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Abstract

Man’s evolution features two unique develop-
ments: growing a huge brain and upright gait.
Their combination makes the pelvis the most
defining skeletal element to read human evolution.
Recent revival in joint preserving hip surgery have
brought to attention morphological variations of
the human hip that appear similar to hips of extant
mammals. In man, such variations can produce hip
osteoarthrosis through motion. We reviewed the

evolution of the hip and pelvis with special inter-
est in morphology that can lead to motion induced
osteoarthrosis in man. The combination of giving
birth to big brained babies and walking upright
has produced marked differences between the
sexes in pelvis and hip morphology, each having
their characteristic mode of hip impingement and
osteoarthrosis.
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Glossary

Definitions of position as in a human pelvis
abduction: limb moves away from midline
(laterally)
adduction: limb moves towards the midline
(medially)
medial/internal (endo) rotation: foot/greater
trochanter turns inward
lateral/external (exo) rotation: foot/greater
trochanter turns outward
flexion: bending, lower limb moves ventrally
extension: lower limb moves dorsally
anterior/ventral: to the front or belly-side
posterior/dorsal: to the back or back-side
medially: near or towards the midline of the
body
laterally: near the outside of the body, away
from midline
cranial: near or towards the head
caudal: near or towards the tail
ventral: near or towards the belly-side (front) of
the body
dorsal: near or towards the backside of the body
abductors: hip muscles (gluteus medius and mini-
mus and tensor fascia latae) that move the lower
limb in a lateral direction (away from the mid-
line) and thus can also stabilize the pelvis over
the femoral head when standing on one leg.
Acanthostega: Acanthostega was clearly a tet-
rapod, but a poor version for a land animal. Its
legs were frail to support its weight, wrists were
absent. Yet, it had digits (8! fingers and 7! toes).
However, it also had internal gills—like fish.

ventral /  anterior

Pelvic positions

Perhaps Acanthostega never left the water, hence
one of the fishapods, animals that combined tet-
rapod and fishlike characteristics in the period of
approx. 380-340 mya.

Acanthostega model
© Oxford University Museum of Natural History

acetabular fossa of fovea: central part of the ace-
tabulum, not covered with cartilage, where the
ligamentum teres originates. (see lateral (side)
view of pelvis).

acetabular notch: non-articular area making up
the inferior circumference of the acetabulum
between the two horns of the lunate surface.

acetabulum: the deepening or socket in the pelvis
that holds the proximal (upper) end of the femur
(thigh bone), in mammals the femoral head.

adductors: muscles that move the femur towards
the body axis in the coronal plane (Man).

allometry: relatively increased growth, i.e. increas-
ing more than proportionally with increasing
body weight.

amniote eggs: eggs with a membrane that prevent
them from drying out when not in water.

cranial
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Lateral (side) view of pelvis
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amphibians: (class Amphibia), e.g. frogs, toads
and salamanders, are cold-blooded animals
that transform (metamorphose) from a juvenile,
water-breathing form to an adult, air-breath-
ing form. Usually, amphibians have four limbs.
Unlike other land animals (amniotes), amphibi-
ans lay eggs in water, as their fish ancestors did.
anterior gluteals: gluteus minimus and medius
muscles in primates (quadrupeds).
anteversion: forward tilt,
femoral anteversion or the angle between the
neck of the femur and the back of the two
femoral condyles (dashed line).

An anteversion angle of 0 degrees indicates
the axis of the neck and the condylar axis are
in the same plane. A negative angle, called
retroversion, means the head of the femur
is rotated posterior to the condylar axis. In
normal growth and development the human
anteversion angle is about 30 degrees at
birth and decreases to 15 degrees by skeletal
maturity. A large anteversion angle or a ret-
roversion angle creates abnormal hip motion,
increases the potential for dislocation of the
hip, and may contribute to the development of
osteoarthritis in the hip.

acetabular anteversion: forward tilt of acetabu-
lum in pelvis (angle between thin dash lines).

Diagram with transverse section of acetabulum and axial
view of femur.

anthropoidea: monkeys and apes

A-P axis: see Pelvic positions

aspherical: out of round

Australopithecines: the most likely ancestors of
the genus for Homo, of approx. 4-2.5 mya.

bipedal: on two feet

bipedal gait: upright walking

body planes: see figure

Bonobo: Pan paniscus (pygmy chimpanzee), close
relative of the chimpanzee, but separate species

sagittal
coronal/
‘ ‘/frontal

|
|
i
| transverse

body planes

since approx. 2 my.

