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Abstract

Objectives: Hip shape is thought to be an important causal risk factor for hip osteoarthritis and fracture. We aimed to identify genetic
determinants of hip shape and use these to assess causal relationships with hip osteoarthritis. Methods: Statistical hip shape modelling
was used to derive 10 hip shape modes (HSMs) from DXA images in UK Biobank and Shanghai Changfeng cohorts (ot =43485).
Genome-wide association study meta-analyses were conducted for each HSM. Two-sample Mendelian randomisation (MR) was used to
estimate causal effects between HSM and hip osteoarthritis using hip fracture as a positive control. Results: Analysis of the first 10 HSMs
identified 203 independent association signals (P < 5 x 10~°). Hip shape SNPs were also associated (P < 2.5 x 10~%) with hip osteoarthritis
(n =26) and hip fracture (n =4). Fine mapping implicated SMAD3 and PLEC as candidate genes that may be involved in the development
of hip shape and hip osteoarthritis. MR analyses suggested there was no causal effect between any HSM and hip osteoarthritis, however
there was evidence that HSM2 (more obtuse neck-shaft angle) and HSM4 (wider femoral neck) have a causal effect on hip fracture (ORyw
method 1.27 [95% CI 1.12-1.44],P = 1.79 x 10~% and ORyyw 0.74 [0.65-0.84], P = 7.60 x 10~° respectively). Conclusions: We report the largest
hip shape GWAS meta-analysis that identifies hundreds of novel loci, some of which are also associated with hip osteoarthritis and hip
fracture. MR analyses suggest hip shape may not cause hip osteoarthritis but is implicated in hip fractures. Consequently, interventions
targeting hip shape in older adults to prevent hip osteoarthritis may prove ineffective.
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The genetic architecture of hip shape and its role in
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Introduction

Hip shape varies between individuals and across populations
[1]. Certain hip shape variations are associated with disease.
For example, an aspherical femoral head (cam morphology) [2-
4], reduced acetabular coverage [5] and wider femoral neck [6]
have been associated with hip osteoarthritis and a more obtuse
femoral-neck angle (neck-shaft angle) and wider femoral neck
have been associated with hip fracture [7]. Therefore, understand-
ing the genetic aetiology of hip shape variation provides not only
important biological information but also opportunities to better
understand disease aetiology. Previous genome-wide association
studies (GWAS) have looked at hip shape highlighting the role of
endochondral and bone pathways in its development [8, 9]. GWAS
can also provide genetic instruments for traits that be used in
Mendelian randomisation (MR) to estimate causal effects. This
method is less susceptible to confounding and has been likened
to a natural randomised control study that does not require years
of follow up [10-12].

The observational studies showing an association between hip
shape and hip osteoarthritis are prone to confounding [13, 14]. For
example, it has been reported that young athletes are at increased
risk of cam morphology [4, 15, 16]. However, this observed asso-
ciation might result from confounding due to excess physical
activity causing hip osteoarthritis, rather than cam morphology.
Differentiating between a causal and confounded association is
important as surgical correction of hip shape has been proposed
to prevent or delay the onset of hip osteoarthritis and trials
are ongoing [17, 18]; it has been difficult to test this hypothesis
through randomised control trials due to the slow onset of hip
osteoarthritis [13].

We recently used MR to investigate whether a more aspherical
femoral head (i.e. cam morphology) has a causal effect on hip
osteoarthritis prevalence, with null findings [19]. However, it’s
possible other aspects of hip shape have a causal effect on the risk
of hip osteoarthritis. Statistical shape modelling provides a holis-
tic measure of hip shape by deriving principal components, also
termed hip shape modes (HSMs), from points placed around the
joint outline on images [5, 20]. In a prior study using UK Biobank
(UKB) data, 7 out of the 10 HSMs, which collectively explained the
majority (> 85%) of hip shape variance, were associated with both
radiographic and hospital diagnosed hip osteoarthritis, as well as
total hip replacement [21], suggesting these imaging phenotypes
are clinically relevant. The automated approaches used to derive
these HSMs from substantial numbers of participants provides
an opportunity to conduct GWAS of multiple HSMs across differ-
ent cohorts, which would in turn provide well powered genetic
instruments that together represent a comprehensive proxy for
hip shape, suitable for use in MR analyses.

