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Abstract

Background Human hip morphology is variable, and

some variations (or hip morphotypes) such as coxa pro-

funda and coxa recta (cam-type hip) are associated with

femoroacetabular impingement and the development of

osteoarthrosis. Currently, however, this variability is

unexplained. A broader perspective with background

information on the morphology of the proximal femur of

nonhuman apes is lacking. Specifically, no studies exist of

nonhuman ape femora that quantify concavity and its

variability.

Questions/purposes We hypothesized that, when com-

pared with modern humans, the nonhuman apes would

show (1) greater proximal femoral concavity; (2) less

variability in concavity; and (3) less sexual dimorphism in

proximal femoral morphology.

Methods Using identical methods, we compared 10

morphological parameters in 375 human femora that are

part of the Hamann-Todd collection at the Cleveland

Museum of Natural History with 210 nonhuman ape fem-

ora that are part of the collection of the Royal Museum for

Central Africa, Tervuren, Belgium, and the Muséum

National d’Histoire Naturelle, Paris, France.

Results The nonhuman apes have larger proximal femo-

ral concavity than modern humans. This morphology is

almost uniform without large variability or large differ-

ences neither between species nor between sexes.

Conclusions Variability is seen in human but not in

nonhuman ape proximal femoral morphology. An evolu-

tionary explanation can be that proximal femoral concavity

is more important for the nonhuman apes, for example for

climbing, than for modern humans, where a lack of con-

cavity may be related to high loading of the hip, for

example in running.

Introduction

Human hip morphology is variable (Fig. 1), and some

variations (or hip morphotypes) such as coxa profunda and

coxa recta (cam type hip) are associated with femoroace-

tabular impingement and the development of osteoarthrosis

[6, 7]. Currently, however, this variability is unexplained.

One explanation may be that the existence of hip mor-

photypes is an expression of normal genic variability, and

hence a normal feature of all hominids (modern humans

and their ancestors, but also chimpanzees, bonobo’s, gor-

illa, and orangutan; we refer to the nonhuman hominids as
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‘‘nonhuman apes’’). Another explanation may be that

proximal femoral morphology is, at least partly, deter-

mined by the mechanical loading history of the hip during

growth and development. Although the number of studies

suggesting a relation between hip loading and morphology

is increasing [1, 12, 14, 15], the presence or absence of

variability in the nonhuman apes is unknown. The nonhu-

man apes are climbers, quadrupedal walkers/runners, and

facultative bipedal walkers [5, 8, 13], creating a very dif-

ferent loading history during hip ontogenesis.

Perhaps surprisingly, a comprehensive quantitative

description of human proximal femoral morphology and its

variability was published only in 2009 [17]. Of particular

interest for the definition of morphotypes is the shape of the

proximal femur, which can be defined by the concavity of the

head and neck junction. This attribute is determined not only

by femoral head sphericity, but also by the dimension and

position of the femoral head relative to the neck. In a sample

of 375 human femora, Toogood et al. [17] found variability

in concavity at the superior and anterior head-neck junction.

For the nonhuman apes, given the importance of hip

ROM for climbing, specifically rotations and abduction,

the presence or absence of large concavity likely has a real

effect on evolutionary fitness. Given these considerations,

we hypothesized that, when compared with modern

humans, the nonhuman apes would show (1) greater

proximal femoral concavity; (2) less variability in con-

cavity; and (3) less sexual dimorphism in proximal femoral

concavity.

We used a standardized measurement technique [17] to

compare 10 parameters of proximal femoral morphology

between modern humans and the nonhuman apes.

Materials and Methods

Specimens

All specimens studied (Table 1) are part of the collection

of the Royal Museum for Central Africa, Tervuren, Bel-

gium, and the Muséum National d’Histoire Naturelle,

Paris, France. We examined 210 femora of three ape

Fig. 1A–F Frog leg lateral (A–C) and AP radiographs of asymptomatic adolescent soccer players illustrate coxa rotunda (A, D) and coxa recta

(B–C, E–F). Figures provided with courtesy of R. Agricola and used with the author’s permission.

