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Development of the Human Hind Limb and its
Importance for the Evolution of Bipedalism
CHRISTINE TARDIEU

In fossil hominins we must reconstruct behavior, including locomotion, largely
from preserved skeletal features. The interpretation of such features has been
controversial in some cases because we do not understand their true functional
signiﬁcance. One way to explore this issue is to examine both normal and
abnormal modern human growth in clinical cases to see what affects the locomotor skeleton and what appears to be of genetic and epigenetic origin. These
results can then be used to interpret fossils.

For example, while learning to stand
and walk, the infant progressively
straightens its skeleton and modiﬁes it
drastically. This raises the question of
which features of the human lower
limb arise postnatally and how? Here I
review the growth of the lower limb
from newborn to adult in association
with gait acquisition. The growth phenomena described here are essentially
postnatal. However, some important
elements of prenatal growth will be
considered as well.

FORMATION OF THE
DIRECTIONAL AXES OF THE
LOWER LIMBS: ANGULAR
MODIFICATIONS OF
THE FEMUR AND TIBIA
Gravity is the major inﬂuence acting on the skeletal modiﬁcations that
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occur during growth, particularly
during standing and gait acquisition.
In children, the stages of the progressive control of balance coordination
of the lower limbs are as follows:1 At
6–8 months of age, the infant sits
without support. At 9 months, it
stands erect with a straight trunk. At
9–10 months, it gets up while holding onto a support. At 11 months the
infant walks if helped by two hands.
At 12 months, it walks if helped by
one hand. At 13–14 months, it walks
by itself. At 21 months, it walks on
irregular surfaces. At 2 years of age,
it runs. At 4 years, it can climb a
staircase and, at 5 years, can coordinate its lower limbs and jump rope.
One of the most striking changes
during gait acquisition, which is visible
to the naked eye, is the reorientation
of the tibio-femoral angle (Fig. 1).2
This angle between the axes of the
femoral and tibial diaphyses changes
in the loading of the lower limb from
a varus (abducted kneejoints) to a
valgus (adducted kneejoints) position. At birth, the lower limbs
assume a marked varus position,
with abduction of the thigh and
adduction of the legs. As the child
begins to stand and walk, the tibiofemoral angle decreases, passing 08
between 1.5 and 2 years, then reaching a peak valgus position of about
108 around 3 years, only to decrease
to a relatively constant angle of
approximately 68 by 6–7 years of age.
This change in hindlimb angulation

is brought about by several separate
modiﬁcations of the bones involved,
the femur and the tibia.
To understand the abilities of our
skeleton to change during growth,
we must keep in mind the nature of
the skeleton of a newborn. The newborn skeleton is largely cartilaginous,
with only partial ossiﬁcation (Fig. 2).
The femoral and tibial diaphyses are
ossiﬁed, but the epiphyses are comprised entirely of cartilage. A nucleus
of ossiﬁcation, which appears on the
distal femoral epiphysis at birth, is
gradually replaced by bone via the
process of endochondral ossiﬁcation.
The bones will be mature when the
epiphyseal plates are completely
closed at the end of the growth
phase. The malleability of the neonatal and infant skeleton, made possible by this important cartilaginous
component, is an essential feature
for understanding its development.
How does longitudinal growth of
long bones of the lower limb take
place?3–5 At birth, the lower limbs
represent 23% of their adult length;
at 1 year of age they represent 35%
and, at 10 years, 77%. The femur
measures about 9 cm at birth, but at
the end of growth has elongated ﬁvefold to about 45 cm. Similarly, the
tibia measures 7 cm at birth and 35
cm at the end of limb growth. The
contribution of the growth cartilages
is very different. The proximal femur
provides 30% of the femoral length,
the distal femur 70%. The proximal
tibia provides 60% of the tibial
length, the distal tibia 40%. The knee
joint itself comprises 65% of the
length of the lower limb.
Figure 3 presents an overview of
the main angular features that
change during growth of the femur
and tibia: the femoral bicondylar
angle, the collo-diaphyseal angle
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Figure 2. Radiograph of a newborn’s skeleton showing both the cartilaginous and
the ossiﬁed skeletal segments.
Figure 1. Evolution of the tibio-femoral angle from birth to 7–13 years of age (from
Salenius and Vankka2). [Color ﬁgure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

(neck-shaft angle), the anteversion
angle of the femoral neck, and the
torsion of the tibia. The magnitudes

of these parameters will determine
the directional axes of the lower
limbs in adults.

The Angle of Obliquity of the
Femoral Diaphysis

Figure 3. Adult skeleton showing the studied angular parameters. Two are frontal:
the femoral obliquity angle and the collodiaphyseal angle, shown on the right side
of the body. Two are horizontal: anteversion of the femoral neck and tibial torsion,
shown on the left side. [Color ﬁgure can
be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

