually all other skeletal traits
previously examined, such as arm, leg, torso,
and shoulder dimensions. These other traits
all showed estimated genetic correlations not
significantly different from 1 in the same cohort
(Fig. 2C), suggesting that sex-specific repro-
ductive requirements of the human birth canal
are driving differences in genetic architecture
between sexes for these pelvic traits.

Genetic and phenotypic association of pelvic
proportions with locomotor phenotypes

We examined how pelvic proportions were
associated with walking pace and musculo-
skeletal disorders, such as knee, hip, and back

osteoarthritis (OA), which are degenerative con-
ditions that arise from lifetime cumulative
effects of gait and motion. Firstly, we used lo-
gistic regression to examine phenotypic asso-
ciations between pelvic proportions and these
phenotypes (Fig. 3A) while controlling for age,
sex, weight, height, and other major risk fac-
tors for OA (42). After correcting for multiple
testing at a false discovery rate (FDR) < 5%
across all associations, we found that two birth
canal–related phenotypes were associated with
increased self-reported walking pace [oblique
pelvic inlet length, P = 5.3 × 10−3, odds ratio
(OR) = 0.96; subpubic angle, P = 4.4 × 10−4,
OR = 0.92) (table S15). As a positive control, we

examined another skeletal trait, leg-to-torso
length, which we found to be significantly po-
sitively associated with walking speed (P =
2.97 × 10−8, OR = 1.08), in line with previous
results and with mechanical modeling (5, 6).
These results provide empirical evidence that
narrower birth canal proportions in humans
are associated with increased walking speed
(phenotypic association: between oblique pelvic
inlet length and walking pace and between
subpubic angle and walking pace. However,
examining the associations with OA-related
phenotypes, we found that having smaller birth
canal–related phenotypes also increased the risk
of back pain or dorsalgia (phenotypic association:
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Fig. 2. Genome-wide association results. (A) Manhattan plot of a GWAS
performed across six pelvic proportions and the subpubic angle; the lowest
P value for any trait at each SNP is annotated. Loci over the genome-wide
significance threshold that are close to only a single gene are annotated. (B) Shown
are the total number of genome-wide significant loci per trait, heritability
(GCTA-REML), estimate of genomic inflation l (from LDSC), and associated
genes of loci that are specific to each skeletal trait (again annotating only loci

that map to a region with a protein-coding gene within 1 Mb of each clumped
region). (C) Estimated genetic correlation between female and male pelvic
phenotypes and other skeletal traits, including lengths of the tibia, femur, torso,
forearm, and humerus. Error bars represent the 95% confidence intervals, with traits
significantly different from one after FDR correction highlighted in red. Heritability
greater than 1 is due to small sample size. Subpubic angle, shown in red on
the x axis, is the only trait that is significantly different from 1 after FDR correction.
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between oblique pelvic inlet length and dor-
salgia, P = 3.45 × 10−3, OR = 0.93; between
subpubic angle and dorsalgia, P = 3.28 × 10−7,
OR = 0.82; between subpubic angle and back
pain, P = 5.16 × 10−7, OR = 0.87) (Fig. 3A and
table S15). Additionally, individuals with smaller
birth canal phenotypes were at decreased risk
of hip OA (phenotypic association: between
subpubic angle and hip OA, P = 1.18 × 10−2,
OR = 1.27) but increased risk of knee OA
(phenotypic association: between subpubic
angle and knee OA, P = 9.97 × 10−4, OR = 0.83;
between subpubic angle and internal derange-
ment of knee, P = 9.71 × 10−5, OR = 0.81) (Fig.
3A and table S15).
To complement thesephenotypic associations,

we also analyzed 361,140 UKB participants who
had not undergone DXA imaging and were of
“white British ancestry” for predictive risk based
on PRS derived from our GWAS on pelvic pro-
portions for the imaged set of individuals
(Fig. 3B and table S18). We generated PRS with
Bayesian regression and continuous shrinkage
priors (52) using HapMap3 SNPs and ran a
logistic regression of the generated risk scores
and traits, adjusting for the first 20 principal
components of ancestry, and sex as well as
age, weight, and other major risk factors of
OA (42). Our genetic association analysis mir-
rored our phenotype association analysis and
suggests that individuals with smaller birth
canal proportions have on average a faster
walking pace and are at the same time more

susceptible to back pain and strain, common
consequences of bipedal locomotion due to
the distribution of weight on just two limbs
(genetic association between leg to torso ratio
and walking pace, P = 1.00 × 10−13, OR = 1.03;
genetic association between oblique pelvic in-
let length and walking pace, P = 8.09 × 10−4,
OR = 0.98; genetic association between ob-
lique pelvic inlet length and dorsalgia, P =
1.31 × 10−2, OR = 0.98; genetic association be-
tween pelvic inlet width and back pain, P =
1.25 × 10−3, OR = 0.98; genetic association be-
tween subpubic angle and dorsalgia, P = 1.02 ×
10−4, OR = 0.97) (Fig. 3B and table S15).