Table 1. Overview of specimens studied

Specimen type Gorilla Pan Human

Male 46 54 188

Female 28 51 187

Unknown sex 18 13 0

Left 47 57 182

Right 45 61 193

Total 92 118 375
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species: chimpanzee (Pan troglodytes, n = 80), bonobo

(Pan paniscus, n = 38), and gorilla (Gorilla gorilla,

n = 92). Femora with the femoral neck physis not fully

closed, osteoarthritic changes, fractures, or other anatomi-

cal abnormalities on visual inspection were excluded.

No differences were found between bonobo and chim-

panzee in any of the parameters studied (data not shown);

therefore, the two species were analyzed as one group, Pan.

In 96 cases, left and right femurs of one individual were

available for analysis. In 18 cases, only one femur was.

Comparison of means was used to assess if left and right

could be treated as individual specimens. No difference

was found between left and right femora in any of the

parameters studied. Therefore, left and right femora were

analyzed as individual specimens.

Human Specimens

Measurements of the ape femora were compared with

measurements of 375 human femora, as published earlier

[17]. These femora were randomly selected from the 3000

skeletons of the Hamann-Todd collection at the Cleveland

Museum of Natural History and represent 375 femora from

the normal human population. The sample was diversified

in terms of race, age, and sex by dividing equally among

sexes and available races (45 white males, 46 white

females, 49 black males, 48 black females). Femora not

fully mature at the time of death and femora from indi-

viduals younger than 18 years were excluded. Also, femora

with anatomic abnormalities on visual inspection were

excluded as well as femora affected by disease such as

osteoarthrosis, osteonecrosis, or other deformity.

Photography

We used the technique and terminology as described by

Toogood et al. [17]. Briefly, photographs were taken in two

standardized positions, termed AP and lateral. For the AP

photographs, we placed each femur in a supine position on

a flat laboratory bench with anterior surfaces directed

toward the ceiling. In this position, the specimen rested

distally on the medial and lateral condyles and proximally

on the greater trochanter. The femoral neck then was made

parallel to the superior surface of the laboratory bench by

either rotating the femoral shaft internally and supporting

the lateral condyle if the neck axis was anteverted or

rotating the femoral shaft externally and supporting the

medial condyle if the neck axis was retroverted. Parallel-

ism between the femoral neck and laboratory bench was

determined through visual inspection. The investigator

taking the photographs used square cards, approximately

1 mm in thickness, to increasingly support the medial or

lateral condyle until the axis of the neck appeared parallel

to the laboratory bench surface. By taking a photograph

from directly overhead (camera lens parallel to the labo-

ratory bench and femoral neck axis as confirmed by a

level), we obtained accurate AP pictures; any potential

distortion resulting from neck version was eliminated by

making all components of the setup parallel.

For the lateral photographs, we again placed each femur

on the flat laboratory bench surface with anterior surfaces

facing up. The femur then was abducted until the femoral

neck was parallel with the plane produced by the edge of

the laboratory bench. Parallelism again was determined

through visual inspection. The investigator taking the

photographs increasingly abducted the femoral shaft until

the axis of the neck appeared parallel to the laboratory

bench edge from overhead. Additionally, each femur was

checked to ensure the medial and lateral condyles rested

on the surface of the laboratory bench distally, allowing

the table surface to represent the transcondylar axis. By

taking pictures with the lens of the camera parallel to the

edge of the laboratory bench (as confirmed using a T-

square ruler) and even with its surface (as confirmed

through the camera’s view finder), we obtained accurate

lateral images. Any distortion produced by the angle of

inclination was eliminated by making the neck axis and

camera parallel.

Measurements

Ten measurements were used to describe proximal femoral

morphology in the nonhuman apes (Fig. 2). Proximal

femoral concavity was quantified with four angles: alpha,

beta, gamma, and delta, describing concavity at the ante-

rior, posterior, superior, and inferior aspects of the head-

neck junction, respectively. The position of the femoral

head relative to the neck was quantified with four transla-

tional measurements: anterior, posterior, superior, and

inferior offset. To overcome size differences between

species, offset of the femoral head was expressed as a ratio,

ie, anterior offset/posterior offset and superior offset/infe-

rior offset. In addition, the relation of the femoral neck to

the femoral shaft was quantified with neck version (ante-

version or retroversion) and neck-shaft angle.