As noted, one of the most distinctive
features of the hominid lower limb,
which is normally associated with the
adoption of bipedal locomotion, is the
presence of an adduction of the knee
joint (genu valgus) and its associated
skeletal feature, the angle of femoral
obliquity or bicondylar angle, with
sample means around 8–118.
This elevated bicondylar angle is a
consequence of the need to maintain
an essentially horizontal plane of the
knee joint, as well as ﬂexion and
extension of the knee in the parasagittal plane. This angle also positions the
knee close to the body’s center of gravity while in a bipedal striding gait, despite a large interacetabular distance.
The degree of this angle is correlated
with the length of this distance.6–10
Figure 4A shows the change of this
angle during infancy. The bicondylar
angle is 08 before and immediately
after birth. A clear change in angle

appears during the second year of
life. The angle continues to develop,
reaching low adult values by the
fourth or ﬁfth year after birth. This
temporal change of the bicondylar
angle closely parallels the acquisition
of walking in young children. Indeed,
there is little loading of the limbs in
a bipedal posture before the ﬁrst
year after birth and little loading of
the knee in a valgus position until
about two years after birth. The child
is then actively bipedal and maintains the leg in a complete and even
exaggerated valgus position.11–14 The
bicondylar angle of the femur reaches
close to its ﬁnal value around the age
of eight years, shortly after stabilization of the tibiofemoral angle.
Such a postural and locomotor
connection to the bicondylar angle
development has to occur through
the differential mediolateral metaphyseal apposition at the distal end
of the femoral diaphysis during longitudinal femoral growth, with an
additional medial metaphyseal apposition.15 Tardieu16 showed a simultaneous change on the lateral side of
the distal metaphysis and suggested
a necessary compensation in terms
of stability of the joint. The longitudinal modeling of the diaphysis by
the angle of obliquity is associated
with a greater anteroposterior deepen-
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ing of the lateral side of the metaphysis. In nonwalking children, we can
show that the femoral obliquity angle
does not develop (Fig. 4B).13,14,16 One
child with a spastic diplegy was nonambulatory until the age of 6 years, at
which time he underwent rehabilitation that allowed him to stand and
walk. At 7 years of age, his bicondylar
angle was 1.58. By the age of 10 years,
when he was able to move with an or-

thopedic walker two hours a day, the
bicondylar angle had reached 58.
In modern humans, the femoral
bicondylar angle appears to be an epigenetic functional trait that develops
during growth in early childhood and
is related to the acquisition of erect
posture and the onset of walking. It
does not develop in nonwalking children; however it is present in all australopithecines, suggesting that in

early hominins, as in modern humans,
it developed following a change in
infant locomotor behavior. Australopithecine infants practiced adducted
knee bipedal walking with such frequency that a high bicondylar angle
likely emerged early in development.
Previous genetic modiﬁcations of australopithecine pelvic shape, particularly
the approximation of the ilio-sacral
and hip joints and a large interacetabu-

Box 1. Comparison with Nonhuman Primates and Fossil Hominids
Complex or simple ﬁtting of the
diaphysis into the epiphysis:
In both humans and great apes,
the femur of a newborn presents a
ﬂat, regular contact surface at the
distal end of the diaphysis.14,16–18
In humans, the infradiaphyseal
plane remains ﬂat. In contrast, very
early in the development of nonhuman primates it is divided by two
grooves, each corresponding to a
crest on the distal epiphysis (Fig.
5). The epiphysis ﬁts tightly into
the diaphysis. The simpliﬁcation of
the proﬁle of the femoral distal epiphyseal surface in humans is
opposed to the more complex epiphyseal proﬁle in great apes.
Because we have also observed this
complex proﬁle in all studied catarrhine and platyrrhine primates, this
feature can be considered to be the
general primitive condition common to nonhominid primates. We
suggest that a more complex ﬁtting
is required to prevent epiphyseal
separation in the context of an arboreal mode of life. The simpliﬁcation of the epiphyseal ﬁtting in
humans may be related to the less
variable postures of the hind limb
in relation to gravity, which leads
to the action of joint forces in a single direction.
The two juvenile femoral diaphyses attributed to Australopithecus
afarensis (AL 333-110 and AL333111)18 are sufﬁciently well preserved distally. They have an infradiaphyseal plane similar to that
seen in humans (Fig. 6B). Thus,
three millions years ago, the convoluted insertion of the diaphysis into

the epiphysis had already evolved
into the simpliﬁed form typical of
humans. We can hypothesize that
the angular remodeling of the femur would have appeared at about
the same time as the tight ﬁtting of
the epiphysis into the diaphysis disappeared. It would be interesting to
test this hypothesis further and to
undertake
comparisons
within
quadrupedal primates that might
differ in predominant loading
regimes (for example, ‘‘terrestrial’’
baboons or patas monkeys versus
more arboreal cercopithecines).
The femoral bicondylar angle in
great apes
Some authors argue that the femur of some nonhuman primates
exhibits a femoral bicondylar
angle,19,20 as seen in orang-utans
(reaching 68). We have shown that
the greater height of the medial
condyle in comparison to the lateral condyle is the reason for the
high obliquity angle found in some
adult great apes (Fig. 6C), while in
humans the two femoral condyles
of subequal height play no part in
femoral obliquity.17 In nonhuman
primates, this angle is an epiphyseal phenomenon. The comparison
between human femora and femora
of great apes clearly shows that the
angular remodeling of the femur,
exclusively diaphyseal and speciﬁc
to humans, is never present in the
great apes.18
Genetic limitation on the formation of epigenetic features
In Japanese macaques trained for
bipedalism during infancy, lumbar

Figure 5. A. Adult femur of a chimpanzee
and a human in anterior view. Inferior
box: Infradiaphyseal plane of two subadult femurs. Note the deep grooves in the
chimpanzee and the ﬂat surface in the
human. B. Diaphysis of the fossil AL 333111 with its ﬂat infradiaphyseal plane. C.
Left and right femora of a subadult
orang-utan in anterior and posterior views.
If the anterior femora mimic an angle of
obliquity, the posterior femurs reveal that
the diaphyses are straight. [Color ﬁgure
can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

curvature increases.21 However, the
femoral diaphysis remains straight.
The shape of the pelvis in macaques is very different; the interacetabular distance is shorter and the
distal epiphyseal suture of the
femur is deepened. This observation illustrates the genetic limitation on the formation of epigenetic
features.
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diaphyseal angle, angle of the trochanteric growth plate, and angle of the
capital growth plate), on a sample of
longitudinal radiographs.

