Provided for non-commercial research and education use.
Not for reproduction, distribution or commercial use.

Journal
of Human

Evolution

-

1

4
i 3

This article appeared in a journal published by Elsevier. The attached

copy is furnished to the author for internal non-commercial research

and education use, including for instruction at the authors institution
and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/authorsrights


http://www.elsevier.com/authorsrights

Journal of Human Evolution 69 (2014) 55—69

journal homepage: www.elsevier.com/locate/jhevol

Contents lists available at ScienceDirect

Journal
of Human

Journal of Human Evolution

Functional integrative analysis of the human hip joint: The three-
dimensional orientation of the acetabulum and its relation with the

@ CrossMark

orientation of the femoral neck

Noémie Bonneau ®%*"2, Michel Baylac b Olivier Gageyc'd, Christine Tardieu*®

AUMR 7179, CNRS — Muséum National d’Histoire Naturelle, 75005 Paris, France
P UMR 7205, CNRS — Muséum National d’Histoire Naturelle, 75005 Paris, France
€ Bicétre University Hospital, AP-HP, Paris F-94270, France

dJE 2494, University Paris-Sud Orsay, Paris F-91405, France

ARTICLE INFO

ABSTRACT

Article history:

Received 10 May 2012
Accepted 22 December 2013
Available online 03 March 2014

In humans, the hip joint occupies a central place in the locomotor system, as it plays an important role in
body support and the transmission of the forces between the trunk and lower limbs. The study of the
three-dimensional biomechanics of this joint has important implications for documenting the
morphological changes associated with the acquisition of a habitual bipedal gait in humans. Functional
integration at any joint has important implications in joint stability and performance. The aim of the

'é?y "‘éorlds" " study was to evaluate the functional integration at the human hip joint. Both the level of concordance
Lzl)[ézn?ot%gil between the three-dimensional axes of the acetabulum and the femoral neck in a bipedal posture, and

Biomechanics patterns of covariation between these two axes were analysed.
Hip stability First, inter-individual variations were quantified and significant differences in the three-dimensional
Femur orientations of both the acetabulum and the femoral neck were detected. On a sample of 57 in-
Hip bone dividuals, significant patterns of covariation were identified, however, the level of concordance between
the axes of both the acetabulum and the femoral neck in a bipedal posture was lower than could be
expected for a key joint such as the hip. Patterns of covariation were explored regarding the complex
three-dimensional biomechanics of the full pelvic-femoral complex. Finally, we suggest that the lower
degree of concordance observed at the human hip joint in a bipedal posture might be partly due to the

phylogenetic history of the human species.

© 2014 Elsevier Ltd. All rights reserved.
Introduction evolution, optimizing the functional performances of the locomotor
system. In the literature, human synapomorphies that could be
Although numerous primates use bipedalism in their locomotor functionally involved in bipedal gait and posture have been identified,

repertoire, the species Homo sapiens is characterized by a habitual and
permanent bipedal gait and posture. Compared with quadrupeds, the
human permanent bipedal posture entails an important decrease of
the base of support and a rise of the body’s center of mass, two dis-
advantages in a biomechanical static point of view. In response to the
new biomechanical constraints imposed by the erect posture, the
skeleton of our ancestors was adaptively modified over the course of
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including morphological traits of the hip (e.g., Zihlman and Hunter,
1972; Lovejoy et al., 1973; McHenry, 1975; Berge and Ponge, 1983;
Stern and Susman, 1983; Tardieu, 1983, 1999; Berge et al., 1984;
Asfaw, 1985; Berge and Kazmierczak, 1986; Lovejoy, 1988, 2005a, b;
Abitbol, 1989, 1995; Ruff, 1994, 1998; MacLatchy and Bossert, 1996;
Macchiarelli et al., 1999; Marchal, 2000; Hatisler, 2002). The hip
joint, a diarthrosis, which articulates the acetabular region with the
proximal femur, occupies a central place in the locomotor skeleton. It
plays an important role in body support and the transmission of the
forces between the trunk and lower limbs. Consequently, the hip joint
is of main importance to the study of human evolution in that addi-
tional data could be provided to document and better understand
bipedal acquisition in the human lineage.
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Numerous authors have used the biomechanical approach for
the study of the evolution of the human hip joint (e.g., Ruff, 1991,
1995, 1998; MaclLatchy, 1996; MacLatchy and Bossert, 1996;
Lovejoy, 2005b). Anthropological and medical studies have
together contributed to identify the strong relationships between
both micro- and macro-architectures of the two opposing articu-
lating components of the hip joint and its weight-bearing function,
as it is now surveyed. Rather than being a simple part of a sphere,
the acetabular socket presents a complex structure, which opti-
mizes its functional performance. First, the general horseshoe-
shaped structure of the facies lunata optimizes the stress distri-
bution along the contact surface, refocusing the peak constraints in
the center of the surface rather than close to its edge (Daniel et al.,
2005). Moreover, this surface was described as an arched dome
(Bullough et al., 1968, 1973; Goodfellow and Mitsou, 1977), which
makes possible deformations under high loads, resulting in an in-
crease of the sphericity and a more homogeneous distribution of
the forces along the total contact surface (Dalstra and Huiskes,
1995). Under high loads, for example during the one-legged
stance of walking, the acetabular roof, composed not of hyaline
cartilage but of fibrocartilage (Day et al., 1975), comes in contact
with the femoral head (Greenwald and Haynes, 1972; Day et al.,
1975; Mizrahi et al., 1981) and the horns of the facies lunata con-
nect with the femoral head (Teinturier et al., 1984; Lazennec et al.,
1997). The incongruity between the acetabular roof and the femoral
head may be important to ensure the circulation of synovial fluid
needed for the nutrition and lubrication of the cartilage (Greenwald
and O’Connor, 1971). Moreover, differences between humans and
great apes have been identified in the size of the acetabular socket,
thus also in the size of the femoral head. While an isometric rela-
tion was described between the femoral head size and body mass in
non-human hominoids (Ruff and Runestad, 1992; Ruff, 1998),
humans demonstrate a larger femoral head size for their body size
(Corruccini and McHenry, 1978; Ruff, 1988; Rafferty, 1998). This is
likely due to the fact that during the one-legged stance, the body
mass is supported by only one limb increasing the reaction force
received by each foot while the body weight is shared with two or
three legs during quadrupedal gait. Concerning the femur, the
femoral neck demonstrates also a complex architecture in accor-
dance with its biomechanical role. A strong asymmetric cross-
sectional distribution of the cortical bone along the femoral neck
has been observed in humans (Lovejoy, 1988, 2005b; Ohman et al.,
1997). Although this character is not a distinctive human feature, as
it was observed in other primate species (Rafferty, 1998;
Matsumura et al.,, 2010), a strong relationship between asym-
metric cortex and locomotor behaviour has been demonstrated.
Concerning humans, biomechanical models showed that both
forces induced by the body weight and forces induced by abductor
muscles, which act to prevent pelvic drop (Pauwels, 1935; Inman,
1947; McLeish and Charnley, 1970), result in a gradient of
compressive constraints running from low intensity at the superior
part to high intensity at the superior part (Pauwels, 1980; Lovejoy,
1988, 2005b). This gradient may partly explain the asymmetric
growth of the femoral neck cortex. Moreover, the trabecular bone is
organized along three major trabecular systems (medial, trochan-
teric and arcuate), which reveal the lines of principal stresses
induced by the erect posture and bipedal gait (Inman, 1947;
Heimkes et al., 1993; Ryan and Krovitz, 2006; Skuban et al., 2009).

Biomechanical analyses can reveal the functional relevance of a
structure by identifying the links between particular morphological
traits and constraints imposed by functions they ensure. Evolu-
tionary changes identified using this morphofunctional approach
result from direct selection pressure related to the functions ensured
by the structure. However, in addition to the direct selection, evo-
lution depends on the morphological integration as well (Lande and

Arnold, 1983; Arnold, 1992; Cheverud, 1996). Indeed, morphological
traits are not independent of each other and patterns of covariation
between traits have consequences on the evolvability of a structure
(Lande and Arnold, 1983; Cheverud, 1996), i.e., its ability to evolve
(Hansen and Houle, 2004, 2008). Because of this integration, direct
selection on a specific character may lead to associated responses in
other characters. In some cases, change in character due to associ-
ated response could have a negative effect on the complete fitness,
limiting change in the initial selective character. This results in
stabilizing selection, which explains the relatively low rate of evo-
lution compared with global evolutionary models (Lynch, 1990;
Hansen and Houle, 2004; Estes and Arnold, 2007; Uyeda et al.,
2011). Consequently, we can easily understand that morphological
integration can lead to evolutionary changes that could be different
than those expected based on biomechanical models. Thus, inte-
grative analyses are of importance for the study of evolution. An
example illustrating the significance of integrative analyses in un-
derstanding evolution are the recent studies on morphological
integration of the pelvis in primates. These studies demonstrated
that evolution of the human pelvic girdle was facilitated by reduced
levels of integration between the ilium and ischiopubic modules
(Grabowski et al., 2011; Grabowski, 2012; Lewton, 2012).
Morphological integration is partly due to genetic integration.
Genetic integration corresponds to traits that are inherited together
(Cheverud, 1996). This association between inherited traits can be
caused by genes that have pleiotropic effects on multiple elements
(Lande, 1980), or by linkage disequilibrium where several genes that
affect different traits are inherited together (Falconer, 1989). These
two mechanisms resulting in genetic integration are expressed
during development, which partly explains developmental integra-
tion. Developmental integration is not only directed by genetic
integration but also by both direct interactions between several
morphological elements during their development and/or non-
genetic common external sources (e.g., biomechanical constraints,
pollution, maternal hormone). Consequently, research regarding hip
joint development, using studies on humans but also of other ani-
mals such as rodents, birds or amphibians, has provided useful in-
formation to understand morphological integration. It is currently
demonstrated that all of the constituents of the hip joint (e.g., bone,
cartilage, capsule, ligaments, synovial fluid) evolve from a single
mesenchymal mass, which derives entirely from lateral mesoderm
(Chevallier, 1977; Clavert, 1987; Uhthoff and Carey, 1990; Lee and
Eberson, 2006; Malashichev et al., 2008; Pomikal and Streicher,
2010). At the third week after fertilization in humans, a hint of the
hindlimb is observed as a limb bud. Ablation experiments of this limb
bud in very early chicken embryos lead to an abnormal development
of the pelvic elements, illustrating that the presence of the hindlimb
bud is required for pelvis formation at a very early stage of devel-
opment (Spurling, 1923; Malashichev et al., 2005). In a normal
atherogenesis, all main components of the human joint are in place at
the sixth week but the articular cavity is absent. This very early
interactive development between the acetabulum and the femoral
head is characteristic of the ‘primary joint’ morphogenesis (Francis-
West et al., 1999). The articular cavity in the human hip joint appears
around the eighth week by cell death (Spitz and Duboule, 2001;
Mariani and Martin, 2003). The complete achievement of the artic-
ular cavity is dependant on the limb movements, as experiments
using artificial immobilization in embryos have demonstrated the
critical role of muscular loading in joint formation (Hall, 1972; Hall
and Herring, 1990; Pitsillides, 2006). Throughout growth, the
normal development of both the acetabular socket and the femoral
head depends greatly upon the interactions between these two
opposing components (Le Damany, 1903b; Harrison, 1961; Lee and
Eberson, 2006). Abnormal placement or growth of one of these
two components induces a pathological growth of the other one.
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This survey on hip joint morphogenesis demonstrates a high
level of developmental integration (Cheverud, 1996; Klingenberg,
2008, 2010) and suggests an important morphological integration
between the acetabulum and the proximal part of the femur. The
morphological integration of two components involved in the same
function can have important functional implications. Functional
integration of morphological elements sharing the same function
can influence the proper functioning of the structure and thus its
performance. Therefore, patterns of functional integration can be
selected during evolution, as integration between traits involved in
a common biological function can provide an advantage compared
with individuals lacking this integration, resulting in better fitness.
According to this line of reasoning, patterns of functional integra-
tion can lead to genetic integration, which can result in evolu-
tionary integration (Cheverud, 1996). In this study, we have focused
on the functional integration of the hip joint. We hypothesize that
functional integration between the two neighbouring components
was favoured in the course of the evolution of the human hip,
resulting in increased joint performance and stability. Like any
other joint, the hip joint fulfils two main functions: the trans-
mission of mechanical forces, and the ability (or inability) for spe-
cific movements (Ruff and Runestad, 1992). The joint’s structure,
and in particular its orientation, reflects the need to ensure these
two main functions. Therefore, this study focused on the orienta-
tions of the acetabulum and the femoral neck. The angles of ante-
version and inclination of both the acetabulum and the femoral
neck have frequently been used in the literature to infer the
orientation of these two structures (e.g., Le Damany, 1903a;
Kingsley and Olmsted, 1948; Dunlap et al., 1953; Lewinnek et al.,
1978; Murphy et al., 1987; Yoshioka et al., 1987; Murray, 1993;
Kim et al, 2000; Lazennec and Saillant, 2004; Lazennec et al.,
2004; Tardieu et al., 2006, 2008; Tayton, 2007). However, these
parameters quantify the orientation in two dimensions and require
anatomical planes of reference to describe the position of the pelvis
and the femur. The development of methods allowing quantifica-
tion of the orientation of both the acetabulum and the femoral neck
in three dimensions, and independent of an anatomical reference
plane (Bonneau et al., 2012a, b), provides new tools for the study of
the morphological integration of the hip joint. Based on these
innovative three-dimensional methods, we have tested our hy-
pothesis that the hip joint forms a strong functional unit with a
high degree of functional integration between the two neigh-
bouring components. More precisely, we assume that to have an
efficient joint the hip geometry needs to demonstrate a close
concordance between the three-dimensional orientations of the
two functioning components in a bipedal posture, with significant
covariation between these two orientations. In summary, a quan-
titative approach of the functional integration of the human hip
joint was performed here to firstly evaluate the degree of concor-
dance between the three-dimensional orientations of both the
acetabulum and the femoral neck in the bipedal posture in adult
humans and, secondly identify patterns of covariation between
these two three-dimensional orientations.