Carboniferous: 360-300 mya, a geologic period
of glaciation, low sea level and mountain build-
ing.

carnivore: meat eater.

caudally: in the direction of the tail

CE (centre-edge) angle: Angle between verti-
cal line through centre of femoral head and line
from centre of femoral head to edge of the ace-
tabulum.

chimpanzee: Pan troglodytes.

Coelacanth: (Latimeria chalumnae) order of fish
related to lungfishes and tetrapods, first appear-
ing in the fossil record in the Devonian, 410 mya,
believed extinct since the end of the Cretaceous
(65 mya), but found off the east coast of South
Africa in 1938, near the Chalumna River. Now
also known in Madagascar, the Comoros, and
East African coast. The second extant species,
L. menadoensis, was described from Sulawesi,
Indonesia in 1999. A coelacanth can be up to 2
m and 80 kgs, usually living at depths of 75-200
m. They are opportunistic night feeders, hunting
squid and other fish.

continental drift (Plate tectonics): Alfred Wegener
hypothesized in 1912 that continental landmasses
move about on the globe, but the Dutch cartog-
rapher Abraham Ortelius in 1596 had already
considered the Americas “torn away from Africa
and Europe” Only in the 1960s, sufficient geo-
logical evidence of that movement was found in
the mechanism of seafloor spreading.

coronal plane: see body planes

cortical bone: the dense and hard bone at the out-
side of a bone. The spongeous bone with a a
honeycomb like structure inside a bone is called
trabecular bone.

cranially: towards the head
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cranio-caudal: in the long axis of the body (from
head to tail)

cranium: skull

crocodiles: large aquatic reptiles that live through-
out the tropics in Africa, Asia, the Americas and
Australia.

crossover sign acetabulum: when the anterior
(green line) and posterior (red line) wall of the
acetabulum intersect on an pelvis AP radio-
graph. This is one feature of acetabular retro-
version, i.e. a position of the acetabulum facing
backward instead of forward (anteversion). See
radiographs.

crossing Sign
retroversiof

AP radiograph with the anterior (green line) and poste-
rior (red line) wall of the acetabulum.

cursorial: long distance walking and running

dermal bones: bone formed in the skin without a
cartilaginous precursor (for example cleithrum
and anocleithrum in fish)

Devonian period: 415-75 mya

DNA hybridization evidence: the ranges for the
datings of divergence nodes are Old World mon-
keys, 25-34 mya; gibbons, 16.4-23 mya; orang-
utan, 12.2-17 mya; gorilla, 7.7-11 mya; chim-
panzees—human, 5.5-7.7 mya (Sibley).

dorsal/dorsally: posterior, towards the back (as
opposed to ventral)

encephalization: the amount of brain volume or
mass an animal has exceeding that what may be
expected related to the animal’s body mass, i.e.
brain size relative to body size.

endochondral bones: are formed from a cartilagi-
nous precursor by endochondral ossification: see
ossification.

explosive radiation: rapid emergence of new spe-
cies

extant: still living today

extinct: no longer living

extension: retro or backward flexion, moving
toward the back.

Eusthenopteron (Eusthenopteron foordi): Genus
of fossil lobe finned fish of about 385 mya.
Eusthenopteron has endochondral bones in its
pectoral and pelvic fins with the pattern seen
in mammals and other tetrapods today of on
proximal (humerus, femur) and two distal bones
(radius/ulna and tibia/fibla). This, and it’s exten-
sive documentation by paleoichthyologist Erik
Jarvik has brought Eusthenopteron a somewhat
iconic status as the link between fish and tetra-
pods. The first specimen was described in 1881
from, Miguasha, Quebec. Some 2,000 Eusthe-
nopteron specimens have been found there.

Eusthenopteron foordi

femoral condyles: semicircular bones on in and
outside (medial and lateral) of the femur, which
articulate on the plateau of the tibia

femoral neck: bone between femoral head and
femoral shaft

femur: thigh bone, upper leg

fishapods: mosaic animals that combined tetra-
pod and fishlike characteristics in the period
of approx. 380-340 mya. They are sometimes
called “transitional” or intermediate forms
between fish and tetrapods, but neither these
animals nor evolution had any idea what they
were in transit to, or what they were intermedi-
ates between. Examples: Panderichtys, Acantho-
stega, Ventastega, and Tiktaalik.

flexion: forward movement of a limb.

fossil: the preserved remains or traces of animals,
plants, and other organisms from the remote
past. Fossils are usually formed when mineral-
filled water penetrates the remains of a buried
creature. Over the ages, minerals are laid down
in the body, for which bone with its porous struc-
ture is particularly suited, changing it to a virtual
“stone bone” over time. But even soft tissues
have in rare cases been preserved, for example
the invertebrates of half a billion years ago in the
Burgess Shale in Canada.