Gimp 2.6 (http://www.gimp.org/) was used to perform

all measurements.

Interobserver analysis showed moderate/good agree-

ment (intraclass correlation coefficient [ICC], alpha 0.68;

beta 0.75; delta 0.75; posterior offset 0.79; inferior offset

0.78) and strong agreement (ICC, gamma 0.81; neck-ver-

sion 0.94; neck-shaft angle 0.94; anterior offset 0.93;

superior offset 0.84) in the parameters used.
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Statistical Analysis

For all statistics, we used IBM SPSS statistics 20.0 (IBM,

Armonk, NY, USA). Range, mean, and SD were deter-

mined for each of the parameters measured, for all

specimens as one group, and divided into subgroups by

species (Gorilla, Pan, and Human).

We compared the three subgroups with a one-way

analysis of variance (ANOVA). T-tests were not sufficient

because multiple tests on the same data increased the

chance of falsely rejecting the null hypothesis. A one-way

ANOVA corrects for this Type I error.

To explore variables between subgroups, Hochberg’s GT2

post hoc tests were used as a result of differences in sample

size. Variables included were alpha, beta, gamma, and delta

angles, anterior offset/posterior offset, superior offset/inferior

offset, femoral neck version, and neck-shaft angle.

Levene’s tests for homogeneity of variance were per-

formed to examine variability in alpha, beta, gamma, and

delta angles in Gorilla, Pan, and Human.

Independent t-tests were used to determine sex differ-

ences for the parameters measured. For this analysis, 18

Gorilla and 13 Pan specimens were excluded because of

unknown sex.

Results

Comparing between populations of the nonhuman apes and

modern humans, the latter showed larger alpha (mean 45.6,

SD 10.5 versus mean 27.4, SD 3.4 [Gorilla subgroup] and

mean 29.4, SD 4.7 [Pan subgroup]), equal beta (mean 41.9,

SD 6.9 versus mean 41.0, SD 4.2 [Gorilla subgroup] and

mean 41.7, SD 4.9 [Pan subgroup]), larger gamma (mean

53.5, SD 12.7 versus 43.7, SD 3.9 [Gorilla subgroup] and

mean 36.5, SD 4.2 [Pan subgroup]), and smaller delta

angles (mean 43.0, SD 4.9 versus mean 48.7, SD 5.6

[Gorilla subgroup] and mean 47.0, SD 4.1 [Pan subgroup]).

Smaller anterior offset/posterior offset- (mean 1.1, SD 0.4

versus mean 1.5, SD 0.3 [Gorilla subgroup] and mean 1.4,

Fig. 2A–D Lateral view (A–B) (perpendicular to the cranial mar-

ginal) showing the femoral neck in a chimpanzee with the posterior

surface of the femoral condyles parallel to the horizontal plane/

examination table. (A) Center of femoral head (Z); femoral neck axis

(line XZ). Femoral neck version is the angle between XZ and the

horizontal plane with anteversion represented as a positive value and

retroversion as a negative value. Alpha angle is the angle between AZ

and XZ; beta angle is the angle between BZ and XZ. (B) Anterior

offset (mn) is the perpendicular distance between lines M and N;

posterior offset (op) is the perpendicular distance between lines O and

P. Lines M, N, O, and P are all parallel to the femoral neck axis (XZ).

Lines M and P are tangential to the femoral head. Lines N and O are

tangential to the femoral neck. Anterior view (C–D) of the proximal

femur in a chimpanzee shows the femoral neck axis parallel to the

horizontal plane/examination table. (C) Center of femoral head (C);

femoral shaft axis (line AB); femoral neck axis (line BC); neck-shaft

angle is the angle between AB and BC; gamma angle is the angle

between BC and CG; delta angle is the angle between BC and CD.