Material and methods
Materials

The study included 83 specimens of modern H. sapiens (41 fe-
males and 42 males). Of the 83 specimens, 76 specimens (39 females
and 37 males) had the right and/or the left hip bone(s) well pre-
served, resulting in a total sample of 117 hip bones (62 right and 55
left). Of the 83 specimens, 66 specimens (29 women and 37 men)
had the right femur and/or the left femur well preserved, resulting
in a total sample of 107 femora (53 right and 54 left). Only dry bones

with no appearance of skeletal disease were included in the study.
The specimens belong to the SIMON collection (housed at the Uni-
versity of Geneva, Switzerland), the collections of the National
Museum of Natural History (Paris, France) and the OLIVIER collec-
tion (housed at the Musée de I'Homme, France). The SIMON
collection is composed of skeletons dated from the twentieth cen-
tury and collected in cemeteries from Vaud (Perréard Lopreno and
Eades, 2003). The OLIVIER collection is composed of skeletons
dated from the 1960s and was collected by Professor G. Olivier. The
skeletons belong to French individuals who gave their bodies to
science or who have been left without a grave. Bones housed in the
collections of the National Museum of Natural History correspond to
body donation of French individuals from the twenty-first century.

Data acquisition

Femora and hip bones were successively immobilized using a
clamp and three-dimensional coordinates (x, y, z) were recorded in
a millimetric orthonormal reference system using a MicroScribe®
G2 (Immersion, France) with a precision of +0.38 mm according to
the manufacturer.

For the hip bones, the three-dimensional coordinates (x, y, z) of
nine homologous landmarks (Table 1, Fig. 1) were digitized in order
to define a three-dimensional reference space used afterwards to
superimpose bones. In addition, the osseous acetabular rim defined
between the anterior and posterior horn tips (Bonneau et al.,
2012a) was acquired by recording coordinates of successive
points using the MicroScribe programmed to take three-
dimensional coordinates 1 mm apart. Depending on the bone
size, between 120 and 180 points were recorded.

For the femora, the three-dimensional coordinates of eight ho-
mologous landmarks (Table 1, Fig. 1) were digitized to define a
three-dimensional reference space. In addition, using the stylus of
the MicroScribe, which was programmed to take three-
dimensional coordinates 1 mm apart, the full exterior surface of
the femoral neck defined between the edge of the femoral head
articular surface and the intertrochanteric lines was traced and
between 900 and 1200 points were recorded.

Table 1
List of homologous landmarks used in the study.
No. Definition
COXAL
1 Superior point of the pubic symphysis
2 Anterior superior iliac spine
3 Spinea limitans: tubercle forms by the postero-inferior border of the

insertion of the muscle quadratum lumborum, at the level of the

lateral border of the iliac crest

Posterior inferior iliac spine

Extreme of curvature of the greater sciatic notch (deepest point)

Top of the ischial spine

Most postero-superior point of the ischial tuberosity, i.e., superior

border of the insertion of the muscle semi-membranosus

On the transversal crest of the ischial tuberosity, point between the

insertion of the semi-tendinosus and the adductor magnus

9 Scalenion: tangent point of the line between the acetabular center
and the ventral border of the sacroiliac joint (Rickenmann, 1957)

N o »gh

oo

FEMUR

1 Pretrochanteric tubercle, at the level of the iliofemoral ligament
attachment

Antero-inferior point of the insertion of the gluteus minimus
Superiormost point of the pyramidal muscle attachment
Postero-superior point of the posterior intertrochanteric crest
Posterior base of the medial condyle

Posterior base of the lateral condyle

Maximal of curvature of the trochlea in its central part (frontal view)
Maximal of curvature of the distal articular surface between the two
condyles

CoONOO U~ WN
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Figure 1. Homologous landmarks used in the study and further described in Table 1.
The scans of the bones were performed using a Stereoscan Breukmann® surface
scanner. A: lateral view of the right hip bone; B: medial view of the right hip bone; C:
frontal view of the proximal part of the right femur; D: posterior view of the distal part
of the right femur; E: proximal view of the right femur; F: distal view of the right
femur.

Landmarks acquired on both hip bones and femora were chosen
for their minimal observer-induced measurement error (see vali-
dation of method section) and their maximal and homogeneous
dispersion relative to the overall bone volume.

Superimposition of data

Using a custom-designed function of the Rmorph library (Baylac,
2010) for R v.2.11.0 (R Development Core Team, 2011), a partial su-
perimposition based on the homologous landmarks was performed
to reorient the bones that we wanted to compare in a common
space. Previously, left bones had been symmetrized to obtain right
and left bones in a comparable space. As two separate hip bones and
femora exist as a mirror image of each other on the body, a left-right
matching symmetry was used in this process (Rohlf and Slice, 1990;
Bookstein, 1996; Dryden and Mardia, 1998; Klingenberg and
MclIntyre, 1998). The superimposition process, based on a General-
ized Procrustes Analysis (Gower, 1975; Rohlf and Slice, 1990), cor-
responds to a scaling step followed by translations and rigid three-
dimensional rotations of the bones using the homologous land-
marks. The three-dimensional coordinates acquired on osseous

acetabular rims and femoral neck surfaces followed passively the
translations and rotations calculated using respectively the nine
homologous landmark coordinates acquired on hip bones, and the
eight homologous landmark coordinates acquired on femora. In
summary, this alignment removes the effect of variation in location
and orientation from the three-dimensional coordinates acquired
on both the acetabular rim and the femoral neck surface.

This approach used three-dimensional coordinates of homol-
ogous landmarks to superimpose the two bones to quantify
variation in the three-dimensional orientation of both the ace-
tabulum and the femoral neck. The superimposition used for the
comparison of the three-dimensional axes was thus directly
dependant on the inter-individual variation of the landmarks used
in the process. Consequently, variation observed in the three-
dimensional orientations must always be analysed simulta-
neously with regard to variations of the shape itself. It is impor-
tant to note that this influence of the landmarks selected in the
superimposition process also exists in measurements of tradi-
tional angles used in the quantification of the orientation of both
the acetabulum and the femoral neck such as the angles of
anteversion or inclination. For example, when the angle of ante-
version of the acetabulum was measured in the pelvis using the
Lewinnek plane of reference (Lewinnek et al., 1978), variations of
the anterior superior iliac spines and the superior points of the
pubic symphysis influence the position of the pelvis in space and,
consequently, the measure of the angle of anteversion. The ad-
vantages of the superimposition based on three-dimensional ho-
mologous landmarks are, firstly, that variation is distributed
among a larger number of points, which renders the superimpo-
sition more objective, and, secondly, that variation in the ho-
mologous landmarks can be quantified.

Determination of the three-dimensional orientations of both the
acetabulum and the femoral neck

Regression planes were computed based on the successive
points acquired on the osseous acetabular rims using the least
squares method. In other words, the mean distance between the
calculated plane and all of the points acquired on the osseous rim
was minimized. For each hip bone, a plane (ax + by + cz + d = 0)
was thus obtained and the three-dimensional orientation of the
acetabulum was defined as the direction vector (a, b, c) of this plane
(Calandruccio, 1987; Bonneau et al., 2012a).

The three-dimensional axis of the femoral neck was determined
using a three-dimensional model based on successive cross-
sectional ellipses (Bonneau et al., 2012b). The raw point cloud ac-
quired on the exterior surface of the neck was used in a regression
approach based on the least squares method. A custom-designed
function in Matlab v.7.8.0 (www.mathworks.com/) was used to
model the femoral neck based on successive cross-sectional ellip-
ses. The axis of inertia of the total point cloud was calculated
providing a first axis to cut the cloud in equidistant cross-sections,
which are separately used to compute an elliptic regression. At the
cross-sectional extremities of the point cloud, the points did not
represent a complete ellipse and they were eliminated. Based on
the centers of the successive ellipses, a PCA (Principal Component
Analysis) was performed and the first principal component pro-
vided a new axis that was used to reiterate the process. The axis
defined by the centers of the successive ellipses obtained in the
second process corresponds to the femoral neck axis.

Validation of method

The observer-induced measurement errors were assessed using
a method described by Bonneau et al. (2012b) corresponding to a
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variant of the protocol proposed by von Cramon-Taubadel et al.
(2007). Four stainless steel nails, with a diameter of 1 mm, were
implanted homogeneously in each of the six hip bones used to
assess measurement error in order to generate a three-dimensional
system of reference landmarks. Likewise, five nails were implanted
in six femora. Bones were pierced by means of a 0.9 mm diameter
drill and stainless steel nails were placed in the holes.

The protocol of data acquisition on hip bones and femora was
applied six times. The reference nails were digitized in the center of
their head at each acquisition. Based on the nails, a partial super-
imposition, performed using the custom-designed function of the
Rmorph library for R (Baylac, 2010), was used to reorient the
different repetitions of a given specimen. The three-dimensional
coordinates of data acquired on the bones (i.e., homologous land-
marks, successive points acquired on the osseous acetabular rim
and point cloud acquired on the femoral neck surface) followed
passively the translations and rotations calculated using the nail
coordinates. The use of nails to perform the partial superimposition
guarantees a minimal variance of the measurement error of the
reference landmarks. Acquisitions obtained using the nails guar-
antee reference landmarks with equal and spherical variance and
they are uncorrelated (Richtsmeier et al., 2005).

For each homologous landmark, the intra-observer measure-
ment error was evaluated. The geometric center of the coordinates
acquired during the six repetitions on the same homologous
landmark was computed. The mean distance between each repe-
tition and this geometric center was then calculated providing the
intra-observer measurement error of the landmark of interest. To
evaluate the observer-induced measurement error in the deter-
mination of the three-dimensional orientation of the acetabulum,
regression planes were computed for each repetition on six
acetabula. A mean vector of the six direction vectors was calculated.
The intra-observer measurement error corresponds to the mean
angle between the mean vector and each direction vectors of the six
repetitions. Similarly, the intra-observer measurement error
induced in the determination of the three-dimensional orientation
of the femoral neck was computed.