fossil “gap”: the absence of “intermediate forms
between two taxa. Given the time span and the
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odds for the required geologic processes, it
would be highly surprising if there was no fossil
gap. Estimates are that about 90% of all species,
will never be known to us as fossils (Dawkins,
2004).

genetic switches: the first example of a genetic
switch unravelled is the lactose switch (by French
biologists Jacob and Monod, Nobelprize 1965).
E. coli bacteria normally digests glucose, but
switch to other sugars such as lactose when glu-
cose is unavailable. Lactose is broken down by
the enzyme beta-galactosidase which normally
is virtually absent in E. coli that digest glucose.
If, however, glucose runs out, and only lactose is
present, the bacteria starts making beta-galacto-
sidase at a nearly thousand fold rate. What hap-
pens is that a genetic switch is turned on by the
presence of lactose which then starts beta-galac-
tosidase production by the beta-galactosidase
gene. The switch itself is a molecule that sits at
the beta-galactosidase gene, blocking its activity.
But this molecule also has a binding site for lac-
tose, and when lactose binds, the switch falls off
and the gene starts making beta-galactosidase.

geologic time scale: Table 3. The 4.55 billion-year
geologic time scale is subdivided into different
time episodes of varying lengths. All of Earth
history is divided into two great expanses of time.
The Precambrian from when Earth first formed
to about 570 mya. The Phanerozoic Eon began
570 mya and continues today. The time scale is
occasionally refined, for example by improved
dating of rocks using radiometric methods.

gibbons: small Asian apes, Vv
fine acrobates, proficient s
brachiators (moving about
using arm swinging).
They also walk upright
over branches or on the
ground.

hominids: members of the family Hominidae (or
“great apes”), including the extinct and extant
humans, chimpanzees, gorillas, and orangutans.
hominoids: (superfamily Hominoidea) the great
apes such as human, gorilla, chimpanzee, orang-
utan and lesser apes (gibbons). Living homi-
noids are human, chimpanzee, bonobo, gorilla,

orangutan and nine species of gibbon.
hominins: humans and our ancestors, but not other
apes.

human: Homo sapiens. The word is sometimes
also used to refer to any extinct member of the
genus Homo (hominins).

horizontal plane: plane parallel to the ground

hypertrophy: growth

impinge: make an impact, encroach (intrude or
advance beyond due limits)

impingement bump: outcrop of bone / cartilage,
in humans mostly seen at the anterosuperior
(femoral) head-neck junction

independent development of a trait: means that
the trait arose anew in a species that in its family
tree was surrounded by species that did not have
this trait.

invertebrates: animals without vertebral collum
(spine) such as insects or worms.

joint preserving hip surgery: surgery that
attempts to increase the lifespan of a joint, in
other words that tries to delay or obviate the
implantation of an artificial joint.

kinematics: the study of motion without regard to
force or mass.

kinetics studies: what motions of bodies are pro-
duced under the action of particular forces.

knuckle-walking: quadrupedal walking where the
front limb rests on knuckles.

K/T boundary: separation between the age of
dinosaurs (Cretaceous 65-145 mya) and the
age of mammals (Tertiary). Geologist can find
a worldwide layer of Iridium (a rare metal in the
Earth’s crust, but common in meteorites) in the
geologic strata at 65 mya. K is the traditional
geological abbreviation for Cretaceous, the C
already being in use for Carboniferous epoch
(360-300 mya).

K/T mass extinction event: presumably a large
meteorite impact 65 mya near the Yucatan pen-
insula that caused extinction of all Dinosaurs
(except birds) and approx. half of all other spe-
cies.

labrum: cartilage ring on the acetabular rim
(periphery) that works as a fluid seal, containing
the femoral head and the joint’s fluid.

lateral: located on the outside

ligamentum teres: ligament between femoral head
and acetabulum (often absent in orangutan)
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lordosis: extension of the lumbar spine (“back-
ward bending”)

lumbar spine: part of the vertebral collum between
the ribs and the sacrum

lunate surface: the horse—shoe shaped cartilage
surface within the acetabulum

lungfish: freshwater fish, retaining “primitive”
characteristics such as ability to breathe air,
lobed fins and a well-developed internal skel-
eton. Today, they live in Africa, South America,
Australia.

medially: near or towards the midline of the body

medio-lateral: in a sideways direction

Menschik’s kinematic laws: the knee moves in
its flexion—extension guided by its cruciate liga-
ments according to a four bar linkage model.

molecular clock (evolutionary clock): a technique
in molecular evolution to relate the time since
two species diverged to the number of molecu-
lar differences measured between the species’
DNA sequences or proteins. The first notion of a
“molecular clock” is attributed to Emile Zucker-
kandl and Linus Pauling who, in 1962, saw that
the number of amino acid differences in hemo-
globin between lineages scales roughly with
divergence times, as seen in fossil evidence.