(D) Superior offset (hi) is the perpendicular distance between lines H

and I; inferior offset (jk) is the perpendicular distance between line J

and K. Lines H, I, J, and K are all parallel to the femoral neck axis

(BC). Lines H and K are tangential to the femoral head. Lines I and J

are tangential to the femoral neck.
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SD 0.3 [Pan subgroup]) and superior offset/inferior offset

ratios (mean 0.9, SD 0.4 versus mean 1.3, SD 0.3 [Gorilla

subgroup] and mean 1.5, SD 0.4 [Pan subgroup]) were

found as well as a higher neck version (mean 9.7, SD 9.3

versus mean 4.6, SD 7.0 [Gorilla subgroup] and mean 5.3,

SD 6.9 [Pan subgroup]) and neck-shaft angle (mean 129.2,

SD 6.3 versus mean 123.0, SD 5.7 [Gorilla subgroup] and

mean 125.6, SD 5.2 [Pan subgroup]) (Table 2).

The most striking difference between the human and non-

human ape proximal femora was lower concavity in the

anterosuperior quadrant of the head-neck junction as evi-

denced by higher alpha (mean 45.6, SD 10.5) and gamma

angles (mean 53.5, SD 12.7) in modern humans compared with

the Pan subgroup (alphamean29.4, SD 4.7;gamma mean36.5,

SD 4.2) and the Gorilla subgroup (alpha mean 27.4, SD 3.4;

gamma mean 43.7, SD 3.9) (Fig. 3). Compared with the

nonhuman apes, this lower concavity in modern humans is the

result of a combination of a wider femoral neck, a more pos-

teroinferior position of the femoral head on the neck, and

reduced femoral head sphericity, as quantified by the superior

offset/inferior offset and anterior offset/posterior offset, alpha

and gamma angles, respectively (Table 2; Fig. 3).

Furthermore, in modern humans, variability in alpha and

gamma angles was much larger than in the nonhuman apes,

as quantified by Levene statistics of Gorilla versus Pan:

12.076, p = 0.001 (alpha angle), 1.235, p [ 0.05 (gamma

angle) compared with Gorilla versus human: 82.644,

p \ 0.001 (alpha angle), 58.057, p \ 0.001 (gamma angle),

and Pan versus human: 66.001, p \ 0.001 (alpha angle),

65.797, p \ 0.001 (gamma angle). Variability for all other

parameters was more or less similar (Table 3).

Sex differences were found in all parameters for the

group human, except for beta and gamma angle (Table 4).

In Pan, none of the parameters showed a sex difference,

whereas in Gorilla, only alpha angle and neck-shaft angle

showed a sex difference.

Discussion

There is substantial variability in the shape of the human

proximal femur with certain variations (or morphotypes)

predisposing to long-term clinical sequelae. For example,

both coxa profunda and coxa recta are morphotypes asso-

ciated with femoroacetabular impingement [6, 7].

However, such variability in the shape of the human

proximal femur does not appear to be present in nonhuman

apes (Figs. 3, 4). The presence of such variability in non-

human apes would contradict explanations for hip

morphotypes that focus on the hip’s loading history. The

absence of this variability, however, does not invalidate a

genetic component in the explanation of how these mor-

photypes come about. One reason for this can be that,

unlike anthropocentrism may lead us to believe, a ‘‘per-

fectly round’’ femoral head with large concavity may

actually be more important in evolutionary terms for the

nonhuman apes than for modern humans [11].

We therefore explored the level of variability in femoral

concavity in modern humans and in the nonhuman apes,

using bony specimens, with a view toward establishing a

broader perspective on modern human morphology.