Intra-specific variation of the three-dimensional orientations of both
the acetabulum and the femoral neck

Variations of the three-dimensional orientations of both the
acetabulum and the femoral neck in the sample of adult humans
with respect to the shape variation of the hip bone and the femur,
respectively, were analysed. All analyses were performed using the
R graphical and statistical package v.2.11.0 (R Development Core
Team, 2011).

A superimposition was performed on the 117 hip bones and the
three-dimensional orientations of the acetabula were computed.
Similarly, a superimposition was computed on the 107 femora and
the three-dimensional orientations of the femoral necks were
calculated. To ensure independence of data in statistical analyses,
the mean vector of orientation and the mean shape of the right and
left sides were computed for the paired specimens. Thus, analyses
were performed on a sample of 76 lines for the set of hip bones and
66 lines for the set of femora. Multivariate analyses of covariance
(MANCOVA) were performed to test the effect of sex and size,
respectively, on the orientation of both the acetabulum and the
femoral neck. Interactions between the two factors were also
tested. Size corresponded to continuous factors based on the log of
the centroid size of the homologous landmarks, i.e., the square root
of the sum of the squared distances of each homologous landmark
from the center of gravity of all homologous landmarks (Bookstein,
1991; Dryden and Mardia, 1998; Zelditch et al., 2004). Significant
differences were explored graphically. Differences between females

and males were explored using the mean orientations of both the
acetabulum and the femoral neck of each sex.

In parallel, tangent space projections of the homologous land-
marks coordinates were used to compute Principal Component
Analyses (PCA). Multivariate analyses of covariance (MANCOVA)
were performed on the non-null principal components to test the
effect of sex and size on the shape of both the hip bone and femur.
Significant differences were explored graphically.

Concordance of the three-dimensional axes of the acetabulum and
the femoral neck

The joint concordance evaluates the relationships between the
orientations of the neighbouring components of a joint in defined
posture, i.e., in a done posture the orientation of one component of
the joint was observed in relation to the orientation of the other
component. A perfect concordance was concluded when the two
orientations are aligned. In order to evaluate the concordance be-
tween the axes of the two opposing articulating components of the
human hip joint, the two datasets representing the set of hip bones
(N = 76) and the set of femora (N = 66) were reoriented in two
anatomical reference positions: bipedal posture and quadrupedal
posture on an inclined ground. The reorientation of the datasets was
based on the mean configurations of the hip bones and femora, i.e.,
the average configuration of homologous landmarks. First, the co-
ordinates of the mean configurations of both the hip bones and the
femora were mathematically transformed in order to rearticulate
the two components of the hip as they are in a standard bipedal
posture. Secondly, as the maximal concordance was obtained ac-
cording to Kapandji (2009) in a quadrupedal posture on an inclined
substrate, the articulated process was also applied for this posture.

Patterns of covariation between the three-dimensional orientation
of both the acetabulum and the femoral neck

In the total sample of 83 specimens, 57 specimens (26 females
and 31 males) were identified as having an associated hip bone and
femur from at least one side. When two sides were present for one
individual, the right or left side was selected randomly. Finally, in
the sample of 57 human specimens, 29 right and 28 left sides were
used. Two separate superimpositions of the hip bones and femora
were performed as previously described, and the three-
dimensional orientations of both acetabula and femoral necks
were computed. Because the strength of covariation between the
three-dimensional orientations of the acetabula and the three-
dimensional orientations of the femoral necks may reduce the
degree of functional integration between the two neighbouring
components of the hip joint, patterns of covariation between their
respective three-dimensional vectors were quantified using both
the RV coefficient of Escoufier (Escoufier, 1973; Klingenberg, 2009)
and the two block partial least-squares methods (2B-PLS;
Bookstein, 1991, 2003; Rohlf and Corti, 2000; Bookstein et al.,
2003). These two methods are typically used for assessing inte-
gration between two sets of data in geometric morphometrics
(Zelditch et al., 2004; Slice, 2005; Klingenberg, 2008; Weber and
Bookstein, 2011) and are implemented in the Rmorph morpho-
metric library (Baylac, 2010) for R. The two sets of variables were
constituted by the two data matrices formed by the three-
dimensional vectors of orientations of the acetabula and the
femoral necks, resulting in two 57 X 3 matrices. Thus, the combined
data matrix Y resulting from these two datasets is a 57 x 6 matrix.
Both the RV coefficient and the 2B-PLS analysis are based on the
variance-covariance matrix obtained from this combined matrix Y
even though the processes are distinct and they differently answer
the covariation question.
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The RV coefficient of Escoufier represents a squared measure of
the total amount of covariance scaled by a squared measure of the
amounts of variance within the two sets of variables. It can there-
fore be compared to an extension to matrices of squared correlation
coefficient between two variables (for more calculation details see
Escoufier, 1973; Klingenberg, 2009). Permutation tests (Good,
2000; Manly, 2007) were used in order to assess the statistical
significance of the RV coefficient, i.e., observations in the two sets
are permuted randomly in order to simulate the null hypothesis of
complete independence. As for 2B-PLS analysis, linear combina-
tions of maximized covariance were computed using the singular
value decomposition method to maximize the low-dimensional
representation of between-block covariation structure (for more
calculation details see Rohlf and Corti, 2000). Permutation tests
were used in order to assess of statistical significance of the
observed singular values and correlations. Visualization of the
three-dimensional orientations corresponding to the positive and
negative ends of the first 2B-PLS dimension were computed using
multivariate regressions. The RV coefficient and the 2B-PLS analysis
are two complementary methods for exploring patterns of covari-
ation as the former works on the total covariance between two
matrices relative to the variance of each matrix while the latter
works on two of axes of maximum covariance.

Results
Validation of the method

A mean measurement error of 0.49 + 0.08 mm was obtained for
the nine landmarks acquired on the hip bones with a range of 0.35—
0.61 mm. A mean measurement error of 1.38 & 0.43 mm was ob-
tained for the eight landmarks acquired on the femora with a range
of 0.96—2.06 mm (for more details see Table 2).

There is a good reliability in the determination of the three-
dimensional orientation of the acetabulum, as the intra-observer
measurement errors equalled 0.50 + 0.19° (range = 0.26°—0.81°).
The intra-measurement error induced by the determination of the

Table 2

Intra-observer measurement error (ME) scores ob-
tained for each homologous landmark used in the
superimposition process.

Landmark

HIP BONE

ME (mm)

0.43
0.48
0.61
035
0.59
0.49
0.48
0.45
0.55

OO U A WN =

2.06
2 2.01
3 1.39
4 1.08
5 1.03
6 1.27
7 0.96
8 1.23

For each landmark, the geometric center of the co-
ordinates acquired during the six repetitions was
computed. The mean distance between each repe-
tition and this geometric center was next calculated
providing the intra-observer measurement error of
the regarded landmark.

Table 3
Results of the MANCOVA's performed to test the effect of sex, and size on the three-
dimensional orientation of the acetabulum (a), and the shape of the hip bone (b).

Df Pillai's trace Approx F Num DF Den Df PR (>F)

a

Sex 1 0.13 351 3 70 0.02
Size 1 0.06 1.52 3 70 022 NS
Sex x size 1 0.02 0.50 3 70 0.68 NS
Residuals 72

b

Sex 1 0.73 472 27 46 <0.001 7
Size 1 051 1.79 27 46 0.04
Sex x size 1 0.40 1.15 27 46 033 NS

Residuals 72

(NS, not significant; ~ significant at 0.05; ~ significant at 0.01; ~ significant at
0.001).

three-dimensional orientation of the femoral neck was 1.97 &+ 1.12°
(range = 0.86°—2.81°).

Intra-specific variation of the three-dimensional orientation of the
acetabulum and the femoral neck

There is a greater variability in the three-dimensional orienta-
tion of the femoral neck than the three-dimensional orientation of
the acetabulum. A standard deviation of 6.59° (range = 0.41°—
14.18°) compared to the mean vector was obtained for the femoral
neck axis while the score of the standard deviation compared to the
mean vector obtained for the acetabular axis equalled 4.37°
(range = 0.46°—8.30°).

There is a significant effect of sex on the orientation of the
femoral neck axis, while no significant effect was detected on the
femoral shape (Table 4). The anteversion of the femoral neck tends
to be greater in females than in males, while no difference was
observed in the inclination of the femoral neck (Fig. 2). No signifi-
cant effect of size on the three-dimensional orientation of the ac-
etabulum was detected (Table 4).

There is a significant effect of sex on both the orientation of the
acetabulum and the shape of the hip bone (Table 3). Relative to the
mean conformation of the hip bone, both the anteversion and the
inclination of the acetabulum tend to be greater in females than in
males (Fig. 3). The very significant difference in shape between
females and males is in accordance with the known high dimor-
phism of the hip bone. No significant effect of size on the three-
dimensional orientation of the acetabulum was detected (Table 3).

Concordance between the three-dimensional axes of the
acetabulum and the femoral neck

In the habitual bipedal posture, the articulated hip process
demonstrates a lower concordance between the two axes of the

Table 4
Results of the MANCOVA's performed to test the effect of sex, and size on the three-
dimensional orientation of the femoral neck (a), and the shape of the femur (b).

Df Pillai’s trace Approx F Num DF Den Df PR (>F)

a

Sex 1 0.16 3.70 3 60 0.02

Size 1 0.07 1.42 3 60 0.25 NS
Sex x size 1 0.03 0.60 3 60 0.62 NS
Residuals 62

b

Sex 1 047 1.42 24 39 0.16 NS
Size 1 0.49 1.53 24 39 0.12 NS
Se x size 1 0.39 1.03 24 39 0.46 NS

Residuals 62

(NS, not significant; " significant at 0.05; ~ significant at 0.01; ~ significant at 0.001).
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Figure 2. Significant variation between males and females in the three-dimensional
orientation of the femoral neck is illustrated. Mean orientations were symbolized for
each sex with their corresponding intra-individual variation. A significant difference in
the orientation of the femoral neck between males (in dotted green lines) and females
(in solid red lines) was detected. In the transverse plane, the anteversion of the femoral
neck tends to be greater in females than in males, while, in the frontal plane, no dif-
ference was observed in the inclination of the femoral neck. No significant effect of sex
was detected on the femoral shape and, thus, the mean shape only is illustrated. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

acetabulum and the femoral neck than expected for a strong joint
such as the hip joint. Regarding the mean orientations of both the
acetabulum and the femoral neck in bipedal posture, a good
concordance of the two axes was obtained in frontal view (175°;
Fig. 4A) while the concordance was quite poor in the transverse
plane (145°; Fig. 4A). Indeed, in the transverse plane, both the

Figure 3. Significant variations between males and females in both the three-
dimensional orientation of the acetabulum and the hip bone shape are illustrated.
Mean orientations were symbolized for each sex with their corresponding intra-in-
dividual variation. A significant difference in the orientation of the acetabulum be-
tween males (in dotted green lines) and females (in solid red lines) was detected. In
the transverse plane, the anteversion of the acetabulum tends to be greater in females
than in males, while, in the frontal plane, the acetabulum shows a greater inclination
in females than in males. The significant difference in shape between females (solid
red lines) and males (dotted green lines) is in accordance with the known high
dimorphism of the hip bone. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

acetabulum and the femoral neck present an anteversed orienta-
tion resulting in a lower concordance of the two neighbouring
components orientations.

Our results demonstrated that the maximal concordance be-
tween the two neighbouring components of the human hip joint is
obtained in a quadrupedal posture on an inclined substrate as the
axis of the acetabulum and the axis of the femoral neck were
aligned in this posture whatever the anatomical plane observed
(Fig. 4B).