Anteversion of the Femoral Neck
Anteversion of the femoral neck or
femoral antetorsion describes the anterior rotation of the proximal end of
the femur relative to the distal condyles (Figs. 3 and 8).

Increase of the femoral
anteversion in utero

Figure 4. A. Successive femoral diaphyses of infants ranging from newborn to adult from
right to left. The angular remodeling of the femur induced by the transition is shown from
an abducted knee to an adducted knee. The immature diaphyses are devoid of their
epiphyses. B. Radiograph of the lower limbs of a 7-year old boy who had never walked.
The femoral diaphysis is vertical in relation to the physeal plane. [Color ﬁgure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

lar distance, were necessary to promote
this epigenetic feature.

The Neck-Shaft Angle of the
Femur
In fetuses and newborns, a deﬁned
femoral neck is absent. Between 3
and 6 months of age, the proximal
growth epiphysis is divided into two
parts, a medial short head part perpendicular to the neck axis and a long lateral trochanteric part in line with the
neck (Fig. 6A).22 Based on Harris’ lines,
comparative studies of the growth rates
of these two growth plates show that
the head growth plate grows 1.6 times
faster than does the trochanter growth
plate (Fig. 6B).15
During growth, the neck-shaft
angle decreases. Based on a sample
including 74 observations on 23 children between birth and 17 years of
age, the head-neck angle decreases
from 1638 to 1268.18 In one boy
between 2 and 12 years, it decreased
from 1548 to 1448. Other data show a
mean decrease from 1458 to 1258
from birth to adulthood.25 In non-

walking children the head-neck angle
does not change (Fig. 4B). Progressive
coxa valga, a progressive increase in
the head-neck angle, appears after
childhood excision of the hip abductor
muscles.24 Closure and opening of the
neck angle are related to the same
mechanisms of differential metaphyseal apposition as those described for
the obliquity angle of the femoral diaphysis.15
Radiologic studies show that the
angulation of the head growth plate in
relation to the horizontal plane
increases steadily during growth, from
118 to 238, while the angulation of the
greater trochanteric apophyseal growth
plate remains nearly constant (Fig.
6C).23 The constancy of this latter
angle is contradictory to the decrease
in the cervico-shaft angle during
growth. Since this trochanteric angle
has never been measured in association with the angle of femoral obliquity, which is deeply involved in this
osseous remodeling, the question
remains open. It is currently under
investigation by means of the simultaneous measurement of the four femoral angles (the obliquity angle, cervico-

An analysis of the intrauterine constraints linked to the limited extension
of the maternal abdominal cavity is in
progress in our laboratory. Skeletal
modiﬁcations of the fetus, such as the
increase in anteversion, could be
linked to the obligate hyperﬂexion of
the lower limbs on the pelvis. This
hyperﬂexion of the hip and knee
would be responsible for the creation
of a ﬁrst-order lever (Fig. 7), which
results in femoral anteversion.26

Postnatal decrease of the femoral
antetorsion
The femoral neck anteversion angle
decreases during postnatal growth.
Its value ranges between 358–408 in
newborns and reaches an average
value of 108 in adults.27–31 Moreover,
femoral anteversion is higher in
females. It is worth noting the opposite
direction of growth in the anteversion
angle during ontogeny, ﬁrst increasing
during prenatal growth and subsequently decreasing during postnatal
growth. Presumably, this reﬂects different constraining factors, including space
in the uterus and, postnataly, gravity
and the mechanics of bipedalism.
The shape of the femoral neck is
mainly determined by the combined
growth of the head epiphyseal plate
and the greater trochanteric apophyseal plate. Fabeck33 provided a theoretical study of the decrease in femoral anteversion during growth.

Lateral Tibial Torsion
Similar torsion of the tibia occurs
around the longitudinal axis of its
shaft. The lower end is rotated laterally in relation to the upper, thus

ARTICLES

178

Femoral Antetorsion Is Typically
in the Opposite Direction From
Tibial Torsion

Figure 6. A. Proximal femur of a) a newborn and b) an infant between 3 and 6
months of age. B. Development of the
Harris lines, which appear on the femoral
neck after an arrest of growth. C. Subadult
proximal femur with the capital epiphysis
and the greater trochanterian apophysis
unfused. The apophyseal angle (AA)
remains constant during growth. The epiphyseal angle (EA) increases during growth.

exhibiting ‘‘lateral’’ torsion, which is
measured between the transverse
intercondylar axis of the upper end
and the transverse intermalleolar axis
of the lower, as projected in a horizontal plane34–36 (Fig. 3). I observed
a lateral torsion of 58 in an intact
newborn
tibia.
Tibial
torsion
increases during postnatal growth.
The measurement of this angle is difﬁcult to compare between adults and
children. In adults, measurements
are collected directly on dry bones,
while in children clinicians use indirect in-vivo techniques. No in-vivo
technique measures true tibial torsion.37 On 50 adult dry tibias, the
mean angle of tibial torsion was 298
(extreme values: 08–428).38 By CT
scan
measurements,
Kristiansen
et al. found a mean of 388 in 26
adults (extreme values: 188–478) and
a mean of 288 in 14 children between
3–5 years (extreme values: 208–378).