Our study is limited by the relative paucity of ape

specimens (n = 210) in contrast to a robust collection of

375 human specimens. Although we obtained access to six

fossil specimens of early homo species, we could not draw

any conclusions from the data as a result of the limited

number of specimens. For the same reason, we have not

included our measurements of 11 orangutan (Pongo pyg-

maeus) specimens described elsewhere [4]. We also have

no data on acetabular and pelvic anatomy; thus, we cannot

conclude that variability may be substantially greater in

sites other than the proximal femur. In addition, we cannot

answer whether morphologic differences are the result of

evolutionary and developmental processes or purely from

Table 2. The mean and SD of the different species in all measurements*

Parameter measured Species One-way ANOVA difference

Gorilla

Mean (SD)

Pan

Mean (SD)

Human

Mean (SD)

F p value

Alpha 27.4 (3.4) 29.4 (4.7) 45.6 (10.5) 259.5 \ 0.001

Beta 41.0 (4.2) 41.7 (4.9) 41.9 (6.9) 0.7 [ 0.05

Gamma 43.7 (3.9) 36.5 (4.2) 53.5 (12.7) 129.8 \ 0.001

Delta 48.7 (5.6) 47.0 (4.1) 43.0 (4.9) 68.5 \ 0.001

Anterior offset/posterior offset 1.5 (0.3) 1.4 (0.3) 1.1 (0.4) 54.0 \ 0.001

Superior offset/inferior offset 1.3 (0.3) 1.5 (0.4) 0.9 (0.4) 140.4 \ 0.001

Neck version 4.6 (7.0) 5.3 (6.9) 9.7 (9.3) 21.3 \ 0.001

Neck-shaft angle 123.0 (5.7) 125.6 (5.2) 129.2 (6.3) 47.5 \ 0.001

* The one-way analysis of variance (ANOVA) shows whether significant differences exist between the species.
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the hip activity and subsequent loading of an individual

specimen. Alternatively, it may reflect differences in

nonbony anatomy such as differences in labral structure

and cartilage thickness, which would not be apparent in a

study focusing purely on osteology.

Our first hypothesis, that nonhuman apes would display

greater concavity of the femoral neck and head than

modern humans was confirmed. Clearly, the wider femoral

neck of modern humans reduces head/neck ratio and con-

cavity compared with the nonhuman apes. However, our

measurements show it is not neck width alone that explains

the reduced concavity in modern humans. Reduced anter-

osuperior femoral head sphericity (Fig. 1) and a femoral

head offset posteroinferior relative to the femoral neck can

distinguish the modern human femur from the nonhuman

apes (Table 4). We speculate that the reduced concavity in

the anterosuperior head-neck region in modern humans is

an adaptation to better resist the higher loads of obligate

bipedal upright gait and running [5]. Decreasing concavity

may increase tensile strength in the anterosuperior femoral

head-neck junction [2], ie, the region where the femoral

neck fracture line starts [2, 9].

We also confirmed our second hypothesis of decreased

variability in proximal femoral concavity in nonhuman

apes when compared with humans. Comparing our findings

with other studies, considerable variability in human

proximal femoral morphology was also documented, albeit

qualitatively, in a sample of 532 human femora [3]. We are

not aware of reports that documented morphological vari-

ability of the proximal femur in other mammals than

modern humans. To explain the uniformity of the nonhu-

man ape proximal femoral morphology, and specifically

the lack of variability in concavity, we suggest this reflects

the importance of this trait for these climbing apes. From

an evolutionary perspective, a large proximal femoral

concavity and lack of variability may provide nonhuman

apes with an evolutionary advantage in terms of survival,

and thus represents a Type I trait in the classification by

Lovejoy et al. [11] (Appendix 1 [Supplemental materials

are available with the online version of CORR1.]). In

contrast, the lower concavity in humans, and the variability

seen, may reflect the relative lack of an evolutionary

advantage for this particular anatomic trait in humans.

We found no evidence of sexual dimorphism in the

proximal femora of nonhuman apes, in contrast to our

findings in modern humans. Sexual dimorphism is well

documented for the pelvis in both humans and the

Fig. 3A–D Large variability in human but not Pan and Gorilla for the

alpha angle (A) and gamma (C) angle. By contrast, beta angle (B) and

delta angle (D) display negligible variability. Median, interquartile

range (green box), and minimum/maximum excluding outliers (bars)

are shown.