Patterns of covariation between the three-dimensional orientations
of both the acetabulum and the femoral neck

The RV coefficient computed based on the combined data
matrix Y constituted by the two data matrices formed by the
three-dimensional vectors of orientation of the acetabula and the
femoral necks equalled 0.20. The associated p-value resulting from
permutation tests is less than 0.001. As illustrated in Fig. 5A, the RV
coefficient associated with the p-value demonstrated significant
covariation between the three-dimensional orientation of the ac-
etabulum and the three-dimensional orientation of the femoral
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Figure 4. The coordinates of the mean configurations of both the hip bones and the femora were mathematically transformed in order to rearticulate the two components of the hip
as they are both in a standard bipedal posture (A) and in a quadrupedal posture on an inclined substrate (B). In each of the postures examined, the mean axes of the acetabulum and
the femoral neck (red full lines), computed based on the full sample, were illustrated in a frontal view and a transverse view. Dotted lines illustrated the range of variation of the
three-dimensional orientations of the acetabulum and the femoral neck in the set of hip bones (N = 76) and the set of femora (N = 66). A — In a bipedal posture the antero-posterior
part of the femoral head is uncovered. Mainly in the transverse plane, both the acetabulum and the femoral neck present an anteversed orientation resulting in a lower concordance
than could be expected for a key joint such as the hip joint. B — A total concordance of the human hip joint may be obtained in a quadrupedal posture on an inclined substrate. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

neck. In other words, it follows that changes in the orientation of
one of the two neighbouring components of the hip joint is asso-
ciated with changes in the orientation of the other component of
the joint. Analyses performed separately on females and males
demonstrated that patterns of covariation remain significant in the
sample of males (RV = 0.33; p < 0.01; Fig. 5B) while they are not
significant in the sample of females (RV = 0.08; p-value = 0.30;
Fig. 5C).

Significant patterns of covariation between the three-
dimensional orientations of the two neighbouring components
were also detected using the 2B-PLS method. Table 5 shows the
covariance (squared singular values), cumulative covariance as
proportions of the total, and cross-set correlations for the three
dimensions. The first pair of latent variables accounts for ~97% of
the total covariance and permutation tests demonstrated that none
of the random permutations resulted in a larger percentage than
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Figure 5. Histograms of the RV coefficients computed based on the combined data matrix Y constituted by the two data matrices formed by the three-dimensional vectors of
orientation of the acetabula and the femoral necks for the total sample (A), for the male sample (B) and for the female sample (C). The values of the RV coefficients between the
three-dimensional vectors of orientation of both the acetabulum and the femoral neck are indicated by arrows.
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Table 5

Results of 2B-PLS analysis performed to test patterns of covariation between the
three-dimensional orientations of both the acetabulum and the femoral neck in the
total sample (a), the female sample (b), and the male sample (c).

Dimensions Vi pa p T p
a

1 1.00 x 10°° 96.61 0.001 0.64 0.001
2 3.52 x 1077 100 0.21 0.12 0.28
3 1.83 x 10712 100 0.92 0.02 0.73
b

1 3.03 x 107 65.21 0.45 0.36 0.34
2 1.61 x 1076 99.99 0.02 0.26 0.11
3 3.55 x 10710 100 0.44 0.24 0.06
(&

1 151 x 107° 99.52 0.001 0.75 0.001
2 7.29 x 1078 99.99 0.70 0.07 0.73
3 1.32 x 10710 100 0.36 0.11 0.25

v; is the ith covariance, Zv; is the cumulative sum of covariance, and r; is the corre-
lation for the ith pair of latent variables. Probabilities are based on the observed
values plus 9999 random permutations of the association between the three-
dimensional axes of both the acetabulum and femoral neck.

that obtained for the first dimension (p = 0.001). The correlation for
the first pair of variables is 0.64 and was also significant (p = 0.001;
Fig. 6). No other pair of latent variable was found significant.

Fig. 7 gives visualization of the three-dimensional orientations
corresponding to the positive ends (red full lines) and negative
ends (blue dotted lines) of the first axis for the orientations of both
the acetabulum and the femoral neck. It can be observed that an
acetabulum showing an axis with inclination and anteversion is
associated with a femoral neck with a greater anteversion.

In Fig. 6, females and males are illustrated in different colours
and it can be observed that patterns of covariation between the
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Figure 6. Plot of the first 2B-PLS dimension for the three-dimensional orientation of
the acetabulum (ordinate) and the three-dimensional orientation of the femoral neck
(abscissa). Correlation is 0.64 (p < 0.001). Males are represented in grey squares and
females in black spheres.

A B

Figure 7. Visualization of the three-dimensional orientations of both the acetabulum
and the femoral neck corresponding to the positive ends (in red full lines) and negative
ends (in blue dotted lines) of the first 2B-PLS dimension illustrated in Fig. 6. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

three-dimensional orientations of both the acetabulum and the
femoral neck are not the same. Results obtained with distinct an-
alyses between females and males demonstrated that the first
dimension remains significant in males (Table 5C) while it is not
significant in females (Table 5B).

Discussion

Functional integration at any joint has important implications
for joint stability and performance. Thus, this study started from
the hypothesis that functional integration at the human hip joint
should be favoured over the course of evolution. In order to test our
hypothesis, both the level of concordance between the three-
dimensional axes of the acetabulum and the femoral neck in a
bipedal posture, and patterns of covariation between these two
axes were analysed. As humans habitually use bipedal locomotion,
our prediction was that the hip joint presents a perfect concordance
between the axes of the two neighbouring components in this
stressful posture, as demonstrated for other vertebrates, such as
elephants, horses or ostriches, during their natural locomotion
behaviour (Le Damany, 1904). In order to conserve this perfect
concordance at the inter-individual level, we suggested that a
change in the three-dimensional orientation of the acetabulum is
associated with an antagonistic change in the orientation of the
femoral neck, resulting in patterns of covariation between the two
structures. Both the level of concordance and patterns of covaria-
tion were explored in this study using innovative three-
dimensional methods. Three-dimensional orientations of both the
acetabulum and the femoral neck were accurately determined us-
ing methods validated previously (Bonneau et al., 2012a, b).
Moreover, the variation and covariation analyses of the orientations
of the two neighbouring components in a sample of adult humans
used geometric morphometric tools in order to perform the su-
perimposition of data in a three-dimensional reference space. The
use of geometric morphometric methods for the establishment of
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the reference space leads to the accurate superimposition of func-
tional structures with no recognized homology, using homologous
landmarks.

Before approaching the functional integration at the human hip
joint, the level of inter-individual variation of the studied sample
was evaluated. Analyses of the total sample demonstrated signifi-
cant differences in the three-dimensional orientations of both the
acetabulum and the femoral neck between males and females.
Concerning the femoral neck, females tend to present a more
anteversed orientation in the transverse plane (Fig. 2), as it has
been reported in the literature (Parsons, 1914; Kingsley and
Olmsted, 1948; Yoshioka et al., 1987). An explanation for this
pattern can be derived by considering the differences in the loading
of the femoral neck between the two sexes (Burr et al., 1977). For
example, the loading of the femoral neck depends on the moment
arms of the abductor and adductor muscles that insert upon the hip
bone (Lovejoy et al., 1973; McHenry, 1975; Clark and Haynor, 1987;
Ruff, 1995). As a moment arm differs with the origin and position of
the muscle, the well known difference in pelvic shape between
males and females (Ferembach et al., 1979; Fernandez Camacho
et al, 1993; Marchal, 2003) necessarily implies changes in the
loading of the femoral neck. Given that bone actively remodels
(Carter et al., 1987; Carter and Wong, 1988; Frost, 2004; Ruff et al.,
2006), this difference in loading will impact the three-dimensional
orientation of the femoral neck. More precisely, the proximal at-
tachments of the tensor fasciae latae and the middle and anterior
parts of the gluteus medius take place at the level of the anterior
superior iliac spine and along the outer edge of the iliac crest. These
two muscles play a dominant role in hip abduction (Gottschalk
et al.,, 1989) and their role in the biomechanics of the proximal fe-
mur is known to explain the globally forward orientation of the
femoral neck in both sexes (Merchant, 1965; Fabeck et al., 2002).
Consequently, a difference in the iliac shape between males and
females could partly explain a change in the orientation of the
abductor forces and thus the dimorphism quantified at the femoral
neck orientation. Although the adductor muscles are known to be
less involved during normal gait compared with the abductor
muscles (a factor of five according to Duda et al., 1997), the same
line of reasoning can be applied for the adductor muscles, which
are more active during stair climbing (Lyons et al., 1983). The at-
tachments of the adductor muscles, such as the pectineus, at the
level of the pubis, suggest that the orientations of both the pubic
branch and the ischiopubic ramus branch can induce variation in
the antero-posterior oriented force component of the adductor
muscles, resulting in variation in the anteversion of the femoral
neck.

Concerning the acetabulum, females tend to present a more
anteversed orientation in the transverse plane (Fig. 3) as previously
documented in the literature (McKibbin, 1970). We suggest that
this could be also, at least in part, explained by the different
morphology of the pelvic girdle between females and males.
Indeed, the acetabulum develops from a cartilaginous complex
composed by a lateral cup-shaped part and a medial triradiate part
formed by an iliopubic flange anteriorly, an ilio-ischial flange pos-
teriorly, and an ischio-pubic flange inferiorly (Harrison, 1958;
Ponseti, 1978; Bucholz et al., 1982; Portinaro et al., 2001). The
three physes, located along the exterior borders of the triradiate
cartilage, are placed at the center of the different forces that pass
through the load hip bone (Bonneau et al., 2012a). Differences in
shape and orientation of the three branches of the hip bone (ilium,
pubis and ischium) between sexes induce differences in the
biomechanical environment of each physe, which can adapt their
speed and orientation of growth (Carter et al., 1996; Frost, 2004;
Ruff et al., 2006), resulting in a globally different three-
dimensional orientation of the acetabulum between females and

males. A good illustration is the high level of correlation demon-
strated by Tardieu et al. (2006) between the angle formed by the
two ischiopubic rami (or sub-pubic angle) and the angle of
acetabular anteversion (Rpearson = 0.64, p < 0.001, N = 51). The
ischiopubic rami in females are known to be significantly more
horizontal compared with the more vertical orientation in males,
contributing to a global rearrangement in the ischiopubic region
between the two sexes (Coleman, 1969; Ferembach et al., 1979;
Bruzek, 2002; Marchal, 2003; Tardieu et al., 2013). This rear-
rangement contributes to the different biomechanical environment
at the triradiate cartilage and, consequently, produces a part of the
significant difference in the orientation of the acetabulum between
females and males. In parallel, no significant effect of size in the
three-dimensional orientation of both the acetabulum and the
femoral neck was detected when the size difference between sexes
was eliminated. Thus, no difference in the orientations of the two
components was observed in our sample between short and tall
individuals for each sex separately.