Rotation in one element might
therefore be compensated for by a
counter-rotation in the other element.38,40,41 In a sample of 50 adult
cadavers, Kobylanski38 noted a weak
correlation of 0.44 (P > 0.01). In
fact, femoral antetorsion and tibial
torsion are never tightly correlated in
large samples.36,42
Most often, the angle of anteversion
of the neck, which is high at birth,
decreases by 2 or 3 years of age. Sometimes it remains high until 7 years of
age or later. This high angle, when the
femoral head is properly seated in the
acetabulum, places the distal femur in
medial rotation so that the two patellae
are medially oriented. The feet then toe
in. If usually tibial torsion achieves its
adult level around the sixth year of
childhood,32 in these cases tibial torsion
often increases after 7 years (Fig. 8). The
large femoral anteversions limit the lateral rotation of the hip and close the
angle of gait, while the tibial torsion
opens the angle of gait.29
During the single-support phases
of gait, the body weight tends to tilt
the trunk medially about the acetabulum. This is resisted by the tension
of the abductor muscles (glutei mini-

Figure 7. A. Increase in utero and
decrease in postnatal life of the anteversion angle of the femoral neck. B. When
the pressure is strong in the maternal uterus,
the fetus adopts a position that necessitates
hyperﬂexion of the lower limbs. A ﬁrst-order
lever system is thus created: The force (F) is
generated at the level of the neck by femoral ﬂexion. The resistance (R) comes from
the acetabulum. The support point is
located between the femur and the pelvis
across the soft tissues (a). The force F would
be responsible for the progressive torsion of
the femoral diaphysis through the dynamics
of bone tissue remodeling (modiﬁed from
Le Damany34). [Color ﬁgure can be viewed
in the online issue, which is available at
wileyonlinelibrary.com.]

mus and medius and tensor of fascia
lata). Rotation of the femur internally or externally from its neutral

Figure 8. A. 6-year-old girl presenting a high anteversion angle (408) of the femoral neck,
placing her knees in medial rotation so that the patellae (red circles) are facing each
other. Consequently, the feet are toeing in. B. In this adult, the anteversion of the neck
was maintained at a quite high degree, but because of the lateral rotation of the tibia
the feet are parallel (after Kendall42). C. In this normal adult, the anteversion of the neck
is decreased and the tibial torsion is increased slightly (after Kendall42). D. In this boy, the
anteversion of the neck is decreased and the patellae are located centrally, but the
lateral torsion of the tibia is very high (408), so that the feet are placed apart. [Color ﬁgure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Box. 2. Patellar Luxation
Patellar luxations are almost
always lateral. Very often, luxation
occurs when the patella moves from
its highest position in the sus-trochlear hollow (Fig. 10B red arrow) the
trochlear groove.48 Luxations occur
mostly on ﬂat trochlea.48–52 We
showed that such dysplatic ﬂat trochlea are already present in some fetuses
and newborns (Fig. 12).53,54 Flat
trochlea can be interpreted either as a
reversion, which we believe, or as a

convergence with the trochlea of great
apes. Flat trochlea are found in Miocene primates such as Paidopithex rhenanus and Pliopithecus vindobonensis.49 The trochlea of Australopithecus
afarensis appears to be far ﬂatter than
that of Homo habilis (Fig. 11D).
Recurrent luxations with major trochlear dysplasies were found in different
members of a single family,55 suggesting that genetic factors are likely
involved in this pathology.

Figure 12. A. Radiographs of a normal femoro-patellar joint and a subluxated one. Luxation is always lateral. B. Patellar luxation. C. Upper row: Adult dysplasic ﬂat trochlea on a
femur and on radiographs. Lower row: Flat trochlea can be observed in one newborn
and three fetuses. [Color ﬁgure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

position necessitates increased abductor muscle forces to maintain a
level pelvis: 308 of internal or external rotation would entail supplementary work for the gluteus medius of
30 pounds by changing the orientation of its ﬁbers (Fig. 9).43

FEMORO-PATELLAR JOINT
Femoral Trochlea
Femoral obliquity has an important direct consequence on the orientation of muscular forces at the knee
and consequently on the shape of the
distal femoral epiphysis. In bipedal
humans with a valgus orientation of
the femur, the patella, inserted in the
distal tendon of the quadriceps muscle, is subjected to a lateral force vector due to femoral obliquity. In the
human knee, the femoral trochlea is
deepened by a central sulcus and its
lateral lip is prominent. The protuberant lateral lip of the femoral
trochlea guards against any lateral
dislocation of the patella during

extension of the knee joint. Figure 10
shows the movement of the patella
as viewed from above with the trochlear groove in full extension and in
different degrees of ﬂexion. In great
apes, which exhibit a habitual ﬂexed
position of the knee joint and lack
the valgus angle, the trochlea is ﬂat and
its medial and lateral sides are symmetrical. The patella is free to move, particularly during the frequent rotational
movements of the knee (Fig. 11).
The variability of the human trochlear shape is high. There is no relationship between the degree of femoral obliquity and the degree of prominence of the lateral lip either during
growth or in the adult.45,46 Surprisingly, the protuberance of the lateral
lip of the femoral trochlea and the
trochlear groove are already present
in the fetus and newborn.14,16,47