my: million years

mya: million years ago

neck-shaft angle (also caput-collum-diaphysis or
CCD angle): angle subtended between axis of
the femur and of the femoral neck.

neoteny: birth of a fetus before development/
growth has finished. In neoteny, the physiologi-
cal (or somatic) development of an animal or
organism is slowed or delayed

Old World monkeys: a group of primates, from
the superfamily Cercopithecoidea. Old World
monkeys live in Africa and Asia today, but are
also known from the fossil record in Europe. The
most familiar species of Old World monkeys are
baboons, mandrills and macaques.

opposable hallux: a great toe that can grab as a
thumb by moving opposite to the other toes

orangutan: Pongo pygmaeus

ossification: bone formation, Fetal bone formation
happens by two processes: intramembranous and
endochondral ossification. Intramembranous
ossification mainly occurs during formation of
the flat bones of the skull; the bone is formed

from mesenchymal tissue. In intramembranous
ossification an ossification center develops which
calcifies and matures and develops a periosteum.
Endochondral ossification, on the other hand,
occurs in long bones such as the femur. The
bone is formed from cartilage beginning in “pri-
mary ossification centers”. They mostly appear
during fetal development, and form the diaphy-
ses of long bones, short bones and some parts
of irregular bones. Secondary ossification hap-
pens after birth, and forms the epiphyses of long
bones and the extremities of irregular and flat
bones, such as the pubic rami. The diaphysis and
both epiphyses of a long bone are separated by
a growthplate of cartilage (physis). When a child
reaches skeletal maturity (18 to 25 years of age),
all of the cartilage is replaced by bone, fusing the
diaphysis and both epiphyses together (epiphy-
seal closure), but this is markedly delayed in the
human pubic bones, allowing longer growth and
greater flexibility at the pubic symphysis.

paleontology: study of the morphology of extinct
animals

Pan troglodytes: chimpanzee

Pan paniscus: Bonobo

Panderichthys: a fishapod with many features
of the transitional between lobe-fin fishes (e.g.,
Eusthenopteron) and early tetrapods. It is 90—
130 cm long with a large flattened tetrapod-like
head that is narrow at the snout and wide in the
back.

Pangaea: supercontinent joining all landmasses
during the Paleozoic and Mesozoic eras about
250 mya. The name was coined by Alfred
Wegener (1920), originator of the continental
drift theory.

pectoral: breast

Pelycosaurians: earliest mammal-like reptiles,
living in the Carboniferous period. Best known
example is Dimetrodon. Pelycosaurs had sprawl-
ing gait.

Permian: geologic period from 300-250 mya that
ended, with the most extensive extinction event
recorded in paleontology, probably by impact
of a comet larger than in the K/T event. In the
Permian-Triassic event 90% to 95% of marine
species and 70% of all land organisms became
extinct.

phylogeny: the study of evolutionary relatedness
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among groups of organisms.

Pongo pygmaeus: orangutan

point of ground contact: point where the body
mass is transferred to the ground (as determined
by force plates in gait analysis), i.e. position of
this point in the foot changes while walking.

popliteal fossa: dorsal (flexion) side of the knee
joint

postcranial (skeleton): skeleton “beyond the cra-
nium”, i.e. everything but the skull.

Primates: apes, monkeys (e.g. baboons) and
lemurs.

quadrupeds: those walking on all fours

retroversion: backward tilt of acetabulum or fem-
oral neck. See anteversion and crossover sign

reptiles: air breathing, cold-blooded, scaly animals
of the class Reptilia which includes snakes, liz-
ards, crocodiles, turtles, tortoises.

rodents: an order of mammals characterised by
two continuously-growing incisors in the upper
and lower jaws which must be kept short by
gnawing.

Forty percent of mammal species are rodents,
and they are found in vast numbers on all con-
tinents other than Antarctica. Common rodents

mice, rats, squirrels, chipmunks,
gophers, porcupines, beavers, hamsters, gerbils,
guinea pigs, degus, chinchillas, and groundhogs.
Rodents use their sharp incisors to gnaw wood,
break into food, and bite predators. Most eat
seeds or plants, though some have more varied
diets. Some species have historically been pests,
eating human seed stores and spreading disease.

rotational birth: rotation of the fetal head to pass
the birth canal

sacro-lumbar spine: part of the spine between
tail/sacrum and thorax (ribs)

sacrum: bone connecting the two pelvic bones
(ilium) dorsally

sagittal: see body planes

scoliosis: S-shaped curve in the spine in the frontal
plane

sexual dimorphism: systematic difference in form
between individuals of different sex in the same
species. Examples are size, color, but also body
parts used in courtship displays or fights, such as
ornamental feathers, horns, antlers or tusks.