Null findings in MR studies, such as our previous study of
cam morphology, may reflect the lack of suitably powered genetic
instruments. One way to assess the precision and power of genetic
instruments for an exposure such as hip shape is to examine their
relationships with another disease for which a causal effect is
thought to exist. If a causal effect is found between the genetic
instruments and one condition but not another, this makes it less
likely the null findings result from inaccurate or under-powered
genetic instruments. Hip fracture provides a good positive control
for hip osteoarthritis given that measures of hip geometry, such
as femoral neck width, are well established causal risk factors for
hip fracture in both observational [7] and MR studies [22].
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Figure 1. Visual representation of the first 10 hip shape modes. Each hip shape mode (HSM) represents statistically independent (orthogonal) variation
in hip shape captured by hip DXA. HSM1 explains the most variation and each HSM there after explains less variation. The HSMs are plotted here
where the dotted line represents the hip shape comprised of - 2 standard deviation variation away from the mean and solid line represents + 2 standard
deviation hip shape away from the mean. Each participant in this study is given a score for each HSM which represents where their hip shape lies within

each mode.

In this study, we aimed to conduct a GWAS meta-analysis of
the top 10 HSMs, in UKB and Shanghai Changfeng (SC) cohorts,
where these HSM have been derived using our novel automated
point placement method [1]. Single nucleotide polymorphisms
(SNPs) associated with hip shape were then used as geneticinstru-
ments in two-sample MR analyses evaluating whether hip shape
is causally related to either hip osteoarthritis or hip fracture.

Results
Genome-wide association studies

For each HSM [1-10] (Fig. 1) a GWAS meta-analysis was conducted
in 43485 participants (20580 (47%)/22905 (53%) male/fe-
male) across two studies (UKB n=38175 & SC n=5310) (see
Supplementary Figs. 1-10 for Manhattan plots). The top SNP for
each HSM was selected to illustrate effect estimate differences
between the cohorts (Supplementary Fig. 11). UKB participants
were on average heavier and taller than the SC participants,
but their ages were similar (Table 1). Furthermore, the mean
HSM scores varied between the sexes and between UKB and SC
(Table 1). A total of 131 independent loci were associated with
at least one HSM in the random effects meta-analyses (Fig. 2,
Supplementary Tables 1-10). These loci were identified from
203 independent SNP associations at study-wide significance
(P <5.0x 107°). Of nine previously identified HSM associated
SNPs [9], six showed genome-wide significant associations in the
present study (Supplementary Table 11). All five SNPs previously
reported to be associated with hip geometry in a previous GWAS
[8] showed evidence of association with HSMs, three at genome-
wide significance (Supplementary Table 11). SNP heritability for
the meta-analysed HSMs, as measured by linkage disequilibrium
score regression (LDSC), was between 14%-21%, apart from HSM5,
which had a lower SNP heritability of 6% (Table 2). SNP heritability
estimates within each cohort, calculated with LDSC, were broadly
similar (see Supplementary Table 12). Genomic inflation of the
HSM GWAS was low (A = 0.86-0.94) likely due to the conservative

random-effects model used (Supplementary Table 12). 14 SNPs
showed at least suggestive evidence of colocalisation with
messenger RNA (mRNA) expression in human joint tissue
(Supplementary Table 13). Using fixed effect meta-analyses
yielded a similar number of associated SNPs to the random effects
model (Supplementary Table 14). Given ancestral differences in
hip shape and potential genetic heterogeneity we elected to base
subsequent analyses on the random effects meta-analyses.

Gene set analysis

To prioritise genes contributing to each HSM we applied
MAGMA gene set analyses using a Bonferroni adjusted p-
value threshold (P <2.70 x 107%, 0.05/18824 number of gene sets
tested). In total, 30 gene sets were associated with the HSMs
(Supplementary Tables 15). Two gene sets showed associations
with more than one HSM; the skeletal morphogenesis set was
associated with HSM1 (Genes n=217 & P 2.98 x 1078), HSM6
(Genes n=217 & P 3.98x 107/) and HSM10 (Genes n=217 & P
7.83 x 1078), and the response to growth factor set was associated
with HSM4 (Genes n=662 & P 1.27 x 1077) and HSM10 (Genes
n=662 & P 7.83 x 1078). Seven gene sets were related to skeletal,
bone and connective tissue development, 5 to cartilage formation,
4 to signalling pathways known to affect cartilage (TGF-g and
growth factor).

Genetic correlation

LDSC was used to calculate the genetic correlation between
HSM and different disease traits. For hip osteoarthritis, HSM2
(rg 0.16 [95% CI 0.06, 0.26]), HSM3 (0.18 [0.09, 0.27]), HSM6
(=0.17 [-0.26, —0.09]) and HSM7 (0.15 [0.05, 0.24]) showed some
evidence of genetic correlation. For hip fracture, HSM2 (0.30
[0.13, 0.46]) and HSM4 (—0.40 [-0.57, —0.23]) showed a moderate
genetic correlation (Table 2). The genetic correlations between
UKB and SC, and with disease outcomes were assessed for each
HSM but in SC were underpowered due to the smaller sample
size of SC (Supplementary Table 16). Despite the HSMs being
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Table 1. Descriptive characteristics of study participants, combined and stratified by sex.