Evolution of trochlear shape?
The angle of femoral obliquity
appears in the human infant before 2

years of age. This angle appeared in
the ﬁrst hominids at an even earlier age,
since their growth was shorter.56,57 The
trochlear sulcus and the prominence of
the lateral lip are present in the fetus
and newborn with the same variability
as in adults. Two hypotheses can be proposed. Either the deepened trochlea with
a salient lateral lip was randomly
selected, which is unlikely, or it was
selected following the process of genetic
assimilation.58,59 The hominid femoropatellar joint would have been reshaped
in two steps involving a partly epigenetic
and partly genetic process.14,16,54
In late australopithecines or early
Homo, the prominence of the lateral
lip of the femoral trochlea would have
been formed as a response to the lateral stimulus of the patella during
postnatal life. Two arguments support
this. First, in cases of congenital dislocation of the patella, the trochlea is
ﬂat. After surgery to realign and
recenter the patella in young children,
the trochlea deepens after some years
by epigenetic action. However, the development of the groove in such children could also be interpreted as a
delayed expression of a genetic trait
normally expressed in utero.
In the course of the evolution of
Homo, this lateral stimulus would
have been superseded by an internal
genetic factor. The use of full knee
extension was clearly selected for in
later hominin evolution.14,15 A very
weak protuberance of the lateral lip of
the femoral trochlea (a hollow sulcus)
is present in the fossil AL 129 1a, but
there is no sustrochlear hollow
(depression at the top of the patellar
groove). However, in Homo habilis the
sulcus is deep, the lateral lip is high
and a ‘‘sustrochlear hollow’’ is present,
illustrating the capacity of full knee
extension, which is absent in A. afarensis (Fig. 11D). In modern humans, the
patella sits in the sustrochlear hollow
when the knee is completely extended.

FEMORO-TIBIAL JOINT
Shape and Tibial Insertions of
the Interarticular Menisci
In hominid evolution, the kneejoint evolved from having a single
insertion of the lateral meniscus on
the tibia to a double one.60–62 While
Australopithecus afarensis exhibits a
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Figure 9. Horizontal views of the pelvis with the right femur placed in progressive degrees
of medial rotation (A) and in 308 of lateral rotation (B). The angle of anteversion of the
femoral neck is normal, around 158. The green lines show the direction of the femoral
neck, the red lines the direction of the knee and patella (after Merchant43). C. Coronal
view of the pelvis tilted anteriorly 208: Direction of the mean ﬁbers of the gluteus medius
in the position of high lateral rotation of the femur. This oblique direction could be one of
the causes for the supplementary work generated by this muscle in this position. The
same reasoning can be used when the rotation is medial and extreme, resulting in an
opposite oblique direction (after Kapandji44). [Color ﬁgure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

single insertion, early Homo clearly has
a double insertion of the lateral meniscus on the tibia (Fig. 13). This supplementary insertion restricts the mobility
of the meniscus on the tibial plateau
and prevents a too-large anterior displacement of the meniscus in full
extension. It indicates a habitual practice of full extension movements of the
knee joint in the stance and swing
phases of bipedal walking. This additional posterior insertion of the lateral
meniscus appears early in human fetal
life.63,64 Consequently, in early Homo,
this feature likely developed as the
result of a genomic change.
The occurrence of a single anterior
insertion of the lateral meniscus in
extant humans appears occasionally
as a pathology.65,66 It is the cause of
pain and dysfunction of the kneejoint,
and can be interpreted as a reversion.
Although this analysis is restricted
to lower limb features, it reveals that

a principally epigenetic feature, the
femoral bicondylar angle, following a

genetic modiﬁcation of the pelvis,
would have acted as the initial switch
that set in motion selection for a cascade of features under the inﬂuence
of increased use of full extension of
the knee joint. This cascade of interrelated features improved the efﬁciency of bipedal walking, as habitual
use of full extension of the knee is an
essential component of the modern
human striding gait.
Depending on the nature of the
structures involved, either diaphysis
or epiphysis involving the replacement of cartilage by bone tissue or a
meniscal insertion involving the differentiation of a ligament, we
observe that evolution involved both
genetic and epigenetic changes. The
axial growth of the diaphysis, by
means of a discoid growth cartilage
at its distal end, implied an epigenetic angular remodeling; the differentiation of the meniscal ligament
implied a genetic change. The epiphyses are developed from a spherical
growth cartilage that grows centripetally. The multidirectional growth of
the epiphysis would have implied a
two-stage modiﬁcation: an initial epigenetic change during postnatal life and
then a genetic assimilation of this change.