sexual selection: Darwin proposed that certain
traits can be explained by competition between

include

members of a species. He defined sexual selec-
tion as the effects of the “struggle between the
individuals of one sex, generally the males, for
the possession of the other sex”. Biologists today
distinguish between “male to male combat”,
“mate choice” (usually females who choose)
and sexual conflict. Traits selected for by male
combat are called secondary sexual characteris-
tics (e.g. horns, antlers), traits selected by mate
choice are called “ornaments”.

species: see taxonomy. Perhaps 99% of all species
that ever existed have gone extinct (Sepkoski).

spherical: round

spondylolisthesis: when one vertebral body shifts
anteriorly (ventrally) on the lower (caudal) ver-
tebral body due to a defect or fracture in the ver-
tebral arch on the dorsum of the vertebrae.

sprawling gait: see Figure 9 postures, gait with
flexed limbs perpendicular to the body axis,
requiring a constant “push-up” to keep the body
from the ground.

superior femoral neck:
see figure

superior

QJ infetior ;
L
superorder: see taxonomy

taxon (plural: taxa) is a name designating an organ-
ism or a group of organisms. Carl Linnaeus,
Swedish physician, botanst, zoologist, formu-
lated a systematic hierarchy of taxa reflecting
evolutionary relationships in his Systema Natu-
rae, during his stay in the Netherlands in 1735.

taxonomy: taxis = order, the classification of ani-
mals according to similarity. See Table

tetrapods: animals with four limbs, digits, ribs,
neck.

tilt or inclination: is the angle between the face of
the acetabulum and the transverse plane, or the
angle between the acetabular axis and the longi-
tudinal axis. The transverse plane can be defined
as a line joining the left and right spinous pro-
cesses.

Tiktaalik: a Sarcopterygean found in the Canadian
Arctic, lived 380 mya, see Fishapods

trait: any single feature or quantifiable measure-
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Linnean taxonomy of Man

¢ Species Homo sapiens high forehead, well-
developed chin, etc

e Genus Homo s-curved spine, “man”

e Family Hominidae upright, large brain,

hands and feet have dif-
ferent specializations
humans and great apes.
collar bone, eyes face
forward, grasping hands
with fingers

giving birth to live young
after a full internal gesta-
tion period

endotherm vertebrate
with hair & mammary
glands, (in fem.) give
milk to nourish young
have a backbone, which
may be cartilaginous
notochord and pharyn-
geal gill slits (which may
be vestigial)

eukaryotic cells with cell
membrane but lacking
cell wall

organisms which have
cells with a nucleus

¢ Superfamily Hominoidae
¢ Order Primates

¢ Cohort Placentalia

¢ Class Mammalia

e Subphylum Vertebrata

¢ Phylum Chordata

Animalia

« Kingdom

¢ Domain Eukarya

ment of an organism (a characteristic or property
of an animal).
transverse plane: the plane perpendicular to the
main (longitudinal) body axis (see body planes).
transverse process: bony spine on vertebrae,
attachment site for ligaments and muscles. Com-
pared to monkeys, apes developed a much more

Old World Monkey
transverse process

Modern Human

The transverse process in monkey and man. Drawing from
Lovejoy 2005.

dorsal position of the transverse process, which
determines the size the erector spinae muscle
can attain. In humans, this dorsal position is still
present.

Trendelenburg gait: swaying gait where the pelvis
tilts downward over the loaded hip due to weak-
ness of the abductor mechanism.

trichromatic vision: colour vision based on the
presence of three types of colour sensitive cells
(“‘cones”): red, green and blue.

triradiate: consisting of three parts (in the acetab-
ulum: the ilium, ischium and pubis)

ungulates: hoofed animals such as horses, cows
and deer

ventral: anterior, towards the abdomen (as opposed
to dorsal)

vertebral collum: spine

vertebrates: animals with a vertebral collum
(spine)—fish, reptiles, amphibians, birds, and
mammals.
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Evolution of the hip and pelvis

Introduction

The human hip is a conceptually simple ball and
socket joint, but part of a complex anatomic unit
with the pelvis and sacro-lumbar spine. This unit
is highly variable between different species of
animals. In contrast, the knee exhibits a similar
building plan in many animal species. The knees
of birds, crocodiles, cows and man all share simi-
lar morphology. They have cruciate ligaments,
menisci and two different radii of curvature for the
tibiofemoral and patellofemoral joints (Dye 2003),
and thus follow Menschik’s kinematic laws (Miiller
1983). Below the knee, enormous variation is seen
in the morphology of paws, hoofs, feet, flippers
etc. Above the knee, and perhaps surprisingly, hip
morphology also differs fundamentally in various
animals that share similar knees.