UK Biobank

Shanghai Changfeng

Male
Mean (range, SD)

Female
Mean (range, SD)

Combined
Mean (range, SD)

Male
Mean (range, SD)

Female
Mean (range, SD)

Combined
Mean (range, SD)

Age 64.5 (45-81, 7.6) 63.1 (45-82, 7.4) 63.8 (45-82, 7.5)

Height 177.3 (150-204, 163.7 (135-196, 170.2 (135-204,
6.6) 6.4) 9.4)

Weight 83.3 (47-171,13.4) 682 (34-169,12.8) 754 (34-171, 15.1)

HSM1 —0.31(-4.56-357, 028 0.00 (—4.56-3.88,
1.0) (-3.78-3.88,0.9) 1.0)

HSM2 0.02 (—4.53-4.48,  —0.01(~4.69-4.19,  0.00 (—4.69-4.48,
1.0) 1.0) 1.0)

HSM3 0.32 (~3.62-4.26,  —0.30 (~4.10-4.00,  0.00 (—4.10-4.26,
1.0) 0.9) 1.0)

HSM4 0.14 (-3.83-3.99,  —0.13(~4.38-3.99,  0.00 (—4.38-3.99,
1.0) 1.0) 1.0)

HSMS —0.41(~4.52-438, 0.04(-4.24-342,  0.00 (—4.52-4.38,
0.9) 1.1) 1.0)

HSM6 —0.26 (—4.58-3.88,  0.22 (-3.39-4.99,  0.00 (—4.58-4.99,
1.0) 1.0) 1.0)

HSM7 —0.10 (~4.58-5.05,  0.08 (—4.93-4.74,  0.00 (—4.93-5.05,
1.0) 1.0) 1.0)

HSMS 0.08 (—4.84-4.55,  —0.07 (~4.35-3.96,  0.00 (—4.84-4.55,
1.0) 1.0) 1.0)

HSM9 0.31(~3.65-5.03,  —0.28 (~4.13-4.54,  0.00 (—4.13-5.03,
1.0) 0.9) 1.0)

HSM10 —0.01(~4.09-3.84, 0.01(-4.12-3.85,  0.00 (—4.12-3.85,
1.0) 1.0) 1.0)

N 18646 20374 38175

64.5 (45-81, 9.5)
168.0 (143-189,
6.1)

69.2 (39-107, 9.8)
~0.85 (—3.80-2.22,
0.94)

—0.37 (—4.16-3.95,
1.01)

1.13 (—2.28-4.01,
0.94)

0.15 (—2.90-4.36,
0.92)

—0.46 (~3.62-2.63,
0.91)

0.36 (~2.51-3.46,
0.89)

—0.23 (—4.90-2.67,
0.91)

~0.02 (—3.70-3.03,
1.00)

0.24 (~3.16-3.62,
0.96)

0.22 (~3.58-3.60,
1.01)

2263

62.6 (46-88, 9.2)
156.8 (132-185,
5.9)

59.2 (35-106, 9.1)
—0.36 (—4.15-2.70,
0.96)

—0.47 (—4.96-3.30,
1.11)

0.83 (—2.45-4.05,
0.95)

~0.003
(~3.07-3.96, 0.98)
—0.02 (~3.44-2.92,
0.92)

0.59 (~2.36-3.57,
0.89)

0.17 (~2.56-4.03,
0.91)

—0.17 (~3.47-3.57,
1.02)

—0.14 (~3.46-3.10,
0.97)

—0.08 (—4.28-3.41,
0.97)

3047

63.4 (46-96, 9.4)
161.6 (132-189,
8.2)

63.5 (35-107, 10.6)
—0.57 (—4.15-2.70,
0.98)

—0.43 (—4.96-3.95,
1.07)

0.96 (—2.45-4.05,
0.96)

0.06 (—3.07-4.36,
0.96)

—0.21 (~3.62-2.92,
0.94)

0.49 (~2.51-3.57,
0.90)

0.00 (—4.90-4.03,
0.93)

—0.11 (~3.70-3.57,
1.01)

0.02 (—3.46-3.62,
0.99)

0.05 (—4.28-3.60,
1.00)

5310

Units are as follows: Age—years, Height—centimetres, weight—kilograms, hip shape modes (HSM)—standard deviations (SDs)
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Figure 2. Genetic associations for each hip shape mode. Independent single nucleotide polymorphisms (SNPs) are those that are conditionally
independent as obtained by GCTA-COJO. Independent loci are defined by the closest gene. Novel hip shape loci are those further than 1 Mb from

previously published SNPs associated with hip shape.

orthogonal there was weak to moderate genetic correlation
between them suggesting shared underlying genetic aetiology
(Supplementary Fig. 12).