THE FOOT AND LOSS OF ITS
PREHENSILE ORIGIN
The human foot today is exclusively terrestrial, adapted to bipedal

Figure 10. A. Sagittal radiographs of the kneejoint in full extension: The patella is located
in its highest position, above the trochlea, in the sustrochlear hollow. B. Inferior view of
the knee joint: successive positions of the patella from full extension to 1208 of ﬂexion. The
patella is located in the sustrochlear hollow (black arrows). The red arrow shows the most
frequent path of patellar luxation. [Color ﬁgure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Figure 11. Chimpanzee (A) and human (B)
femora and their distal epiphysis and patella in inferior view. C. The human angle of
femoral obliquity implies an oblique direction
of the quadriceps muscle, inserted on the
proximal tibia so that a lateral force is
applied to the patella. D. Inferior views of
the distal femoral epiphyses of different hominid fossils showing the very low lateral lip in
Australopithecus afarensis and the deep
trochlear groove in Homo habilis. [Color ﬁgure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

support and propulsion. However,
our foot was originally a grasping
and prehensile organ. Two hallmarks
of the bipedal foot are the adduction
of the ﬁrst toe toward the other toes
and the presence of a plantar arch
(Fig. 14).
The great toe branches from the
sole of the foot, just at the base of
the second toe in the early growth
stages of all nonhuman primates. In
the early embryogenesis of the
human foot, a major shift occurred.
This embryonic position is retained
throughout
life
in
humans,69
whereas in other primates the place
of attachment of the great toe shifts
proximally (Fig. 14 A, B), similar to
the ontogenetic shift in the attachment of the thumb to the palm from
the base of the index ﬁnger to a
place nearer to the wrist. Consequently, the web that binds the ﬁrst
and second toes persists in the
human foot and no cleft is formed.
Thus, no abduction and no rotation
of the hallux are permitted. This
embryonic change was one of the

181

Figure 13. A. Superior view of right tibias
with the medial and lateral menisci and
their tibial insertions in great apes and
humans. The posterior insertion of the lateral
meniscus, exclusive of humans, creates a
notch on the posterior border of the tibial
plateau. B. This notch is absent in Australopithecus afarensis (AL 129) and present in
Homo habilis (ER 1481). [Color ﬁgure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

major transformations, perhaps the
ﬁrst, from a grasping foot to a terrestrial foot adapted to support and
propulsion.
Was this transformation drastic,
happening in a single step, as suggested by the embryogenesis, or was
this transition progressive and gradual, as some authors,70–72 based on
the provisional interpretation of a
fossil hominid foot (cuneiform Stw
573), propose? ‘‘These intermediate
stages may appear as modiﬁcations
of the medial cuneiform ﬁrst metatarsal joint where it becomes less
medially oriented and ﬂatter through
time.’’71 In fact, the gradualism is
not conﬁrmed by existing hominid
fossils: ‘‘Hallucial convergence was
substantially complete in both Australopithecus afarensis and africanus
and in Homo habilis. The feet of
these hominids can therefore be considered to have remodelled so as to
have lost the ability to oppose the
hallux and therefore operate a grasping foot.’’71 However, Lewis73 and
other authors74 interpreted the fossil
foot OH 8 (Homo habilis) as apelike
with arboreal adaptations including
an abductable hallux. Conversely,

other authors,70,71,75 among them
Susman,76 strongly suggested ‘‘resolute adaptation to human bipedalism’’ based on ‘‘the total morphological pattern including the foot and
the associated leg of OH 35.’’
The second feature characteristic
of the human bipedal foot is the
presence of a plantar arch (Fig. 14
E). In the newborn, the plantar arch
is present before walking, but is
obscured by the thickening of the
plantar cushion. The early adduction
of the great toe and the early presence of the plantar arch are sometimes used as arguments to refute the
prehensile origin of the human foot.77
This is contrary to all available evidence from comparative anatomy.

Figure 14. Embryogenesis and adult state
of the right foot of some primates. A. Three
stages of the embryogenesis of the foot of
a macaca at 44, 66, and 75 days of age,
showing the proximal migration of the ﬁrst
toe. Adult state on the right (after
Schultz67). B. Early stage of the embryogenesis of the human foot of 44 days, as
compared with the adult state, showing
the retention of the distal position of the
ﬁrst toe (after Schultz67). C and D. Adult
foot of a chimpanzee and a human, plantar view (C), dorsal view (D) (after
Schultz68). E. Lateral view of radiographs of
a human foot with its plantar arch. (A-D :
Not to scale. All the feet are standardized
to the same length.)
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Figure 15. A. Muscles of the great toe in
the prehensile foot of a pronograde macaque: adductor muscles (green), ﬂexor
hallucis longus (red), and its ligamentous
loop at the base of the ﬁrst ray. B. The
same muscles in the foot of a human newborn with the atavistic loop at the base of
the hallux (after Keith78). [Color ﬁgure can
be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Arguments for a Prehensile
Origin of the Human Foot
In the ﬁrst arguement, Keith78
noted that in the ape’s foot the tendon of the ﬂexor hallucis longus
passes through a ligamentous loop at
the base of the ﬁrst metatarsal bone
(Fig. 15), a structure that maintains
the tendon in its proper position
whether the foot is abducted or
adducted. A remnant of this loop
persists in the human foot, telling us
of a time when the great toe of man
enjoyed a mobility that has long
been denied to it.
Keith78 argued that the hallux did
not adduct toward the other toes but
that the other toes adducted toward
the great toe. To support this hypothesis, he compared the feet of a
human newborn and a gorilla (Fig.
16), noting that the relationships of
the ﬁrst metatarsal to the tarsus are
alike in both. What has changed is
the axes of the second, third, and
fourth toes, which have swung
inward toward the great toe. For a
long time, I thought this comparison
was a strong argument. However, the
newborn human foot used in this
comparison was a pathologic foot. It
was a skewed foot with a serious
metatarsus varus (Seringe, personal
communication). At the time of
Keith’s study, these pathologies had
not yet been diagnosed. Conse-