Morphologic variations of the hip that cause
impingement (abutment, jamming or impact)
between the femoral neck and acetabulum have
long been associated with pain and arthritic
changes (Smith-Petersen 1936, reprinted 2009).
More recently, the mechanism of femoroacetabular

shoulder girdle

scapulocoracoid
radials

pectoral fin

shoulder girdle
scapulocoracoid

radials of fin axis

pectoral fin fin rays

preaxial radials

Figure 1. Ray- versus lobe-finned fish: a lobe-finned fish
(bottom) has endochondral bones with the primordial
building plan of one proximal and two distal bones. The
lobe-fin is narrower at its base, facilitating rotation around
its long axis to increase efficiency of swimming (adapted
from Clack 2002, with permission).

impingement has been further clarified, and can now
be summarized as osteoarthrosis through motion
(Ganz et al. 2008, Harris 1986, Stulberg 1975).
Some of the morphologic traits of human femoro-
acetabular impingement are normal morphology in
extant mammals, for example the aspherical femo-
ral heads of ungulates such as horses and deer. But
when seen in the human hip, such morphology can
induce osteoarthrosis through motion, not only in
sports but also in daily activities.

The aim of this study is to present a framework
of evolution of the hip and pelvis and relate this to
the human hip joint with special interest for devel-
opment of morphology that can lead to motion
induced osteoarthrosis in man.

The pelvis is not attached to the spine in
Fish

Fish have no neck—the pectoral (breast) fins are
attached to the pectoral ring, which is attached
to the cranium (skull) through “dermal bones”
(Figure 1). Near the tail, the paired pelvic fins are
attached to the pelvic ring, which, however, is not
attached to the spine, it is a “free” element (Figure
2). Development of land life hinged on the devel-
opment of these paired fins into limbs that, eventu-
ally, could bear the animal’s weight against gravity.
However, it now appears that limbs first developed
in water, not on land.

Land life started with Sarcopterygians (from
Greek sarx — flesh, pteryx — fin) in the Devonian
period (415-375 million years ago — mya). Sar-
copterygians, or lobe-finned fish, are still around.
Examples are lungfish and coelacanths. Lobe-finned
fish such as the fossil Eusthenopteron (Figure 2),
were the first to have endochondral bones in their
paired breast and pelvic fins with the pattern still
seen in our limbs today: one proximal (femur and
humerus) and two distal bones (tibia/fibula and
radius/ulna, Figures 1-3). This setup narrows the
base of the fin compared to that of ray-finned fish
(Figure 1), allowing the fin to rotate easier around

Copyright © Informa Healthcare Ltd 2009. ISSN 1745-3674. Printed in Sweden — all rights reserved.
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Figure 2. Eusthenopteron (top), a fossil lobe-finned fish of approx. 380 mya is seen as the beginning of the transition to
land-life. The minute scapulocoracoid (red) is attached to the skull through the dermal bones cleithrum and anocleithrum
(blue). The pelvic bone (yellow, green, orange) is not attached to the spine.

Acanthostega (a fishapod, middle) can be seen as the other end of the transition to land-life, and the time elapsed
between these two fossils is about 15 million years. Scapulocoracoid (red) has increased in size, and the pectoral girdle
is no longer attached to the cranium. The pelvis has enlarged markedly and is now attached to the spine by ligaments
and muscles.

Varanus (bottom), is an extant tetrapod, a lizard. The clavicle (light blue) is not attached to the spine, allowing move-
ment between the scapulocoracoid and the spine to increase stride length. The pelvis has a bony connection to the spine
through the sacroiliac joints (figures not to scale, adapted from Clack 2002, with permission).
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Figure 3. The ancient building plan or (hind) limbs (From Jarvik 1980).

its long axis, increasing efficiency of swimming. Their pelvic fins had what can be interpreted as a
These fins are also sturdier, allowing these fish to  proto-femur (Figure 3).
push them along the bottom of shallow waters.
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Figure 4. Triradiate form of pelvic bones in A. a lobe finned
fossil Eusthenopteron, B. an early tetrapod, Ichtyostega,
and C. an extant mammal, the mole (from Jarvik 1980).