Genetic overlap between hip shape and hip
osteoarthritis

Conditionally independent HSM-associated SNPs were looked up
in a previous GWAS of osteoarthritis traits [23]. 26 SNPs were
associated with a HSM (genome wide significance P <5 x 107°)

and hip osteoarthritis (Bonferroni adjusted P<2.5x 1074, to
account for the 203 SNPs tested) (Table 3). HSM SNPs also showed
an association (P<2.5x107%) with osteoarthritis at all sites
(n=11), at the knee and/hip (n=18) and total hip replacement
(n=28) (Supplementary Table 17). 19 SNPs were>1 Mb away
from previously implicated hip shape loci and represented
novel signals. To understand if the hip shape and osteoarthri-
tis GWAS signals were shared Bayesian colocalisation was
conducted which found 18 SNPs colocalised (PP >80%). In
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Table 2. SNP heritability of the hip shape mode meta-analyses and their genetic correlations with hip osteoarthritis and hip fracture.

Heritability Hip Osteoarthritis Hip Fracture

HSM h2 [95%ClI] rg [95% CI] P-value 1g [95% CI] P-value
HSM1 0.21[0.17-0.25] —0.05 [-0.15, 0.04] 0.30 —0.04 [-0.21, 0.13] 0.68

HSM2 0.21[0.17-0.26] 0.16 [0.06, 0.26] 1.30 x 1003 0.30[0.13, 0.46] 4.00 x 10704
HSM3 0.18 [0.15-0.22] 0.18 [0.09, 0.27] 2.00 x 10~% 0.13 [-0.01, 0.28] 0.07

HSM4 0.19 [0.15-0.23] —0.04 [0.14, 0.05] 0.37 —0.40 [-0.57, —0.23] 3.29 x 10-%
HSM5 0.06 [0.04-0.08] 0.03 [-0.11, 0.17] 0.70 0.10 [-0.12, 0.33] 0.37

HSM6 0.19 [0.16-0.22] —0.17 [-0.26, —0.09] 4.97 x 10705 0.03 [-0.11, 0.16] 0.70

HSM7 0.14 [0.11-0.17] 0.15 [0.05, 0.24] 2.60 x 1093 0.07 [=0.10, 0.25] 0.42

HSM8 0.21[0.17-0.26] 0.09 [~0.02, 0.20] 0.12 0.08 [~0.07, 0.24] 0.31

HSM9 0.15 [0.12-0.19] —0.05 [-0.15, 0.05] 0.30 0.07 [-0.10, 0.24] 0.41
HSM10 0.17 [0.14-0.21] 0.03 [-0.07,0.12] 0.60 0.09 [-0.07, 0.24] 0.28

particular, two SNPs showed strong SNP-gene evidence after fine-
mapping.

Rs12901499, within the SMAD3 locus, was positively associated
with HSM4 (8 0.05, P 1.69 x 10~'3), describing greater acetabular
coverage and narrower femoral neck, and was also found to
be protective of hip osteoarthritis (8 —0.07, P 2.83 x 10~%). In
addition, the HSM4 and hip osteoarthritis GWAS signals around
1512901499 colocalised with each other (PP 99%) and the HSM4
GWAS signal colocalised with SMAD3 mRNA expression in both
healthy and degraded human cartilage (PP 98% in both tissues,
Supplementary Table 13, Supplementary Figs. 13 and 14).

Rs11784501, within the PLEC locus, was negatively associated
with HSM7 (8 —0.05, P 2.15 x 10~'%), describing a wider femoral
neck, and was also suggested to increase the risk of hip
osteoarthritis (8 0.04, P 3.78 x 107%) although this signal did not
meet genome-wide significance. Again, these two GWAS signals
colocalised (PP 93%) and the HSM7 GWAS signal colocalised
with PLEC mRNA expression in human synovial tissue (PP 87%,
Supplementary Table 13, Supplementary Fig. 15). Rs11784501
was predicted to have a high chromatin state activity in both
chondrocytes (chromatin state=2, encodes a region flanking a
transcription starting site, 1 is the highest activity state and 15
is the lowest) and osteoblasts (chromatin state=1, encodes a
variant at a transcription starting site) suggesting a role in altered
transcription (Supplementary Table 18).