Genetic and phenotypic association of pelvic
proportions with pelvic floor function

Next, we combined all incontinence-related
phenotypes from the ICD-10 record, including
stress incontinence (N39.3), other specified
urinary incontinence (N39.4), fecal inconti-
nence (R15), and unspecified urinary incon-
tinence (R32), into a single binary phenotype.
We first carried out logistic regression analysis
to examine the association between the bi-
nary incontinence-related phenotypes and fe-
male pelvic phenotypes. In this regression, we
controlled for the same set of covariates that
we used in the locomotion association analysis
but also included the number of live births as
an additional covariate. We observed a signif-
icant association between the female pelvic
inlet width phenotype and genital prolapse

(P = 1.31 × 10−5, OR = 1.21). There was a mar-
ginal association between the pelvic inletwidth
phenotype and incontinence (P = 1.12 × 10−2,
OR = 1.14; after FDR correction, P = 0.052) (Fig.
3C and table S16).
We also conducted a GWAS restricted to fe-

male individuals who were imaged and com-
puted a PRS for approximately 200,000 females
of “white British ancestry”who were indepen-
dent from the GWAS set. 18,020 individuals
out of the 200,000 individuals had one of these
incontinence phenotypes. We then regressed bi-
nary incidence of genital prolapse and incon-
tinence against PRS for all female pelvic traits,
controlling for the number of live births and
age (42). Out of the pelvic proportions, the only
significant positive association we observed was
with thewidth of the birth canal (betweenpelvic
inlet width and genital prolapse, P = 4.3 × 10−4,
OR = 1.04; between pelvic inlet width and in-
continence, P = 4.2 × 10−3, OR = 1.03) (Fig. 3D
and table S19). Similar to the locomotor pheno-
type association analysis, the results from the
pelvic floor function phenotypic association
and thePRSassociationwerewell aligned.These
results offer support for themultifactorial pelvic
hypothesis, suggesting that a narrower birth
canal improves pelvic floor function. Pelvic floor
function is critical in assisting bladder and
bowel control and evacuation as well as in sup-
porting the internal organs and the fetus during
pregnancy, a function thought to be more crit-
ical in upright humans than in quadrupeds (5).
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Fig. 3. Association between pelvic traits, pain phenotypes, musculoskeletal
diseases, and walking pace. (A) Phenotypic associations from logistic
regression analyses of musculoskeletal disease traits, self-reported pain, and
walking pace on pelvic proportions. (B) PRS associations between musculo-
skeletal disease traits, walking pace, and pelvic proportions. (C) Female
phenotypic associations between pelvic floor disorders and pelvic proportions.
(D) Female PRS associations between pelvic floor disorders and pelvic

proportions. For all panels, associations that are significant after FDR correction
are annotated with an asterisk. The color and size keys to the right of (D)
represent ORs for the phenotypic and PRS associations and P values,
respectively. The number notations in parentheses are the ICD-10 codes
associated with each disease: M54, dorsalgia; M16, coxarthrosis (arthrosis of
hip); M17, gonarthrosis (arthrosis of knee); M23, internal derangement of knee;
and N81, female genital prolapse.
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Genetic association of pelvic proportions with
childbirth-related outcomes
Obstructed labor is thought to bemore common
in humans than any other modern primate spe-
cies (9) and affects around 16% of deliveries
today. It also has been a major cause of mate-
rnal and fetal death throughout human his-
tory, which suggests that it might play amajor
role in human evolution through the effects of
natural selection (53, 54). Here, we examined
the impact of pelvic proportions on obstructed
labor. Firstly, we focused on C-sections re-
ported in the UKB. To avoid confounding ef-
fects due to elective C-sections, we focused on
emergency C-sections, which are routinely per-
formed in cases of obstruction. We conducted
PRS association analysis and found that nar-
rower birth canals were associated with in-
creased risk of emergencyC-sections (P=0.0108,
OR = 0.92). As childbirth-related outcomes
were available only for a small portion of in-
dividuals in the UKB (<10% of all individuals)
we also examined outcomes in the FinnGen’s
dataset for delivery-related traits (55). We iden-
tified a significant genetic correlation between
birth canal traits and labor obstructions due
to maternal pelvic abnormalities [genetic cor-
relation (rg) = −0.4, P = 3.92 × 10−6], of which a
major component is dilation width (42) (Fig.
4B and table S21). However, we saw no asso-
ciation between obstructed labor owing to mal-