Fishapods evolve limbs - in water

In recent years the “fossil gap” between fish and
tetrapods (animals with four limbs, digits, ribs,
neck) narrowed down with spectacular finds of
intermediate forms dating from 380-360 mya. The
most recent example is Tiktaalik, a Sarcopterygean
that lived 375 mya in the Canadian Arctic (at that
time situated near the equator with a subtropical
climate — Table 1). Tiktaalik looked like a fish and
was a fish, for it had fins, scales, and gills (Figure
5). However, it also had a neck, ribs, an upper and
forearm, even a wrist. It’s pelvic fins, less well pre-
served than the pectoral ones, appeared smaller and
weaker (Figure 5). Hence, Tiktaalik was a mosaic
— a “fishapod” — demonstrating that fins and limbs

.

are part of a continuum (Shubin et al. 2006, Dae-
schler et al. 2006).

Another “fishapod”, Acanthostega, found in
1987, had large gills and a fish-like tail. However, it
also had limbs, but these look delicate, more flipper
than leg-like, and seem unable to bear the animal’s
weight on land. Thus, although Acanthostega had
limbs, it may never have left the water, indicating
legs evolved in water, not on land (Clack 2002).

Molecular genetic studies recently underpinned
that the difference between fins and limbs is made
by subtle changes in a relatively small number of
genetic switches (Davis et al. 2007). No extraordi-
nary processes or genetic mechanisms are needed
to explain the fin to limb transformation. This con-
trasts with “classical” evolutionary thinking that
assumed severe draughts in the Devonian “forced
the fish out of the water” in a “major evolutionary
event”. Recent findings suggest tetrapods followed
the lead of plants and invertebrates when the time
was right. Only after land was colonized by plants
and invertebrates, vertebrates could follow. How-
ever, once this transition was firmly grounded, a
huge diversity of forms emerged during the Car-
boniferous (360-300 mya) and Permian (300-250
mya), some of which looked unlike anything living
today. However, the Permian ended with an utterly
catastrophic extinction event (250 mya). Whereas
the K/T extinction event (K/T stands for Creta-
ceous/Tertiairy, Figure 6) of 65 mya has been
popularized by the wipe-out of Dinosaurs (Alvarez
1998), the Permian extinction event was far more
annihilating: 90% of marine species and 70% of
all land organisms became extinct. In fact, such

= %WWWW

A i
STV

Figure 5. Tiktaalik roseae, a fishapod from the Canadian Arctic, which was equatorial at that time, 375 mya
(reprinted by permission from Macmillan Publishers Ltd: Daeschler 2006).
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Table 1. Geologic time scale, life and tectonics

Eon | Era | Period Epoch Time | Life Tectonics
Quaternary Holocene |0.01 Homo sapiens
Pleistocene | 1.6 Homo erectus
FIeE 5.3 hominins
Neogene
Qo
S
o
S §' Miocene 24 apes
Cl 5 : 37 )
~ Oligocene primates
Paleogene e 58 major r_n_am_mal
diversification
Q
g Paleocene | 66 end of dinosaurs
% Cretaceous 144 early birds
T 2 | Jurassic 208 dinosaurs
3
1]
()
2 | Triassic 245 early mammals
amniotes
Permian 286 tetrapods
Carboniferous 360 Acanthostega
Devonian 408 Eusthenopteron
8
N
3
< | Sulurian 438
a
Ordovician 505 B Eurasia
Cambrian 570 North America
- - M South America
& | Proterozoic 2500 B Africa
g B Australia
S Archean 3800 B Antarctica
o
a | Hadean 4550

extinction events are regularly recurring events
on a geological scale (Raup and Sepkoski 1986),
although decreasing in severity due to optimization
of fitness with evolutionary time (Figure 6).

Tetrapods start walking with limbs
perpendicular to the trunk

Tetrapods include amphibians, reptiles, dinosaurs,
birds, and mammals. In tetrapods the pectoral ring

no longer has bony attachments to the cranium, but
attaches to the vertebral collum through muscles.
In contrast, the pelvic ring is no longer a free ele-
ment, but attached to the vertebral collum through
the sacral ribs (Figures 2c and 7).

The best known early amphibian, Ichtyostega
was discovered in 1932 in 365 million year old
rocks in Greenland (Figure 7) (Jarvik 1996).
Unlike Acanthostega, its spine may not have been
very flexible laterally (sideways), but more so dor-
soventrally (up and down). So it was probably not
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Figure 6. Extinction events such as the K/T extinction that
wiped out the dinosaurs (except birds) are regularly recur-
ring events on a geological scale (Raup and Sepkoski
1986). K/T stands for Cretaceous / Tertiary, marking the
end of the Cretaceous Period (in geologic abbreviations
the C was already taken for Carboniferous, hence K for
“Kreidzeit”). The x-axis shows geological time, the letters
mark the geological periods. The y-axis shows the percent-
age of marine genera that got extinct during these events.
Percentage extinction of species is even higher because
a genus contains many species making it much harder to
extinguish a genus than a species. Note, though, decreas-
ing severity of extinction events with time (adapted from
Sepkoski 1996, Dawkins 2004).

a very efficient swimmer, and walked with a stiff
trunk, or shuffled around somewhat like a an inch-
worm, with two front and two hind limbs moving
simultaneously (Ahlberg et al. 2005).