Overlap between hip shape and hip fracture

Four HSM-associated SNPs (P <5 x 107°) also showed an asso-
ciation with hip fracture (P <2.5x 1074, to account for the 203
SNPs tested) (Table 3). We also examined the overlap between
genetic influences on hip shape and bone mineral density esti-
mated from heel ultrasound, which has also been reported in
UK Biobank [24],and may be a useful proxy measure for hip
fracture risk. Sixty-six HSM-associated SNPs (P <5 x 107°) also
showed an association with bone mineral density (P < 2.5 x 1074,
Supplementary Table 17).

Rs12475479 was negatively associated with HSM2 (8 —0.06,
P 4.96 x 107'%), describing a reduced femoral neck-shaft angle
and greater acetabular coverage, and was found to be protective
of hip fracture (8 —0.08, P 4.79 x 107°) although this signal did
not meet genome-wide significance. DIS3L2 was implicated by
MAGMA at this locus although colocalisation analyses showed lit-
tle evidence of shared HSM2 and hip fracture GWAS signals. Three
SNPs (rs56368105, 15736825 & r5$11614913) on chromosome 12 and
in close LD with each other (D’ 0.78-0.98, R? 0.51-0.89) showed

positive associations with HSM4 (a narrower femoral neck and
larger femoral head, 8 0.06, P 1.60 x 10718), HSM9 (wider femoral
neck and larger femoral head, g 0.08, P 4.73 x 10~3!) and HSM10
(wider femoral neck, g 0.05, P 1.18 x 10~4). Rs56368105 (8 —0.08,
P 1.38 x 1077) and rs736825 (8 —0.08, P 8.87 x 10~8) were protec-
tive for hip fracture, whereas rs11614913 was associated with
increased risk (8 0.08,P4.73 x 10~31). All three SNPs were predicted
toincrease transcription in both chondrocytes (chromatin state 1,
2 and 2 respectively) with only rs56368105 increasing transcrip-
tion in osteoblasts (chromatin state 1) (Supplementary Table 19).
MAGMA implicated several genes at this locus including HOXC9,
RP11-834C11.12, HOXC8, HOXCS, HOXC6 and HOXC4 but none of
the signals colocalised with mRNA expression in human tissue.

Mendelian randomisation

MR analyses suggested there was no causal effect of any HSM on
hip osteoarthritis (Fig. 3, Supplementary Table 18). The mean F-
statistics for the genetic instruments of the HSMs ranged from 37
to 56 (Supplementary Tables 1-10) indicating acceptable instru-
ment strength [12]. Reverse MR used 27 genetic instruments for
hip osteoarthritis, which had a mean F-statistic of 45 (range 30-
100), indicating acceptable instrument strength. Genetic predis-
position to hip osteoarthritis was suggested to causally effect
HSM3 (cam-type femoral head with bulging of the lateral aspect)
(Inverse-variance weighted (IVW) B 1.37 [95% CI 0.54-2.20], P
1.21 x 1073) (Fig. 3, Supplementary Table 19). Sensitivity analyses
showed the same direction of effect but with weaker statistical
evidence (Supplementary Table 19).

Counter to the results seen for hip osteoarthritis, MR analyses
showed strong evidence for HSM2 (more obtuse neck-shaft angle
and less acetabular coverage, as represented by the+2 SD line
(Fig. 1)) and HSM4 (less acetabular coverage and wider femoral
neck, as represented by the —2 standard deviation (SD) line (Fig. 1))
having a causal effect on hip fracture (IVW OR 1.27 [95% CI 1.12-
1.44], P 1.79 x 10~* and OR 0.74 [0.65-0.84], P 7.60 x 10~ respec-
tively) (Fig. 3, Supplementary Table 20). These effects were broadly
supported by the sensitivity analyses (Supplementary Table 20).
There was weaker evidence that HSM3 (a cam-type femoral head
and shorter femoral neck) may also have a causal effect on hip
fracture (IVW OR 1.16 [95% CI 1.02-1.32], P 0.02) but the sensitivity
analyses showed little evidence to support this. There was little
evidence that a genetic predisposition to hip fracture affects any
of the HSM modes (Fig. 3 Supplementary Table 20). In addition, the
three instruments for hip fracture derived from a previous meta-
analysis had acceptable strength (F-statistic range 36-44).
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Mendelian Randomisation Results

HSM vs Hip OA & Fracture
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Figure 3. Mendelian randomisation results.Bi-directional causal analyses between hip shape, and hip osteoarthritis and hip fracture.