As presented above in our analysis of inter-individual variation,
the orientations of the acetabulum and the femoral neck are
generally studied independent from one another. The core of the
present work was to evaluate the degree of integration between the
axes of the two neighbouring components of the hip joint using a
three-dimensional approach. On a sample of 57 individuals, sig-
nificant patterns of covariation were identified, however the level
of concordance between the axes of both the acetabulum and the
femoral neck in a bipedal posture was lower than could be expected
for a key joint such as the hip joint. The presence of significant
patterns of covariation reinforces the initial hypothesis predicting a
strong level of integration at the human hip joint. Indeed, our re-
sults provided evidence that in our sample of 57 individuals a
specific variation in the three-dimensional orientation of the ace-
tabulum can be associated with a specific variation in the three-
dimensional orientation of the femoral neck. More precisely, our
results showed that a femur with a femoral neck in a more ante-
versed orientation is statistically associated with a hip bone
demonstrating a more anteversed and inclined acetabular orien-
tation. This result is in disagreement with the results obtained by
Reikerds et al. (1983), who observed no significant correlation be-
tween the angle of anteversion of both the acetabulum and the
femoral neck. McKibbin (1970) also noted that a high degree of
acetabular anteversion is not necessarily associated with a low
degree of femoral anteversion. We suspect that this absence of
correlation might have been due to the nature of previous mea-
surements. Indeed, the two-dimensional measurements proposed
by these authors are greatly dependant on the choice of the
anatomical plane of reference of both the hip bone and the femur.
Yet, our personal methodological tests demonstrated that the
identification of significant patterns of covariation need a very ac-
curate determination of the three-dimensional orientations of both
the acetabulum and the femoral neck, in addition to a strong su-
perimposition performed on an adequate number of homologous
landmarks in order to minimize the effect of inter-individual vari-
ation of the landmark morphology. Although the existence of pat-
terns of covariation agrees with our first functional hypothesis, the
nature of these covariations is unexpected because they are not
necessarily in the direction that maximizes joint concordance. As it
was previously suggested by McKibbin (1970), our preliminary
expectation was that a high degree of femoral anteversion would be
associated with a low degree of acetabular orientation in order to
increase the level of joint concordance. However, in the present
sample of 57 individuals, acetabula with high level of anteversion
are statistically associated with anteversed femoral necks. In
addition, the level of concordance of the mean orientations of both
the acetabulum and the femoral neck in our total sample is not as
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great as expected. Although the concordance in the frontal plane
appears quite good (around 175°), the angle formed by the two axes
of the neighbouring components in the transverse plane is closer to
145° than the 180° expected. However, the level of concordance at
an articulation is of main importance in joint stability. The
concordance defined partly the level of joint congruence, although
other parameters such as the articular surface area have to be
included. In the case of the human hip joint, the ball and socket
configuration results in an articulation with a high level of
congruence. However, the present study provides evidence that the
imperfect concordance of the two axes reduces the full capacity of
congruence at the joint, resulting in an uncovered femoral head at
the anterior part (Fig. 4A). Thus, the anterior part of the articular
surface of the femoral head does not contribute to the transmission
of the forces between the hip bone and the femur in the bipedal
posture, focussing the stress distribution on a smaller area. This
observation is particularly true for women who present a higher
mean anteversion in both the acetabulum and the femoral neck
than men. Although some problems of stability were known in the
neonates in which the femoral head tends to subluxate (Le Damany,
1908; McKibbin, 1970; Seringe et al., 1981; Seringe and Kharrat,
1982), the stability of the normal hip joint in human adults is
enough to ensure an efficient bipedal gait and posture. Indeed, this
diarthrotic joint (Walmsley, 1928) represents one of the more stable
joints of the body. Soft tissues surrounding the hip joint contribute
to increase stability. Indeed, in addition to deepening the acetab-
ular socket and extending the coverage of the femoral head, the
acetabular labrum ensures a progressive transmission of the forces
to the osseous acetabular rim and the femoral head (Ferguson et al.,
2000b) and acts like a sealant, resulting in a vacuum phenomenon
that favours coaptation (Takechi et al., 1982; Ferguson et al., 2000a,
2003). The articular capsule is reinforced by strong ligaments to
further increase the stability of the hip. Moreover, muscles crossing
the hip joint (e.g., the gluteus minimus) function as hip stabilizers
by pulling the femoral head into the acetabulum (Gottschalk et al.,
1989). Consequently, as it was discussed by Le Damany (1908) the
stability appears to be ensured as long as the axis of the femoral
neck remains within the rim of the socket of the acetabulum. Le
Damany (1908) proposed a value maximal of 120° between the
orientation of the acetabulum and the orientation of the femoral
neck in the transverse plane, above which the hip joint becomes
instable. However, as it was suggested by Reikerds et al. (1983), the
absence of total concordance between the axes of the acetabulum
and the femoral neck might explain some pathologies such as
osteoarthritis. Reikerds and Hoiseth (1982) established a relation
between large femoral anteversion and premature osteoarthritis.
An integrative vision of the full pelvi-femoral complex is the key
to put our results in a larger biomechanical context. As discussed
above, the three-dimensional orientations of both the acetabulum
and the femoral neck are greatly dependent on the pelvic girdle
shape. Another strong demonstration is the relationships estab-
lished between the proportion of the biacetabular breadth, defined
between the centers of the two acetabula, and both acetabular and
femoral neck orientations. A change in the proportion of the bia-
cetabular breadth compared to the overall pelvic girdle has an in-
fluence on the global conformation of the pelvic cavity and thus on
the outline of the innominate (Berge, 1993). Regarding the
acetabular development via the triradiate cartilage (Harrison, 1958;
Ponseti, 1978; Bucholz et al., 1982; Portinaro et al., 2001), we un-
derstand how changes in the biacetabular breadth proportion could
impact the acetabular orientation. In parallel, the biacetabular
breadth plays a central role in the Pauwels’ balance (Pauwels, 1935,
1954; McLeish and Charnley, 1970; Lovejoy et al., 1973; Pauwels,
1980; Clark et al., 1987; Ruff, 1995; Heimkes et al., 1997). The hip
joint can be viewed as the fulcrum of an off-center type 1 lever

when body weight represents the motive force and the resistive
force is created by the abductor muscle actions. The body weight
forces arrive at the lower lumbar vertebrae, i.e., a position that can
be projected at the mid-biacetabular breadth. Consequently, the
wider the biacetabular breadth is, the higher will be the body
weight moment arm at the center of the joint. According to New-
ton’s first law, the abductor muscle forces have to increase to ensure
the equilibrium. During growth, changes in the proportion of bia-
cetabular breadth and femoral neck length result in a variation of
the orientation to the resultant force, which explains the more
vertical orientation acquired by the epiphyseal plate of the femoral
head during growth (Heimkes et al., 1993, 1997) and, thus, the
decrease of the neck-shaft angle (Tardieu and Preuschoft, 1996;
Tardieu and Damsin, 1997). Consequently, this example shows
that a difference in the shape of the pelvis can be responsible for a
difference in the acetabular orientation but also for the femoral
neck orientation. It is the first element in understanding the com-
plex relationships between the orientations of the two neigh-
bouring components of the hip joint and thus the nature of their
covariation. In reality, the interrelations between the three-
dimensional orientations of the two neighbouring components of
the hip joint are complicated, implying numerous parameters. For
example, as discussed above, the biacetabular breadth induces
modifications in both the biomechanical systems governing the
three-dimensional orientations of the acetabulum and the femoral
neck. However, the biacetabular breadth is also correlated to the
femoral bicondylar angle (Pauwels, 1980; Tardieu and Preuschoft,
1996; Shefelbine et al, 2002). Indeed, a greater biacetabular
breadth increases the moment at the knee, resulting in a change in
stress distribution in the cartilaginous epiphysis during growth and
thus modification of the final femoral bicondylar angle (Shefelbine
et al,, 2002). Thus, a change in the biacetabular breadth has con-
sequences on the global position of the femur during locomotion,
which induces indirect variation on the femoral neck biomechanics.
More precisely, an example is the influence of the action of the
iliotibial tract in relation to the knee extensors and the vastus lat-
eralis on the growth orientation and speed of the apophyseal plate
of the greater trochanter, frequently underestimated in hip
biomechanical models (Taussig et al., 1976; Heimkes et al., 1993). As
these structures follow directly the orientation of the femoral shaft,
the action of their forces depends on the femoral position. Conse-
quently, for a full understanding of the complex relationships be-
tween the three-dimensional orientations of the two components
of the hip joint and the nature of their co-variations, more studies
testing a large number of different parameters independently
should be performed. In the study of Ruff (1995), not only the effect
of the biacetabular breadth and the inclination of the iliac flare on
the frontal orientation of the femoral neck were analysed, but also
the effect of the femoral neck length. The effect of the femoral neck
length during growth of the epiphyseal plate, which partly
controlled the femoral neck orientation, was also explored by
Heimkes et al. (1993, 1997). Studies on an extended number of
parameters are needed in order to better identify their analytic
effect on the three-dimensional biomechanics of the femoral neck,
but also of the acetabular region, especially as biomechanical an-
alyses are complicated by the combination of translational and
rotational movements of the limb during bipedal locomotion
(Levens et al., 1948; Merchant, 1965; Fabeck et al., 2002; Neptune
and McGowan, 2011). Although our integrative vision of the full
pelvi-femoral complex is currently incomplete, it appears that the
two biomechanical systems governing the three-dimensional ori-
entations of the acetabulum and the femoral neck are deeply
interconnected. These interconnections are not as simple as firstly
expected. A morphological change in the pelvi-femoral complex
might impact both the acetabular and the femoral neck
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orientations. However, the nature of impacts is frequently more
complex than simple antagonist effects on the two orientations.
Moreover, the biomechanical systems governing the three-
dimensional orientations of the two neighbouring components of
the hip joint also separately include their own forces. We already
addressed the role of the pelvic girdle morphology on the triradiate
cartilage, revealing the strong weight of the bone morphology on
the three-dimensional orientation of the acetabulum. Regarding
the proximal part of the femur, different sources of growth have to
been considered. The periosteum, which covers the entire femoral
neck (Bagi et al., 1997), produces the cortical bone. The capital
epiphyseal plate and the apophyseal plate of the greater trochanter
are two separate plates in humans and in hominoids in general
(Taussig et al., 1976; Serrat et al., 2007) that produce trabecular
bone. These two growth plates are connected by a thin layer of
cartilage or isthmus (Siffert, 1981; Serrat et al., 2007) that con-
tributes to the lateral width of the neck (Siffert, 1981). Numerous
muscles surround the proximal femur, and the greater trochanter is
the place for many muscular insertions and origins. Yet, the
muscular environment contributes in the control of speed and
orientation of the different sources of growth. For example, the
iliotibial tract in relation to the knee extensors and the vastus lat-
eralis play, together with the abductor muscles, an important role
in the pressure forces acting on the apophyseal plate of the greater
trochanter (Heimkes et al., 1993; Skuban et al., 2009). Inter-
individual variation in the morphology of these structures or in
the weight-bearing behaviour might consequently produce varia-
tion in the resultant force received by the apophyseal plate, which
will adapt its speed and orientation in order to minimize the shear
stress, and thus avoid degeneration or premature ossification
(Carter et al., 1987; Carter and Wong, 1988). Thus, we understand
how the level and kind of activity, which changes according to the
geo-economical environment in children, can play an important
role in the final orientation of the femoral neck (Anderson and
Trinkaus, 1998). Although interconnected, the two biomechanical
systems governing the orientation of the acetabulum and the
femoral neck are not faced with identical constraints: the acetab-
ular region mainly governed by the pelvic girdle morphology and
the proximal femur greatly governed by the muscular environment.
As a result, the two articular axes do not necessarily demonstrate
covariance in the sense of the maximisation of their concordance.