Table 3. Levene’s test for homogeneity of variances*

Parameter

measured

Gorilla versus

Pan

Gorilla versus

human

Pan versus

human

Levene

statistic

p value Levene

statistic

p value Levene

statistic

p value

Alpha 12.076 0.001 82.644 \ 0.001 66.006 \ 0.001

Beta 1.027 [ 0.05 13.182 \ 0.001 9.486 \ 0.001

Gamma 1.235 [ 0.05 58.057 \ 0.001 65.797 \ 0.001

Delta 0.658 [ 0.05 0.028 [ 0.05 1.991 [ 0.05

* Probability values \ 0.05 correspond to a significant difference in

variance between species. Higher Levene statistics indicate a stronger

difference in variance.
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nonhuman apes with females having larger relative and/or

absolute pelvic dimensions related to overall body size [10,

16]. The absence of sex differences in proximal femoral

morphology in the nonhuman apes suggests sex hormones

do not play an important role in their hip ontogeny,

whereas they likely do in pelvic ontogeny [16]. Of interest,

higher alpha and gamma angles and lower anterior offset/

posterior offset and superior offset/inferior offset in human

males (Table 4) all correspond to coxa recta (cam-type hip)

associated with femoroacetabular impingement and the

development of osteoarthrosis.

In conclusion, there are clear differences in the anatomy

of the proximal femur between the modern human and our

most closely related evolutionary cousins, the nonhuman

apes. The degree of variability within humans is substan-

tially higher as well. Whether this reflects a true

evolutionary difference or an adaptation to walking on two

legs remains to be seen. A broader perspective of proximal

Table 4. Sex differences within species

Parameter measured Sex Gorilla Pan Human

Mean (SD) Difference

within sex

p value

Mean (SD) Difference

within sex

p value

Mean (SD) Difference

within sex

p value

Alpha M 27.9 (3.6) \ 0.05 29.4 (3.8) [ 0.05 47.5 (10.7) \ 0.001

F 26.2 (2.2) 29.8 (5.1) 43.7 (9.9)

Beta M 40.7 (4.5) [ 0.05 41.1 (5.3) [ 0.05 41.5 (7.6) [ 0.05

F 41.5 (3.7) 42.7 (4.9) 42.2 (6.1)

Gamma M 43.7 (3.8) [ 0.05 36.0 (4.2) [ 0.05 54.3 (12.4) [ 0.05

F 43.9 (3.4) 36.9 (4.2) 52.7 (12.9)

Delta M 48.3 (3.9) [ 0.05 46.9 (3.8) [ 0.05 42.4 (5.1) \ 0.05

F 50.1 (7.9) 47.4 (4.2) 43.5 (4.5)

Anterior offset/posterior offset M 1.5 (0.3) [ 0.05 1.4 (0.3) [ 0.05 1.1 (0.4) \ 0.05

F 1.6 (0.2) 1.5 (0.4) 1.2 (0.4)

Superior offset/inferior offset M 1.3 (0.3) [ 0.05 1.5 (0.3) [ 0.05 0.8 (0.4) \ 0.01

F 1.2 (0.3) 1.6 (0.5) 1.0 (0.4)

Neck version M 4.2 (6.9) [ 0.05 6.0 (8.3) [ 0.05 9.6 (9.8) [ 0.05

F 5.8 (4.8) 4.5 (5.5) 9.8 (8.7)

Neck-shaft angle M 120.7 (4.7) \ 0.001 125.2 (5.2) [ 0.05 129.7 (6.6) [ 0.05

F 127.8 (4.0) 125.9 (5.4) 128.8 (6.0)

Fig. 4A–D Lateral view shows

a gorilla femur (A), chimpanzee

femur (C), modern human

femur with coxa recta morpho-

type (B), and modern human

femur with coxa rotunda mor-

photype (D).
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femoral morphology, obtained from nonhuman apes, may

help to formulate explanations for human hip morphotypes.

Acknowledgments We thank Dr Christine Lefèvre (MNHN, Paris,
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