Discussion

In this study we present the results from a GWAS of 10 orthogonal
HSMs that identified 203 conditionally independent SNPs, map-
ping to 131 loci which is a marked increase on previous hip shape
GWAS [9, 25]. In gene set analyses, skeletal, bone and cartilage
related pathways showed the strongest evidence of association
with hip shape variance. HSMs were genetically correlated with
hip osteoarthritis and hip fracture indicating shared underlying
genetic aetiology. Of hip shape associated SNPs, 66 were also
associated with estimated bone mineral density, 26 with hip
osteoarthritis and 4 with hip fracture. MR analyses failed to show
evidence of a causal effect of hip shape on hip osteoarthritis but
did show a causal effect of hip shape, in the form of a more obtuse
neck shaft angle and reduced acetabular coverage, on hip fracture.
In addition, there was evidence that a genetic predisposition to
osteoarthritis caused a cam-type femoral head to develop.
Understanding the genetic aetiology of hip shape is important
given its implication in the aetiology of hip osteoarthritis and
hip fracture in observational studies [5, 6, 20, 21, 26]. When
investigating the overlap between hip shape loci and both con-
ditions, there were many more hip shape SNPs associated with
hip osteoarthritis than hip fracture (26 vs 4). Although this might
suggest there is a greater shared genetic aetiology between hip
shape and hip osteoarthritis than with hip fracture. We did find 66
shared loci with estimated bone mineral density, which is strongly
related to fracture risk [24]. Hip fractures by their nature are

normally a consequence of falls (~90%) that themselves are often
related to environmental factors [27] meaning they might not be
captured well genetically. In terms of specific genes likely to affect
both hip shape and either hip osteoarthritis or fracture, SMAD3
and PLEC were the only genes identified through colocalisation
between GWAS signals and mRNA expression in human joint
tissue and both were associated with hip osteoarthritis. Although
the PLEC GWAS signal with hip osteoarthritis was only suggestive
and did not reach genome-wide significance. SMAD3 is an impor-
tant member of the TGF-g pathway which plays an important
role in chondrogenesis and has previously been implicated in
hip osteoarthritis but was not known to be associated with hip
shape [28, 29]. PLEC encodes Plectin a large cytoskeleton protein
that is important in regulating cellular responses to mechanical
stressors and is thought to play a role in the development of
osteoarthritis but has not previously been associated with hip
shape [30].

The independent SNPs associated with each HSM were used
as genetic proxies for the described hip shape variation in MR,
to estimate the causal effect of each HSM on hip osteoarthritis
and fracture. There was little evidence that any HSM had a causal
effect on hip osteoarthritis despite a previous study using the
same participants in UKB showing strong observational associ-
ations between these HSMs and hip osteoarthritis and total hip
replacement [21]. These results counter the hypothesis that mod-
erate alterations in hip shape (e.g. cam morphology or acetabular
dysplasia) cause hip osteoarthritis in the general population [17,
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31]. However, they align with our recent study, in the same par-
ticipants, which found no strong evidence of a causal association
between cam morphology (based on alpha-angle derived from the
same points used to generate HSMs in the present study) and hip
osteoarthritis. Importantly the present study had greater power
to explore these associations due to higher number of genetic
instruments for each HSM (apart from HSM5) as compared to
the alpha-angle study which had only 8 genetic instruments [19].
Interestingly, in the previous cam morphology MR study there was
strong evidence that a genetic predisposition to hip osteoarthritis
caused cam morphology and in the present study the same was
seen with HSM3 which resembles a cam-type hip with a bulging
of the lateral aspect of the femoral head. This adds evidence to
the hypothesis that in part osteoarthritis results from a recapit-
ulation of dysregulated growth [32]. The shared genetic loci and
correlations between hip shape and hip osteoarthritis considered
alongside these MR findings suggest that other hip shapes such as
reduced orincreased acetabular coverage represented by HSM1&2
(i.e. acetabular dysplasia and pincer morphology) might have
shared underlying genetics with hip osteoarthritis but do not
appear to cause hip osteoarthritis.