The problem concerning the degree of concordance at the hu-
man hip joint can be considered in an evolutionary context. The hip
joint of modern humans evolved from an ancestral joint that was
adapted to different functions related to both locomotion and the
need to give birth of the last ancestor. We suggested that the lower
degree of concordance between the three-dimensional axes of both
the acetabulum and the femoral neck in the bipedal posture might
partly be due to the phylogenetic history of our species. On the one
hand, the evolution of the human hip joint has been constrained by
the pre-existing structure passing by the most recent non-bipedal
ancestor. On the other hand, the demonstrated link between the
pelvic shape and the acetabular orientation implies also constraints
related to the obstetrical role of the female pelvis from which the
shape has evolved in response to the increase in head size and brain
volume (Berge et al., 1984; Tague and Lovejoy, 1989; Berge, 1992;
Rosenberg, 1992; Hdusler and Schmid, 1995; Ruff, 1995; Ruff
et al., 1997; Rosenberg and Trevathan, 2002; Lovejoy, 20053, b;
Bouhallier and Berge, 2006). Other functions recognized to influ-
ence pelvic shape in the course of evolution are functions related to
the support of body viscera (Tague and Lovejoy, 1989) and ther-
moregulatory constraints, which limit enlargement of the pelvis
(Ruff, 1991). In summary, although natural selection optimizes
performance of the human hip joint in function of locomotion, the
adaptation is also dependent on, first, the physical constraints of

the inherited structure and, second, the trade-off with other func-
tions. We propose that the long phylogenetic history of the human
hip joint, before its functions of support and transmission during
permanent bipedal locomotion, might explain the level of concor-
dance currently observed. This explanation follows from the
observation, already noted by Kapandji (2009) and quantified in
this study, that the total concordance of the human hip joint is
obtained in a quadrupedal posture on an inclined substrate
(Fig. 4B). Although many evolutionary traits at the human hip joint
morphology are known to be functionally involved in habitual
bipedal locomotion (McHenry and Corruccini, 1978; Stern and
Susman, 1983; Asfaw, 1985; Ruff, 1988; Ruff and Runestad, 1992;
MacLatchy and Bossert, 1996; Ohman et al., 1997; Rafferty, 1998;
Haiisler, 2002; Lovejoy, 2005a), our results suggested that the
quadrupedal origin of our species might be recorded in the three-
dimensional orientations of the two neighbouring components of
the human hip joint. This suggestion might help to understand the
different results obtained between females and males in the pre-
sent functional integrative analysis. No significant pattern of
covariation was obtained for the sample of females, and the degree
of concordance of the mean three-dimensional orientations of the
acetabulum and the femoral neck is lower in females than males.
Although additional analyses are needed in order to obtain statis-
tically powerful results, we propose that this difference might be
due to the more constrained shape of the female pelvis morphology
due to the need for a wide birth canal. Indeed, the evolution of the
pelvis morphology in females is known to be greatly constrained by
the need to give birth (Berge et al., 1984; Tague and Lovejoy, 1989;
Berge, 1992; Rosenberg, 1992; Hausler and Schmid, 1995; Ruff,
1995; Ruff et al., 1997; Rosenberg and Trevathan, 2002; Lovejoy,
2005a, b; Bouhallier and Berge, 2006). However, the in-
terrelations between pelvis morphology and acetabular orientation
are strong, regarding the development of the hip bone at the
triradiate cartilage (Harrison, 1958; Ponseti, 1978; Bucholz et al.,
1982; Portinaro et al., 2001). The orientation of the acetabulum is,
thus, strongly dependent on the genetic constraints acting on the
female pelvis in relation with its parturition function. Although in a
relative weaker proportion than the acetabular orientation, the
pelvic morphology also has influence on the orientation of the
femoral neck. Thus, we suggested that the female morphology of
the pelvis might limit the evolution of the hip joint orientations in
relation with its function of parturition resulting in a lower
concordance than it could be achieved with a male morphology of
the pelvis. In summary, we proposed that in females the optimi-
sation of the hip in function of locomotion also could trade-off with
the parturition function.

To better understand the evolution of the human hip joint and
the constraints acting thereupon, it should be important to study an
extended sample of hominoids and other primates. Although
changes in the shape of both the proximal femur and the acetabular
region among hominoids have been already investigated in the
literature (McHenry and Corruccini, 1978; Stern and Susman, 1983;
Asfaw, 1985; Ruff, 1988; Ruff and Runestad, 1992; MacLatchy and
Bossert, 1996; Ohman et al., 1997; Rafferty, 1998; Lovejoy, 2005a),
few analyses have studied the orientations of these two structures
(Tayton, 2007) and even fewer have attempted to quantify their
three-dimensional orientations.

Acknowledgements

We thank Geneviéve Perréard, who is in charge of the collection
SIMON, for the cordial welcome in her laboratory in Geneva and her
help for data acquisition. We also thank Christine Lefévre for
allowing us access to the collections of Comparative Anatomy of the
National Museum of Natural History in Paris and Philippe



N. Bonneau et al. / Journal of Human Evolution 69 (2014) 55—69 67

Mennecier in charge of the collections of the Musée de 'Homme
(MNHN, Paris). Special thanks to Camille Dégardin for her help in
the illustrations, and to Anthony Herrel for his comments and help
with the paper. We also thank Caroline Simonis for her great help in
the morphometrical analyses and her comments. Comments by
Chris Ruff significantly improved this manuscript. This study
benefited from the morphometrics facility of the Paris Muséum
(UMS 2700 CNRS — MNHN: ‘Plateforme de Morphométrie’).
Financial support from the Société d’Anatomie de Paris and the
Action Transversale Muséum ‘Formes possibles, formes réalisées’ of
the National Museum of Natural History are gratefully acknowl-
edged. Last, we are grateful to the anonymous reviewers who
provided interesting and helpful comments on this work.

References

Abitbol, M.M., 1989. Variations in blood supply allocations for quadrupedal and for
bipedal posture and locomotion. Am. J. Phys. Anthropol. 80, 239—258.

Abitbol, M.M., 1995. Lateral view of Australopithecus afarensis: primitive aspects of
bipedal positional behavior in the earliest hominids. J. Hum. Evol. 28, 211—229.

Anderson, J.Y., Trinkaus, E., 1998. Patterns of sexual, bilateral and interpopulational
variation in human femoral neck-shaft angles. J. Anat. 192, 279—-285.

Arnold, SJ., 1992. Constraints on phenotypic evolution. Am. Nat. 140, S85—S107.

Asfaw, B., 1985. Proximal femur articulation in pliocene hominids. Am. ]. Phys.
Anthropol. 68, 535—538.

Bagi, C.M., Wilkie, D., Georgelos, K., Williams, D., Bertolini, D., 1997. Morphological
and structural characteristics of the proximal femur in human and rat. Bone 21,
261-267.

Baylac, M., 2010. Rmorph a morphometric library for R. Available from the author:
baylac(at)mnhn.fr.

Berge, C., 1992. Analyse morphométrique et fonctionnelle du pelvis des Austral-
opithéques (Australopithecus afarensis, A. africanus): interprétations locomo-
trices et obstétricales. In: Toussaint, M. (Ed.), Cinq Millions d’Années, I'Aventure
Humaine, 56. E.RA.U.L, Liége, pp. 49—62.

Berge, C., 1993. L'Evolution de la Hanche et du Pelvis des Hominidés: Bipédie,
Parturition, Croissance, Allométrie. Cahiers de Paléoanthropologie. CNRS Edi-
tions, Paris.

Berge, C., Kazmierczak, ].B., 1986. Effects of size and locomotor adaptations on the
hominid pelvis: evaluation of australopithecine bipedality with a new multi-
variate method. Folia Primatol. 46, 185—204.

Berge, C., Ponge, J.F, 1983. Les caractéristiques du bassin des Australopithéques
(A. robustus, A. africanus et A. afarensis) sont-elles liées a une bipédie de type
humaine? Bull. Mem. Soc. Anthropol. Paris 10, 335—354.

Berge, C., Orban-Segebarth, R., Schmid, P., 1984. Obstetrical interpretation of the
australopithecine pelvic cavity. J. Hum. Evol. 13, 573—587.

Bonneau, N., Bouhallier, J., Baylac, M., Tardieu, C., Gagey, O., 2012a. Study of the
three-dimensional orientation of the labrum: its relations with the osseous
acetabular rim. J. Anat. 220, 504—513.

Bonneau, N., Libourel, PA. Simonis, C., Puymerail, L, Baylac, M., Tardieu, C.,
Gagey, 0., 2012b. A three-dimensional orientation of the femoral neck orien-
tation. J. Anat. 221, 465—476.

Bookstein, FL., 1991. Morphometric Tools for Landmark Data: Geometry and
Biology. Cambridge University Press, Cambridge.

Bookstein, F.L., 1996. Biometrics, biomathematics and the morphometric synthesis.
Bull. Math. Biol. 58, 313—365.

Bookstein, FL., Gunz, P., Mitteroecker, P., Prossinger, H., Schaefer, K., Seidler, H.,
2003. Cranial integration in Homo: singular warps analysis of the midsagittal
plane in ontogeny and evolution. J. Hum. Evol. 44, 167—187.

Bouhallier, J., Berge, C., 2006. Analyse morphologique et fonctionnelle du pelvis des
primates Catarrhiniens: conséquences pour I'obstétrique. C.R. Palevol 5, 551-560.

Bruzek, J., 2002. A method for visual determination of sex, using the human hip
bone. Am. J. Phys. Anthropol. 117, 157—168.

Bucholz, R.W.,, Ezaki, M., Ogden, J.A., 1982. Injury to the acetabular triradiate physeal
cartilage. J. Bone Joint Surg 64, 600—609.

Bullough, P., Goodfellow, J., Greenwald, A.S., O’Connor, ]J., 1968. Incongruent sur-
faces in the human hip joint. Nature 217, 1290.

Bullough, P.,, Goodfellow, ]., O’Connor, ].J., 1973. The relationship between degen-
erative changes and load-bearing in the human hip. J. Bone Joint Surg. Br. 55,
746—758.

Burr, D.B., van Gerven, D., Gustav, B.L., 1977. Sexual dimorphism and mechanics of
the hip: a multivariate assessment. Am. J. Phys. Anthropol. 47, 273—-278.

Calandruccio, R.A., 1987. Arthroplasty of the hip. In: Crenshaw, A.H. (Ed.), Campell’s
Operative Orthopaedics, Vol. 2. CV Mosby, St. Louis, pp. 1213—1501.

Carter, D.R,, Orr, T.E., Fyhrie, D.P,, Schurman, D.J., 1987. Influence of mechanical
stress on prenatal and postnatal skeleton development. Clin. Orthop. 219, 237—
250.

Carter, D.R., Wong, M., 1988. The role of mechanical loading histories in the
development of diarthrodial joints. J. Orthop. Res. 6, 804—816.

Carter, D.R., van der Meulen, M.C.H., Beaupré, G.S., 1996. Mechanical factors in bone
growth and development. Bone 18, 55—10S.

Chevallier, A., 1977. Origine des ceintures scapulaires et pelviennes chez I'embryon
d’oiseau. J. Embryol. Exp. Morph. 42, 275—-292.

Cheverud, J.M., 1996. Developmental integration and the evolution of pleiotropy.
Am. Zool. 36, 44—50.

Clavert, J.M., 1987. Développement de la hanche embryonnaire et feetale. In:
Pous, J.G. (Ed.), La Hanche Pédiatrique Actualité. Masson, Paris, pp. 1-7.

Clark, J.M., Haynor, D.R., 1987. Anatomy of the abductor muscles of the hip as
studied by computed tomography. J. Bone Joint Surg. Am. 69, 1021-1031.

Clark, ].M., Freeman, M.A.R., Whitman, D., 1987. The relationship of neck orientation
and to the shape of the proximal femur. ]. Arthroplasty 2, 99—109.

Coleman, W.H., 1969. Sex differences in the growth of the human bony pelvis. Am. J.
Phys. Anthropol. 31, 125—-151.

Corruccini, R.S., McHenry, H.M., 1978. Relative femoral head size in early hominids.
Am. ]. Phys. Anthropol. 49, 145—148.

Dalstra, M., Huiskes, R., 1995. Load transfer across the pelvic bone. ]. Biomech. 28,
715—724.

Daniel, M., Iglic, A., Kralj-Iglic, V., 2005. The shape of acetabular cartilage optimizes
hip contact stress distribution. J. Anat. 207, 85-91.

Day, W.H., Swanson, S.A.V., Freeman, M.A.R,, 1975. Contact pressures in the loaded
human cadaver hip. J. Bone Joint Surg. Br. 57, 302—313.

Duda, G.N,, Schneider, E., Chao, E.Y.S., 1997. Internal forces and moments in the
femur during walking. J. Biomech. 30, 933—941.

Dunlap, K., Shands, A.R., Hollister, L.C., Gaul, J.S., Streit, H.A., 1953. A new method for
determination of torsion of the femur. ]. Bone Joint Surg. Am. 35, 289—311.

Dryden, LL., Mardia, K.V., 1998. Statistical Analysis of Shape. Wiley, Chichester.

Escoufier, Y., 1973. Le traitement des variables vectorielles. Biometrics 29, 751—-760.

Estes, S., Arnold, S,J., 2007. Resolving the paradox of stasis: models with stabilizing
selection explain evolutionary divergence on all timescales. Am. Nat. 169, 227—244.