presentation of the fetus and pelvic traits (Fig.
4B and table S21). Because the position of the
fetus can vary independently of the skeletal
structure of the pelvis, this childbirth outcome
serves as a negative control for this analysis.
Combining both types of analysis, our results
suggest significant associations between the
size of the birth canal and the chance of ob-
struction during labor.

Evolutionary escape

Lastly, we investigated associations thatmight
help explain how the obstetrical dilemmamay
have been alleviated throughout recent hu-
man evolution. We examined whether gesta-
tion length in humans is shorter than in other
primates of comparable body size to assess
whether gestational duration plays a role in
circumventing the pelvic constraints on deliv-
ering relatively large-brained human infants
(12, 56, 57). However, we found no association
between gestational duration and any pelvic
proportion, including those associated with
the birth canal (Fig. 4C and table S19). This re-
sult is in line with more recent data on a fairly
large sample of great apes suggesting that hu-
man children are not born significantly earlier
than those of the other apes (13, 33–35). How-
ever, we observed a significant genetic correla-
tion between adult headwidth and pelvic inlet
width (rg = 0.22, P = 2.3 × 10−3) as well as a

significant correlation between the width of
the birth canal and neonatal birth weight, a
proxy for neonatal head size [Pearson corre-
lation, r~ 0.7 (58)] (regression slope = 0.01, P =
2.4 × 10−4) (Fig. 4C and table S19). This sug-
gests that natural selection might have led to
genetic correlation between pelvic and head
proportions, potentially reducing the risk of
labor obstruction (51, 59).

Discussion

In this study, we used deep learning to under-
stand the genetic basis of skeletal elements
that make up human pelvic proportions using
DXA imaging data in a large population-based
biobank. We found sex-specific differences
in genetic architecture as well as differences
in pelvic symmetry that were associated with
handedness. We identified 180 independent
genetic loci associatedwith pelvic proportions.
We then examined different facets of the ob-
stetrical dilemma, namely the relationship be-
tween pelvic proportions and locomotor-, pelvic
floor–, and childbirth-related outcomes. Lastly,
we analyzed possible ways in which evolution
and natural selection might have alleviated
the dilemma by looking at genetic correlations
between gestation length, the birthweight of
the child, and pelvic proportions.
In previous work on the obstetrical dilemma,

studies have examined locomotor outcomes that
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are associated with efficiency and energy use
rather than speed. In this work, we did not have
access to energetics data, but we did have ac-
cess to outcomes associated with walking speed
and OA, which relate to gait efficiency accu-
mulated over a lifetime. Although self-reported
walking pace may not seem an ideal measure
several lines of evidence suggest that it is a
reliablemeasure of actualwalking pace. Firstly,
self-reported walking pace is highly heritable
(60). Secondly, it is associated with muscle
strength and declines with body mass index
and age in line with expectations (61, 62). It is
also associated with several disorders that are
known to hinder locomotion, including hipOA,
the leading cause of adult disability in theUnited
States (63–65). Lastly, self-reported walking
pace has been directly correlated with mea-
suredwalking pace in a studywith a reasonab-
ly large sample size and within the biobank
(66, 67). It has also been correlated with mean
accelerometer assessed activity (68).
Our results on locomotion were mixed, with