Our results suggest that, at least within the context of the older
adult population studied here, changes in hip shape are unlikely to
play a causal role in the development of hip osteoarthritis. These
findings have implications for treatments targeting hip shape
with a view to delaying onset or slowing the progression of hip
osteoarthritis in older adults including surgery that are currently
beinginvestigated in randomised trials [18, 33]. On the other hand,
rare extremes of hip shape such as developmental dysplasia of
the hip which presents in symptomatic children are not well
represented in our study population. This is because individuals
with such conditions typically undergo hip replacements before
the age of 40 years old, making them ineligible for inclusion in
the imaging study. Moreover, several rare genetic variants causing
more severe forms of hip shape have been identified [34], which
are unlikely to have been well proxied by genetic instruments
derived from our hip shape GWAS.

To understand if the HSMs were appropriately instrumented
by the GWAS results, we also conducted MR analyses between
HSMs and hip fracture. These analyses showed strong evidence
of a causal association between hip shape and risk of hip frac-
ture. Specifically, HSM2 (more obtuse neck shaft angle and less
acetabular coverage) and HSM4 (less acetabular coverage and
wider femoral neck) were associated with an increased risk of
hip fracture. These findings support the observational results
seen in a recent meta-analysis, which reported an elevated risk
of hip fracture with increased femoral neck shaft angle and
femoral neck width [7]. These findings also align with those of
our recent MR study, which found that increased femoral neck
width acts causally to increase risk of hip fracture [22]. Taken
together, our results suggest that hip shape is a risk factor for
hip fracture, supporting the validity and power of these hip shape
instruments and adding further weight to the null associations
seen for hip osteoarthritis. Furthermore, in both hip osteoarthritis
and hip fracture MR analyses only unidirectional effects were seen
indicating causal relationships as opposed to bidirectional effects
indicating shared genetics.

This study combined two cohorts which evaluated hip shape
using high resolution DXA scans, commonly used to screen
for osteoporosis risk. Automatically extracting additional hip
shape information from DXA scans in terms of predicting hip
osteoarthritis and fracture risk is an attractive proposition.
Even if hip shape variance is not causally associated with hip

osteoarthritis, these measures could still be important predictive
factors. The majority of previous hip shape studies have focused
on European populations, but in this study we included an East
Asian ancestry group, which broadens the generalisability of
our findings [7, 35]. However, conducting trans-ancestry GWAS
introduces complexity, due to the inherent heterogeneity between
populations [36]. In this study we used a conservative random-
effects model to take account of this heterogeneity and limit the
possibility of spurious false positive results driven by the larger
size of UKB. Given the disparity in sample size between UKB
and SC, we felt it unwise to explore ethnic differences directly
in this study. That said, it is known that variations in hip shape
exist between European and East Asian populations [1]. Future
work, harnessing the resources of these large population studies
with genetic data, could explore the incorporation of polygenic
risk scores to assess whether their inclusion can enhance the
performance of disease prediction models [37]. In addition, if
more cohorts become available then superior trans-ancestry
GWAS techniques become possible such as meta-regression of
multi-ancestry genetic association (MR-MEGA) [38].

Although the present analysis focussed on genetic influences
on individual HSMs and how they might affect risk of hip
osteoarthritis, partitioning hip shape across combinations of
HSMs known to be related to risk of hip osteoarthritis might
yield stronger evidence of a causal relationship. For example,
in equivalent studies based on knee shape, we generated a
B-score reflecting the relationship between knee osteoarthri-
tis and combinations of knee shape modes [39]. In future
studies, we plan to examine the utility of this approach for
studying the relationship between the risk of hip osteoarthritis
and combinations of HSMs, including the role of genetic
factors.

A limitation of this study is that UKB provides the majority
of the participants (88%) and therefore the results are biased
towards this population. Further work is justified to replicate
these findings within a broader array of studies. A further
limitation is the average age of the participants was ~ 60 years old,
potentially leading to the coexistence of osteoarthritis in some
individuals. However, the majority of participants did not exhibit
any signs of radiological osteoarthritis (~90%), and all outline
points, which were placed around the contour of the bones,
were manually checked to make sure they did not encompass
osteophytes [40]. Even if osteophytes were inadvertently included
in our measures of hip shape, one would expect this to lead to
false positive results from MR rather than the null associations
found. Another limitation is the use of European reference
panels for COJO and genetic correlation analyses that contained
East Asian participants, which might result in biased estimates.
That said, other ancestrally diverse GWAS meta-analyses have
used European reference panel when conducting COJO with
promising results [41]. Finally, there are known sex differences
in hip shape and this study did not examine the X chromo-
some. Further work is needed to understand X chromosome
based genetic pathways involved in the development of hip
shape.