Fabeck, L., Tolley, M., Rooze, M., Burny, F., 2002. Theoretical study of the decrease
in the femoral neck anteversion during growth. Cells Tissues Organs 171,
269-275.

Falconer, D.S., 1989. Introduction to Quantitative Genetics. Longman Press, London.

Ferembach, D., Schwidetzky, I., Stloukal, M., 1979. Recommandations pour déter-
miner I'dge et le sexe sur le squelette. Bull. Mem. Soc. Anthropol. Paris 13, 7—45.

Ferguson, SJ., Bryant, J.T., Ganz, R, Ito, K., 2000a. The acetabular labrum seal: a
poroelastic finite element model. Clin. Biomech. 15, 463—468.

Ferguson, SJ., Bryant, ].T,, Ganz, R, Ito, K., 2000b. The influence of the acetabular
labrum on hip joint cartilage consolidation: a poroelastic finite element model.
J. Biomech. 33, 953—960.

Ferguson, SJ., Bryant, J.T., Ganz, R, Ito, K., 2003. An in vitro investigation of the
acetabular labral seal in hip joint mechanics. J. Biomech. 36, 171-178.

Fernandez Camacho, FJ., Gdmez Pellico, L., Ferndndez-Valencia Rodriguez, R., 1993.
Osteometry of the human iliac crest: patterns of normality and its utility in
sexing human remains. J. Forensic Sci. 38, 779—787.

Francis-West, P.H., Parish, ]., Lee, K., Archer, CW., 1999. BMP/GDF-signaling in-
teractions during synovial joint development. Cell Tissue Res. 296, 111—-119.
Frost, H.M., 2004. A 2003 update of bone physiology and Wolff's law for clinicians.

Angle Orthod. 74, 3—15.

Good, P.,, 2000. Permutation Tests: A Practical Guide to Resampling Methods for
Testing Hypotheses, Second edition. Springer, New York.

Goodfellow, J., Mitsou, A., 1977. Joint surface incongruity and its maintenance: an
experimental study. ]. Bone Joint Surg. Br. 59, 446—451.

Gottschalk, F, Kourosh, S., Leveau, B., 1989. The functional anatomy of tensor fasciae
latae and gluteus medius and minimus. ]. Anat. 166, 179—189.

Gower, J.C., 1975. Generalized Procrustes analysis. Psychometrika 40, 33—50.

Grabowski, M.W., 2012. Hominin obstetrics and the evolution of constraints. Evol.
Biol. 39, 126—139.

Grabowski, M.W., Polk, ].D., Roseman, C.C., 2011. Divergent patterns of integration
and reduced constraint in the human hip and the origins of bipedalism. Evo-
lution 65, 1336—1356.

Greenwald, A.S., Haynes, D.W., 1972. Weight-bearing areas in the human hip joint.
J. Bone Joint Surg. Br. 54, 157—163.

Greenwald, A.S., O’Connor, ].J., 1971. The transmission of load through the human
hip joint. J. Biomech. 4, 507—512.

Hall, B.K., 1972. Immobilization and cartilage transformation into bone in the em-
bryonic chick. Anat. Rec. 173, 391—404.

Hall, B.K., Herring, S.W., 1990. Paralysis and growth of the musculoskeletal system
in the embryonic chick. J. Morphol. 206, 45—56.

Hansen, T.F, Houle, D., 2004. Evolvability, stabilizing selection, and the problem of
statsis. In: Pigliucci, M., Preston, K. (Eds.), Phenotypic Integration: Studying the
Ecology and Evolution of Complex Phenotypes. Oxford University Press, Oxford,
pp. 130—150.

Hansen, T.F, Houle, D., 2008. Measuring and comparing evolvability and constraint
in multivariate characters. J. Evol. Biol. 21, 1201-1219.

Harrison, TJ., 1958. The growth of the pelvis in the rat — a mensural and
morphological study. J. Anat. 92, 236—260.

Harrison, TJ., 1961. The influence of the femoral head on pelvic growth and
acetabular form in the rat. J. Anat. 95, 12—24.

Hatisler, M., 2002. New insights into the locomotion of Australopithecus africanus
based on the pelvis. Evol. Anthropol. Suppl. 1, 53—57.

Hausler, M., Schmid, P., 1995. Comparison of the pelves of Sts 14 and AL 288-1:
implications for birth and sexual dimorphism in australopithecines. J. Hum.
Evol. 29, 363—383.

Heimkes, B., Posel, P, Plitz, W., Jansson, V., 1993. Forces acting on the juvenile hip
joint in the one-legged stance. J. Pediatr. Orthop. 13, 431—436.



68 N. Bonneau et al. / Journal of Human Evolution 69 (2014) 55—69

Heimkes, B., Posel, P, Plitz, W., Zimmer, M., 1997. Die altersabhdngige krafte-
verteilung am koxalen femurende des normal wachsenden kindes. Z. Orthop
135, 17-23.

Inman, V.T,, 1947. Functional aspects of the abductor muscles of the hip. J. Bone Joint
Surg. Am. 29, 607—-619.

Kapandji, AL, 2009. Anatomie Fonctionnelle. In: Membre Inférieur, 6éme Edition,
Tome II. Maloine, Paris.

Kim, ]J.S., Park, T.S., Park, S.B., Kim, J.S., Kim, LY., Kim, S.I., 2000. Measurement of
femoral neck anteversion in 3D. Part 1: 3D imaging method. Med. Biol. Eng.
Comput. 38, 603—609.

Kingsley, P.C., Olmsted, K.L., 1948. A study to determine the angle of anteversion of
the neck of the femur. J. Bone Joint Surg. Am. 30, 745—751.

Klingenberg, C.P., 2008. Morphological integration and developmental modularity.
A. Rev. Ecol. Evol. Syst. 39, 115—-132.

Klingenberg, C.P., 2009. Morphometric integration and modularity in configuration
of landmarks: tools for evaluating a priori hypotheses. Evol. Dev. 11, 405—421.

Klingenberg, C.P., 2010. Evolution and development of shape: integrating quanti-
tative approaches. Nat. Rev. Genet. 11, 623—635.

Klingenberg, C.P., McIntyre, G.S., 1998. Geometric morphometrics of developmental
instability: analyzing patterns of fluctuating asymmetry with Procrustes
methods. Evolution 52, 1363—1375.

Lande, R., 1980. The genetic covariance between characters maintained by pleio-
tropic mutations. Genetics 94, 203—215.

Lande, R, Arnold, S.J., 1983. The measurement of selection on correlated characters.
Evolution 37, 1210—1226.

Lazennec,].Y., Saillant, G.,2004. Réflexion sur les rapports entre les hanches et le rachis.
Maitrise Orthop. 130. http://www.maitrise-orthop.com/viewPage.do?id=908.
Lazennec, J.Y., Laudet, C.G., Guérin-Surville, H., Roy-Camille, R., Saillant, G., 1997.
Dynamic anatomy of the acetabulum: an experimental approach and surgical

implications. Surg. Radiol. Anat. 19, 23—30.

Lazennec, ].Y., Charlot, N., Gorin, M., Roger, B., Arafati, N., Bissery, A., Saillant, G.,
2004. Hip-spine relationship: a radio-anatomical study for optimization in
acetabular cup positioning. Surg. Radiol. Anat. 26, 136—144.

Le Damany, P.,, 1903a. Les torsion osseuses: leur role dans la transformation des
membres. J. Anat. Physiol. 39, 126—165, 313—337, 426—450, 536—545.

Le Damany, P, 1903b. Influence de la téte fémorale sur le creusement et la con-
servation de la cavité cotyloide. Travaux Scientifiques de I'Université de Rennes
11, pp. 401—408.

Le Damany, P, 1904. Un défaut de la hanche humaine: sa double manifestation,
anatomique et physiologique. J. Anat. Physiol. 40, 1-21.

Le Damany, P,, 1908. Die angeborene hiiftgelenksverrenkung. Z. Orthop. Chir. 21, 129.

Lee, M.C,, Eberson, C.P.,, 2006. Growth and development of the child’s hip. Orthop.
Clin. North Am. 37, 119—132.

Levens, A.S., Inman, V.T., Blosser, ].A., 1948. Transverse rotation of the segments of
the lower extremity in locomotion. J. Bone Joint Surg. Am. 30, 859—872.

Lewinnek, G.E., Lewis, ]J.L., Tarr, R., Compere, C.L., Zimmerman, ].R., 1978. Dislocation
after total hip-replacement arthroplasties. J. Bone Joint Surg. Am. 60, 217—220.

Lewton, K.L., 2012. Evolvability of the primate pelvic girdle. Evol. Biol. 39, 126—139.

Lovejoy, C.0., 1988. Evolution of human walking. Sci. Am. 259, 118—125.

Lovejoy, C.0., 2005a. The natural history of human gait and posture. Part 1: spine
and pelvis. Gait Posture 21, 95—112.

Lovejoy, C.0., 2005b. The natural history of human gait and posture. Part 2: hip and
thigh. Gait Posture 21, 113—124.

Lovejoy, C.O., Heiple, K.G., Burstein, A.H., 1973. The gait of Australopithecus. Am. ].
Phys. Anthropol. 38, 757—780.

Lynch, M., 1990. The rate of morphological evolution in mammals from the
standpoint of the neutral expectation. Am. Nat. 136, 727—741.

Lyons, K., Perry, J., Gronley, J.K.,, Barnes, L., Antonelli, D., 1983. Timing and relative
intensity of hip extensor and abductor muscle action during level and stair
ambulation. Phys. Ther. 63, 1597—1605.

Macchiarelli, R., Bondioli, L., Galichon, V., Tobias, P.V., 1999. Hip bone trabecular
architecture shows uniquely distinctive locomotor behaviour in South African
australopithecines. J. Hum. Evol. 36, 211-232.

MacLatchy, L.M., 1996. Another look at the australopithecine hip. ]J. Hum. Evol. 31,
455—476.

MacLatchy, L.M., Bossert, W.H., 1996. An analysis of the articular surface distribution
of the femoral head and acetabulum in anthropoids, with implications for hip
function in Miocene hominoids. J. Hum. Evol. 31, 425—453.

Malashichev, Y.B., Borkhvardt, V.G., Christ, B., Scaal, M., 2005. Differential regulation
of avian pelvic girdle by the limb field ectoderm. Anat. Embryol. 210, 187—197.

Malashichev, Y.B., Christ, B., Prols, F., 2008. Avian pelvis originates from lateral plate
mesoderm and its development requires signals from both ectoderm and par-
axial mesoderm. Cell Tissue Res. 331, 595—604.

Manly, B.EJ., 2007. Randomization, Bootstrap and Monte Carlo Methods in Biology.
Chapman & Hall/CDC, Boca Raton.

Marchal, E, 2000. A new morphometric analysis of the hominid pelvic bone. J. Hum.
Evol. 38, 347—-365.

Marchal, F, 2003. Le dimorphisme sexuel de conformation de I'os coxal humain.
Bases biologiques et nouvelles applications possibles. Bull. Mem. Soc. Anthro-
pol. Paris 15, 7—24.

Mariani, EV., Martin, G.R., 2003. Deciphering skeletal patterning: clues from the
limb. Nature 423, 319—325.

Matsumura, A., Gunji, H., Takahashi, Y., Nishida, T., Okada, M., 2010. Cross-sectional
morphology of the femoral neck of wild chimpanzees. Int. J. Primatol. 31, 219—
238.

McHenry, M.H., 1975. Biomechanical interpretation of the early hominid hip.
J. Hum. Evol. 4, 343—355,

McHenry, H.M., Corruccini, R.S., 1978. The femur in early human evolution. Am. ].
Phys. Anthropol. 49, 473—488.

McKibbin, B., 1970. Anatomical factors in the stability of the hip joint in the
newborn. J. Anat. 52, 148—159.

McLeish, R.D., Charnley, ], 1970. Abduction forces in the one-legged stance.
J. Biomech. 3, 191—209.

Merchant, A.C., 1965. Hip abductor muscle force: an experimental study of the
influence of hip position with particular reference to rotation. J. Bone Joint Surg.
Am. 47, 462—476.