larger birth canal phenotypes related to lower
walking speed, reduced risk of back pain and
knee OA, but increased risk of hip OA. How-
ever, our results provide significant evidence
for other facets of the dilemma associatedwith
pelvic floor function and childbirth. Specifi-
cally, we show that larger birth canal pheno-
types are associated with increased risk of pelvic
floor disorders but also reduced risk of obstruc-
tion during labor, two phenotypes that have
direct impacts on human evolution owing to
intense natural selection acting on them. Pelvic
floor disorders may not have immediate im-
pacts, given that they typically occur after the
birth of the first child, but they could impact
the probability of the individual having a sec-
ond child and thereby have an effect on evolu-
tionary fitness (6, 29, 69–72).We also investigated
several leading hypotheses about how the di-
lemma could have been alleviated over evolu-
tionary time. Our data do not provide support
for the idea that gestational duration has de-
creased to accommodate birthing large-brained
infants; we observedno correlation between any
pelvic proportions and gestational duration.
However, our results indicate that there is a
genetic correlation between pelvic proportions
related to birth canal width and head size
[which we obtained by using adult head width
and child birth weight as a proxy (58)]. Across
all the skeletal traits we examined, the signif-
icantly reduced genetic correlation observed
betweenmales and females exclusively for birth
canal phenotypes also suggests that sexual
dimorphism in these traits may have arisen
through natural selection in response to differ-
ent functional constraints. Although the asso-
ciation between our birth canal phenotypes and
childbirth and pelvic floor disorder phenotypes
is only modest (OR > 1.5), over evolutionary
timescales, this slight but significant increase

in risk could have led to small differences in
overall fitness that compounded over hundreds
or thousands of generations.
A limitation of our study is that we only had

individuals aged between 40 and 80 years old.
It has been suggested that age is a source of
variation in pelvic proportions and that changes
in functional constraints throughout parts of the
reproductive life span are another means by
which the dilemma could be alleviated (73).
However, we did not have access to data from
individuals from earlier ages to examine this
hypothesis.
Taken together, our work combines imaging,

genetic, health record, and survey data at bio-
bank scale to reexamine a central 65-year-old
hypothesis in human evolution that is standard-
ly presented in textbooks. Our results support
established hypotheses about the obstetrical
dilemma, including those related to constraints
posed by childbirth and locomotion, and also
highlight the notable role of pelvic floor health.

Materials and methods summary

All patient data, including electronic health
records, DXA images, and genotype data, were
obtained from the UKB (74). To perform phe-
notyping on 31,115 full-body DXA images from
the UKB, we modified existing deep-learning
models (75, 76) used for landmark estimation
by adding final additional training layers with
manual annotation on 293 images. We used
the landmark estimation model to estimate
the coordinates of 17 landmarks, and based on
these landmarks, we extracted seven different
pelvic IDPs, including three birth canal–related
phenotypes: oblique pelvic inlet length, pelvic
inlet width, and subpubic angle.
After filtering UKB participants and genotype

data for QC, we ran GWASs using BOLT-LMM
(44) for each phenotype while controlling for
height. We further estimated the heritability
of these traits using GCTA (43). We performed
linkage disequilibrium–based SNP pruning
with PLINK (77, 78) to find independent loci
across our pelvic phenotypes with r2 < 0.1 and
mapped these lead SNPs to corresponding genes
using PLINK (77, 78). Next, we queried the
Human-Mouse Disease Connection (79) data-
base to determine which mouse phenotypes
and human diseases were associated with these
pelvic-associated genes. We also performed
MAGMAgene property analysis to assess enrich-
ment between genes expressed indifferent pelvic
subelements across various developmental stages
(37) and genes identified from our pelvic phe-
notype GWAS (80). Furthermore, we carried out
genetic correlation analysis between male and
female pelvic phenotypes using LDSC (81).
To examine the obstetrical dilemma hypoth-

esis from multiple angles, we first conducted
both phenotypic and PRS analyses. For pheno-
typic analysis, we regressed the binary outcome
of disease or reported pain in the hip, knee,

back, and walking pace against pelvic pheno-
types while controlling for clinically relevant
covariates known to affect OA (82), including
age, sex, weight, and other factors.
For PRS analysis, we generated PRSs for each

pelvic phenotype using Bayesian regression with
continuous shrinkage priors (52). We ran a
logistic regression of the PRS on traits across
all individuals, adjusting for the first 20 prin-
cipal components of ancestry and other covar-
iates used in the phenotypic association analysis.
Additionally, we carried out female-specific PRS
analysis to assess the association between pel-
vic traits and two pelvic floor disorder–related
phenotypes (genital prolapse and incontinence),
emergencyC-section,numberof gestationweeks,
and child birth weight. We controlled for the
same covariates used in the all-individuals PRS
analysis, except for sex, andwe also included the
number of live births as an additional covariate.
To assess the correlation between the ge-

netic architecture of pelvic phenotypes and
obstetrical labor, we downloaded the GWAS
summary statistics of obstetrical labor from
FinnGen (55) and performed genetic correla-
tion analysis using LDSC (81).
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