In conclusion, we present findings of a GWAS that inves-
tigated hip shape variation in the form of 10 HSMs. Despite
finding considerable genetic overlap between hip shape and hip
osteoarthritis, causal analyses suggest that rather than causing
hip osteoarthritis, changes in hip shape could develop either in
tandem with or in response to hip osteoarthritis. On the other
hand, there was evidence that hip shape is a causal risk factor
for hip fracture.
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Materials and methods
Hip shape measurement

In both UKB and SC (cohort details in Supplementary Methods),
eighty-five outline points were placed automatically around the
proximal left femur to outline the femoral head, metaphysis,
lesser and greater trochanters, and superior acetabulum. The out-
line points were placed inside osteophytes so these were not incor-
porated into the resulting shape measures as described previously
[1, 21]. A statistical shape model was built from points fitted to
all available images in UKB. Procrustes analyses removed size
and rotational variation, producing a set of orthogonal principal
components describing hip shape variation termed HSMs [21]. The
UKB statistical shape model is now used as a reference model and
in this study was applied to SC participants giving them scores for
each HSM, which means the HSM scores are directly comparable
between this study and previous studies [1, 21]. The first 10
HSMs were selected for analyses, as together they explained the
majority (86.3%) of hip shape variance (Supplementary Fig. 16).
HSMs and their associations with hip osteoarthritis have been
described previously [21].

Hip shape genetic analyses

The first 10 HSMs (standardized to mean =0, standard deviation
(SD)=1) were used as outcomes in GWAS adjusted for age, sex,
genotyping chip and the first 20 ancestry principal components in
UKB, and age, sex and the first 10 ancestry principal components
in SC (see Supplementary Methods for genetic imputation and
quality control). Individuals with hip shape and genetic data
available were included irrespective of osteoarthritis diagnosis.
We tested SNP associations with each HSM assuming an additive
allelic effect, in a linear mixed model implemented in BOLT-LMM
v2.3.4 to account for cryptic population structure and relatedness
in UKB. In SC we used fastGWA in GCTA v1.93.2 beta, a mixed
linear model (MLM) approach to control for population stratifi-
cation and relatedness. A centralized quality control of cohorts’
summary statistics was implemented in EasyQC (Supplementary
Methods) [42]. Both cohorts used the hg19 build. Given the trans-
ancestry nature of our GWAS, an additive random effects meta-
analysis was performed with METAL for each HSM but fixed
effect meta-analyses were also done as a sensitivity analysis [43,
44]. Following meta-analysis, SNPs with minor allele frequency
(MAF) >0.01 in both cohorts were selected for further analyses.

Fine mapping

Genome-wide complex trait analysis with conditional and joint
genome-wide association analysis (GCTA-COJO) was used to iden-
tify statistically independent variants, which were mapped to the
closest gene to define each locus so that duplicate loci could
be identified across the 10 GWAS. A study-wide genome wide
significance threshold was set at P <5 x 107° to account for the
10 orthogonal HSMs examined. Previous GWAS hits for hip shape
[9] and hip geometry [8] were looked up in this study to see if
they replicated. The fine mapping methods are summarised in
Supplementary Fig. 17 and the Supplementary Methods contain
further details on GCTA-COJO, LDSC and fine mapping of loci. HSM
GWAS signals were colocalised with expression quantitative trait
loci (messenger RNA expression) taken from human joint tissue
(synovium, and healthy and diseased cartilage) [45].

Mendelian randomisation

Two-sample MR, which uses genetic proxies as instrumental vari-
ables, was conducted to estimate the causal effect of each HSM
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on hip osteoarthritis and hip fracture using the TwoSampleMR
R package [46]. Conditionally independent variants from this
study (P <5x1078) provided genetic instruments for HSMs. For
outcomes, hip osteoarthritis data comprised a UKB GWAS of hos-
pital diagnosed hip osteoarthritis, excluding participants included
in the present HSM GWAS [19]. Hip fracture data comprised a
previous GWAS meta-analysis [47] which includes UKB (the 5%
sample overlap with the hip shape GWAS is unlikely to bias
the MR results [48]). The IVW method was used as the primary
analysis, where the causal estimate is obtained by combining the
SNP-specific Wald ratios using a random-effects inverse-variance
weighted meta-analysis. Strong evidence of a causal association
was considered based on a Bonferroni adjusted P <0.005 (as 10
HSMs tested). Sensitivity analyses to test the robustness of our
estimates, included weighted median and mode, simple mode and
Egger regression [12] (Supplementary Methods). Reverse MR was
applied to understand the causal effect of a genetic predisposition
of hip osteoarthritis and hip fracture on HSMs. Effect estimates
represent a one SD increase for continuous exposures (i.e. HSM)
and a doubling of odds for binary exposures (i.e. hip osteoarthritis
and fracture).
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