quently, this comparison fails to support the argument.
Lewis79 followed Keith,78 proposing the model of the loss of foot prehensility. Lewis’ functional considerations are very strong, mostly based
on the importance of the direction of
the subtalar axis, which makes a
more acute angle with the long axis
of the foot in humans than in the
apes. He argued that it is around the
axis of the subtalar joint that the
entire foot would have been realigned. Aiello and Dean80 gave a pertinent summary of this hypothesis
and its morphological implications:
‘‘Lewis suggested that the adducted
human great toe has been brought in
line with the remaining toes as the
result of the realignment of the lateral four metatarsal towards the ﬁrst
metatarsal and the oblique subtalar
axis rather than the realignment of
the ﬁrst metatarsal towards the four
others and away from the subtalar
axis.’’ Is this interesting proposition
compatible with the embryogenetic
transformation mentioned earlier? Is
it compatible with a rapid change?
The questions remain open.
Lewis79 proposed another line of
evidence by examining the morphology of the ﬁrst cuneo-metatarsal
joint. In the grasping foot, the tibialis
anterior presents two distal heads;
the ﬁrst inserts on the cuneiform, the
second on the metatarsal (Fig. 17).
The articular surface of the cuneiform presents an upper convexity
conﬂuent below and medially with
an oblique groove that ventrally
forms a concavity. The upper portion, spiralling onto the medial aspect of the bone, represents the
impression of the metatarsal tendon
of the tibialis anterior. Abduction of
the ﬁrst ray is accompanied by a
rotation, locking the margin of the
metatarsal into the inferior concavity
of the cuneiform. The joint is then in
a close-packed position. In humans,
the dual insertion of the tibialis anterior is retained; even if the anterior
articular surface of the cuneiform is
commonly ﬂat, it is variable and
sometimes shows a morphology reminiscent of that of the great apes
(Lewis, Aiello and my own observations). The cuneiform of the fossil

AL 333 (Australopithecus afarensis) is
interpreted in this context.81

TOWARD AN INTEGRATIVE
ANALYSIS
In the ﬁrst part of this review, we
illustrated the principal angular
changes in the femur and tibia that
contribute to formation of the directional axes of the lower limbs.
According to Sarafﬁan,82 another
change should occur during growth
at the tibiotarsal joint. In the newborn, this joint should not be horizontal (Fig. 18); the correction of its
valgus position should occur only
around twelve years of age. This important frontal change needed veriﬁcation because it introduces a strong
imbalance between the interarticular
line and the growth physeal line of
the kneejoint. A recent study based
on a large sample of childrens’ radiographs invalidated this observation.
The tibiotarsal joint and the epiphyseal line are horizontal at the neonatal state and further on.83
An important step in integration is
understanding of functional relationships, not between the tibia and the

Figure 16. Comparison made by Keith78
between the foot a human newborn and
a gorilla in dorsal view showing the inward
bend of the outer four metatarsal bones in
the ﬁrst one in relation to the gorilla. We
invalidated this comparison since the newborn foot is a pathologic one, undiagnosed at the time of Keith. [Color ﬁgure
can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 17. A. Tibialis anterior in humans. B. First cuneo-metatarsal joint in a gorilla foot.
Red area (1) on the cuneiform: insertion of the ﬁrst tendon of tibialis anterior (c. T. ant.),
red area (2) on the metatarsal bone: insertion of its second tendon (m. T. ant.). When
the grasping pincer is closed, this tendon passes on the concave articular surface of the
cuneiform (elongated red area). C. Inferior view of the cuneiforms of Gorilla. The ﬁrst one
corresponds to the shape of the one in B (from Lewis73). [Color ﬁgure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

foot, but between the talo-tibio-ﬁbular unit and the remaining foot, the
calcaneo-pedal block, also called
lamina pedis (Fig. 19A).84,85 During
walking, the medial or lateral axial
rotations of the lower limbs are constant; the adaptation of the foot to
the ground is effected through this
articular complex, permitting the

calcaneo-pedal block to transform
the underlying axial rotation along
its longitudinal axis. The movements
between these two units occur
around the subtalar axis or talo-calcaneo-navicular axis, which is oriented obliquely downward, backward, and outward (Fig. 19B).84,85
The taloﬁbular unit is articulated

Figure 18. Tibio-talar joint in a newborn, a 12-year old child, and an adult passing from
a valgus position to a horizontal position. Lateral side indicated by the ﬁbula. A recent
study showed that this observation is wrong: the epiphyseal line and the tibiotarsal joint
are horizontal as soon as the neonatal state (after Saraﬁan82).