Mizrahi, J., Solomon, L., Kaufman, B., Duggan, T.0.D., 1981. An experimental method
for investigating load distribution in the cadaveric human hip. J. Bone Join Surg.
Br. 63, 610—613.

Murphy, S.B., Simon, S.R., Kijewski, P.K., Griscom, N.T., 1987. Femoral anteversion.
J. Bone Joint Surg. Am. 69, 1169—1176.

Murray, D.W., 1993. The definition and measurement of acetabular orientation.
J. Bone Joint Surg. Br. 75, 228—232.

Neptune, R.R., McGowan, C.P,, 2011. Muscle contributions to whole-body sagittal
plane angular momentum during walking. J. Biomech. 44, 6—12.

Ohman, J.C,, Krochta, TJ., Lovejoy, C.0., Mensforth, R.P.,, Latimer, B., 1997. Cortical
bone distribution in the femoral neck of hominoids: implications for the
locomotion of Australopithecus afarensis. Am. J. Phys. Anthropol. 104, 117—-131.

Parsons, F.G., 1914. The characters of the English thigh bone. ]J. Anat. Physiol. 48,
238—-267.

Pauwels, F, 1935. Der Schenkelhalsbruch — Ein mechanisches Problem - Grund-
lagen des Heilungsvorganges. Prognose und kausale Therapie. Z. Orthop. Chir.
Suppl. 63, 38—43.

Pauwels, F., 1954. Uber die verteilung der spongiosadichte im coxalen femurende
und ihre bedeutung fiir die lehre vom funktionellen bau des knochens.
Siebenter beitrag zur funktionellen anatomie und kausalen morphologie des
stiitzapparates. Morph. Jb 95, 35—54.

Pauwels, F., 1980. Biomechanics of the Locomotor Apparatus: Contributions on the
Functional Anatomy of the Locomotor Apparatus. Springer, New York.

Perréard Lopreno, G., Eades, S., 2003. Une démarche actualiste en paléoan-
thropologie: la collection de squelettes de référence. In: Besse, M., Stahl
Gretsch, LI, Curdy, P. (Eds.), Constellasion. Hommage a Alain Gallay. Cahiers
d’Archéologie Romande 95, Lausanne, pp. 463—472.

Pitsillides, A.A., 2006. Early effects of embryonic movement: ‘a shot out of the dark’.
J. Anat. 208, 417—431.

Pomikal, C,, Streicher, J., 2010. 4D-analysis of early girdle development in the mouse
(Mus musculus). J. Morphol. 271, 116—126.

Ponseti, L.V., 1978. Growth and development of the acetabulum in the normal child.
J. Bone Joint Surg. Am. 60, 575—585.

Portinaro, N.M., Murray, D.W., Benson, M.K.D., 2001. Microanatomy of the acetab-
ular cavity and its relation to growth. J. Bone Joint Surg. Br. 83, 337—383.

R Development Core Team, 2011. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna. http://www.R-
project.org/.

Rafferty, K.L., 1998. Structural design of the femoral neck in primates. J. Hum. Evol.
34, 361-383.

Reikerads, O., Hoiseth, A., 1982. Femoral neck angles in osteoarthritis of the hip. Acta
Orthop. Scand. 53, 781-784.

Reikeras, O., Bjerkreim, 1., Kolbenstvedt, A., 1983. Anteversion of the acetabulum
and femoral neck in normals and in patients with osteoarthritis of the hip. Acta
Orthop. Scand. 54, 18—23.

Richtsmeier, ].T,, Lele, S.R., Cole, T.M., 2005. Landmark morphometrics and the
analysis of variation. In: Hallgrimsson, B., Hall, B.K. (Eds.), Variation. Elsevier
Academic Press, Boston, pp. 49—68.

Rickenmann, E., 1957. Beitrdge zur vergleichenden anatomie insbesondere des
beckens bei catarrhinen. Karger, Basel.

Rohlf, EJ., Corti, M., 2000. Use of two-block partial least-squares to study covaria-
tion in shape. Syst. Biol. 49, 740—753.

Rohlf, FJ., Slice, D.E., 1990. Extensions of the Procrustes method fort the optimal
superimposition of landmarks. Syst. Zool. 39, 40—59.

Rosenberg, K.R., 1992. The evolution of modern human childbirth. Yearb. Phys.
Anthropol. 35, 89—124.

Rosenberg, K.R., Trevathan, W., 2002. Birth, obstetrics and human evolution. Br. J.
Obstet. Gynaecol. 109, 1199—1206.

Ruff, C.B., 1988. Hindlimb articular surface allometry in Hominoidea and Macaca,
with comparisons to diaphyseal scaling. ]. Hum. Evol. 17, 687—714.

Ruff, C.B.,1991. Climate and body shape in hominid evolution. J. Hum. Evol. 21, 81—105.

Ruff, C.B., 1994. Evolution of the pelvis in Homo. Am. ]. Phys. Anthropol. S18, 175.

Ruff, C.B., 1995. Biomechanics of the hip and birth in early Homo. Am. ]. Phys.
Anthropol. 98, 527—574.

Ruff, C.B., 1998. Evolution of the hominid hip. In: Strasser, B. (Ed.), Primate Loco-
motion. Plenum Press, New York, pp. 449—469.

Ruff, C.B., Runestad, J.A., 1992. Primate limb bone structural adaptations. A. Rev.
Anthropol 21, 407—433.

Ruff, C.B., Trinkaus, E., Holliday, TW., 1997. Body mass and encephalization in
Pleistocene Homo. Nature 387, 173—176.

Ruff, C.B., Holt, B., Trinkaus, E., 2006. Who's afraid of big bad Wolff? ‘Wolff's law’
and bone functional adaptation. Am. J. Phys. Anthropol. 129, 484—498.

Ryan, T.M., Krovitz, G.E., 2006. Trabecular bone ontogeny in the human proximal
femur. J. Hum. Evol. 51, 591—-602.



N. Bonneau et al. / Journal of Human Evolution 69 (2014) 55—69 69

Seringe, R., Cressaty, J., Girard, B., Francoual, C., 1981. L'examen orthopédique de
1500 nouveau-nés en maternité. Chir. Pédiat. 22, 365—387.

Seringe, R., Kharrat, K., 1982. Dysplasie et luxation congénitale de la hanche.
Anatomie pathologique chez le nouveau-né et le nourrisson. Rev. Chir. Orthop.
Reparatrice Appar. Mot. 68, 145—160.

Serrat, M.A., Reno, P.L., McCollum, M.A., Meindl, R.S., Lovejoy, C.0., 2007. Variation in
mammalian proximal femoral development: comparative analysis of two
distinct ossification patterns. J. Anat. 210, 249—258.

Shefelbine, S.J., Tardieu, C., Carter, D.R.,, 2002. Development of the femoral bicon-
dylar angle in hominid bipedalism. Bone 30, 765—770.

Siffert, R.S., 1981. Patters of deformity on the developing hip. Clin. Orthop. 160,
14-29.

Skuban, T.P,, Vogel, T., Baur-Mlelnyk, A., Jansson, V., Heimkes, B., 2009. Function-
orientation structural analysis of the proximal human femur. Cells Tissues Or-
gans 190, 247-255.

Slice, D.E., 2005. Modern Morphometrics in Physical Anthropology. Kluwer Aca-
demic/Plenum, New York.

Spitz, F, Duboule, D., 2001. The art of making a joint. Science 291, 1713—1714.

Spurling, R.G., 1923. The effect of extirpation of the posterior limb bud on the
development of the limb and pelvic girdle in chick embryos. Anat. Rec 26, 41-56.

Stern, J.T., Susman, R.L., 1983. The locomotor anatomy of Australopithecus afarensis.
Am. J. Phys. Anthropol. 60, 279—317.

Tague, R.G., Lovejoy, C.0., 1989. The obstetrical pelvis of A.L. 288-1 (Lucy). J. Hum.
Evol. 15, 237—-255.

Takechi, H., Nagashima, H., Ito, S., 1982. Intra-articular pressure of the hip joint
outside and inside the limbus. ]. Jpn. Orthop. As. 56, 529—536.

Tardieu, C., 1983. L'Articulation du Genou. Analyse Morpho-Fonctionnelle Chez les
Primates et Hominidés Fossiles. CNRS, Paris.

Tardieu, C., 1999. Ontogeny and phylogeny of femoro-tibial characters in humans
and fossil hominids. Functional influence and genetic determinism. Am. J. Phys.
Anthropol. 110, 365—-377.

Tardieu, C., Damsin, J.P., 1997. Evolution of the angle of obliquity of the femoral
diaphysis during during growth — correlations. Surg. Radiol. Anat. 19, 91-97.

Tardieu, C., Preuschoft, H., 1996. Ontogeny of the knee joint in humans, great apes
and fossil hominids: pelvi-femoral relationships during postnatal growth in
humans. Folia Primatol. 66, 68—81.

Tardieu, C., Hecquet, J., Barrau, A., Loridon, P, Boulay, C., Legaye, ]., Carlier, R,
Marty, C., Duval-Beaupére, G., 2006. Le bassin, interface articulaire entre rachis
et membres inférieurs: analyse par le logiciel De-Visu. C.R. Palevol. 5, 583—595.

Tardieu, C., Hecquet, ]., Loridon, P., Boulay, C., Montigny, J.P.,, Legay, J., Gagey, O.,
Marty, C., Duval-Beaupére, G., 2008. Deux descripteurs clé des relations sac-
rocotyloidienne: les angles d'incidence sacrée et cotyloide. Mise en évidence
par le logiciel De-Visu. Rev. Chir. Orthop. 94, 327—335.

Tardieu, C., Bonneau, N., Hecquet, ], Boulay, C., Marty, C.,, Legaye, ]., Duval-
Beaupére, G., 2013. How is sagittal balance acquired during bipedal gait
acquisition? Comparison of neonatal and adult pelves in thee dimensions.
Evolutionary implications. J. Hum. Evol. 65, 209—222.

Taussig, G., Delor, M.H., Masse, P., 1976. Les alterations de croissance de I'extrémité
supérieure du femur: leur apports a la connaissance de la croissance normale.
Rev. Chir. Orthop. 62, 191-210.

Tayton, E., 2007. Femoral anteversion. A necessary angle or an evolutionary vestige?
J. Bone Joint Surg. Br. 89, 1283—1288.

Teinturier, P., Terver, S., Jaramillo, C.V., Besse, ].P., 1984. La biomécanique du cotyle.
Rev. Chir. Orthop. 70, 41—46.

Uhthoff, H.K., Carey, T., 1990. The development of the hip. In: Uhthoff, H.F. (Ed.),
The Embryology of the Human Locomotor System. Springer-Verlag, Berlin,
pp. 107—127.

Uyeda, ].C,, Hansen, T.F, Arnold, S.J., Pienaar, J., 2011. The million-year wait for
macroevolution bursts. Proc. Natl. Acad. Sci. 108, 15908—15913.

von Cramon-Taubadel, N., Frazier, B.C., Lahr, M.M., 2007. The problem of assessing
landmark error in geometric morphometrics: theory, methods, and modifica-
tions. Am. J. Phys. Anthropol. 134, 24—35.

Walmsley, T., 1928. The articular mechanism of the diarthroses. J. Bone Joint Surg.
Am. 10, 40—45.

Weber, G.W., Bookstein, F.L., 2011. Virtual Anthropology — A Guide to a New
Interdisciplinary Field. Springer, Wien.

Yoshioka, Y., Siu, D., Cooke, T.D., 1987. The anatomy and functional axes of the femur.
J. Bone Joint Surg. Am. 69, 873—880.

Zelditch, M.L., Swiderski, D.L., Sheets, H.D., Fink, W.L,, 2004. Geometric Morpho-
metrics for Biologists: A Primer. Elsevier, San Diego.

Zihlman, A.L, Hunter, W.S,, 1972. A biomechanical interpretation of the pelvis of
Australopithecus. Folia Primatol. 18, 1-19.