with the calcaneo-pedal block by
three joints (posterior and anterior
subtalar joints and talo-navicular
joint). Under weight-bearing conditions, displacements occur in this
complex joint as compensation for
the rotational displacements occurring in the upper part of the limb
(Fig. 19C).
The postcranial skeleton is an integrated system, particularly in the
bipedal human. The different elements of this articular chain, including the vertebral column, pelvis, and
lower limbs, function in vivo in
closely coordinated fashion to cope
with constraints imposed by gravity.
The challenge is to ensure an efﬁcient
balance during standing and walking.
It is important to ﬁnd the relationships that link the lower limbs,
studied here, and the pelvis. The
formation of the directional axes of
the lower limbs during growth that
we have described depends, on one
hand, on the reaction forces coming
from the ground during gait acquisition but, on the other hand, on the
downward forces coming from the
pelvis through the acetabula, with
the three-dimensional orientation of
the acetabula being the critical parameter. The variability of this parameter in humans86–89 probably
plays a role in determination of the
axes of the lower limbs we have
described here. I called this acetabular parameter, including its degree
of anteversion, inclination, and sphericity of the acetabula, the ‘‘functional
link’’ between the pelvis and lower
limbs.86 While the anteversion of the
femoral neck decreases during growth,
we showed that the anteversion of the
acetabula decreases. For mechanical
reasons, their relationships are antagonist during learning to walk.89
Upward,
the
functional
link
between the pelvis and vertebral column is assessed by a sagittal pelvic
parameter, the sacral incidence
angle, discovered clinically on radiographs of the pelvi-rachidian unit90,91
and morphologically described from
samples of ostelological pelves.86–89

CONCLUSIONS
Developmental studies show the
complex implication of genetic and

ARTICLES

184

Figure 19. A. Talo-tibio-ﬁbular unit (white) and calcaneo-pedal block (yellow). The talus is ﬁxed in the bimalleolar mortise. B. Subtalar axis.
C. Subtalar axis transmits the medial rotation of the leg to the foot along its longitudinal axis. The lateral fore foot is carried in pronation.
To remain plantigrade, a supination twist is applied to the medial forefoot (after Seringe and Wicart84). [Color ﬁgure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

epigenetic factors. In this review, we
have described ﬁrst the epigenetic
features that result from habitual
behavior during development. They
include all the angles that either
open or close: the angle of obliquity
of the femur, the neck-shaft angle,
and the angles of femoral and tibial
torsion. The formation of these

angles, which is linked to the combined effects of gravity, muscular activity, and growth, is well explained,
given the malleability of the largely
cartilaginous skeleton of the infant.
The action of gravity in loading the
skeleton and during gait acquisition
is very important, as indicated by the
abnormal morphology of nonwalking

children. The way in which the skeleton is loaded, as well as the way
walking is learned, is speciﬁc to each
individual. The variability of the
described angular parameters illustrates this singularity. The integration among all these parameters is
always the result of the intrinsic
functional behaviors of an individual.
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The skeleton is also subjected to
functional constraints during prenatal growth. The example of the angle
of femoral anteversion, which opens
during prenatal growth and closes
during postnatal growth, is emblematic, and can illustrate the opposite
nature of the constraints that act on
the skeleton both in utero and postnatally.
It can almost be considered a truism that the locomotor skeleton is
ﬁrst and foremost genetically determined. The retention of the distal
position of the hallux at the base of
the second toe is emblematic of this
category. The presence of a posterior
insertion of the lateral meniscus on
the lateral tibial plateau in early
human embryogenesis is also clearly
a genetic feature resulting from
selection.
Among the epigenetic characters,
we think that the angle of femoral
obliquity deserves special status,
since its presence in hominid fossils,
following a genetic modiﬁcation of
the pelvis, would have been an ‘‘initiator’’ feature. It set in motion selection for a series of features of the
knee joint, such as meniscal insertion, trochlear shape, and the sustrochlear hollow, under the inﬂuence
of an increasing use of full extension
of the kneejoint. Depending on the
nature of the structures involved—
diaphyses, which grow axially, epiphyses, the growth of which is multidirectional and involves the replacement of cartilage by bone tissue, or
meniscal insertion, which involves
the differentiation of a ligament—we
observed that evolution proceeded by
interacting epigenetic, genetically
assimilated, and genetic changes.
The pathology described in this
review, patellar luxation, illustrates an
interesting aspect of human evolution.
Each adaptation represents a compromise: Decisive advantages would be
associated with risks or possible disadvantages. The risk of patellar luxation
is a slight disadvantage as compared
to the economy provided by an
adducted knee during walking.
We observed that study of the
growth of the lower limb is typically
done either in the frontal plane or in
the horizontal plane, depending on
the features studied. True three-
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dimensional investigations are still
rare. In the next decades, it will be
important to ﬁll this gap. Finally,
since the whole locomotor skeleton
is an integrated system, it is, of
course, artiﬁcial to separate lower
limbs from the pelvis and vertebral
column. A systemic analysis of the
whole articular chain during growth
would be a promising challenge to
understand the coordination of all
the pieces of this complex, integrated
system.
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5 Boggin B. 1999. Patterns of human growth.
Cambridge: Cambridge University Press.
6 Heiple KG, Lovejoy CO. 1971. The distal femoral anatomy of Australopithecus. Am J Phys
Anthropol 35:75–84
7 Lovejoy CO, Heiple KJ, Burstein AH. 1973.
The gait of Australopithecus. Am J Phys
Anthrop 38:757–780.

8 Tardieu C. 1983. L’Articulation du Genou.
Analyse morpho-fonctionnelle chez les Primates. Application aux Hominidés Fossiles. Cah
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