Whatever its locomotion, the hip joint in Ichtyo-
stega was shaped roughly like a trough (Figure 4)
and corresponding cam (Figure 8), appearing far
more “primitive” than the knee, which already had
two distinct femoral condyles and a popliteal fossa
(Jarvik 1996).

In later amphibians and early reptiles the limbs
grow larger and stronger, but are still flexed and
perpendicular to the long axis of the body, as the
paired fins in fish. For a fish, the orientation of the
fins relative to the body axis has no consequence
for energy consumption. But walking on land is
far more energy efficient when the limbs are under
instead of perpendicular to the body. With perpen-
dicular limbs, muscle action is constantly needed
to prevent the trunk from sagging to the ground,
like a permanent “push-up” (Figure 9). With the
limbs more extended and under the body, muscle
action is needed for balance and locomotion, but

Figure 7. Ichtyostega. Note 7 toes on “foot” (from Clack
2002, with permission).
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Figure 8. Ichtyostega femur (from Jarvik 1996). Ichtyostega
acetabulum is shown in Figure 4.

not for lifting the trunk off the ground (Hutchinson
and Gatesy 2000). Amphibians and early reptiles
walked with a sprawling gait, with an almost hori-
zontal movement of the humerus and femur, with
the adductors carrying the bodyweight. Rotation
around the long axis of the humerus and femur
helped increase step length. Sideways flexibility of
the spine creates a wave-like trunk movement (a
vestige of its fish ancestors’ propulsion), likewise
increasing step length. But this trunk movement
is not only energy-inefficient for walking, it also
hinders breathing because the sideways flexing
alternately compresses one lung, shunting stale air
to the other lung, decreasing breathing efficiency
(Carrier 1987). This is why amphibians can move
about in only short bursts of activity, after which
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Figure 9. Posture types (adapted from Jenkins 1971).

they have to stop and breathe. Several evolution-
ary developments subsequently bypassed this con-
straint. Walking upright, decoupling walking from
breathing, is one. Development of a diaphragm or
shifting the wavelike motion to the vertical plane
(e.g. galloping quadrupeds) are other examples.

Another problem for a sprawler that arises with
larger body size is the required muscle strength.
The problem with upscaling body size is that
strength of a muscle is proportionate to its area
of cross section (mr?), whereas mass increases
with volume, i.e. the cube (3rd power) of linear
dimensions. Thus, an animal that grows to twice its
linear dimensions will have four times the muscle
strength, but its weight will be eight times the orig-
inal weight. Further, muscle moment arms scale
linear rather than squared, and particularly for the
adductors used to lift the body off the ground in a
sprawling posture: the trunk simply becomes too
heavy for this posture type.

Reptiles shift their limbs under the trunk

Early reptiles evolved from amphibians approxi-
mately 350 mya. Reptiles, unlike amphibians, are
no longer dependent on water to breed because
their eggs have a membrane that prevents them
from drying out when not in water (amniote eggs).
In mammals these membranes became the amni-
otic sac that surrounds the foetus. Reptiles started
walking in a more upright position. This semi-
erect gait has the front and hind limbs (Figure 9)
aligned more with the long axis of the trunk and
thus closer to the body axis. The front limb was
repositioned with the elbow facing backwards
(caudally), the hind limb with the knee facing
forwards (cranially). This shift can be seen today

when a crocodile goes from walking in sprawling
gait, to running with the hind limb more under its
trunk in semi-erect gait. Perhaps this means a croc-
odile has about the maximum weight (800-1000
kg) compatible with sprawling gait). This position
also shifts the task of stabilizing the body over
the hind limb from the adductors to the abductors
(Hutchinson and Gatesy 2000). The repositioning
of the hind limb changed the hip joint: the proxi-
mal end of the femur evolved from the cam-like
shape in amphibians to a more rounded cam or
oval shape, with corresponding shape changes in
the acetabulum (Tables 2 and 3).

Dinosaurs start walking upright

In the reptilian superorder of dinosaurs, evolved
from reptiles 230 mya, the transition to erect pos-
ture was completed. A vertical limb can carry much
heavier loads than the same limb loaded horizon-
tally, thus dinosaurs could grow huge sizes com-
pared to amphibians. Vertical limb position and
more round hip joint shapes also gave dinosaurs a
greater stride length. Further, erect posture decou-
pled walking from breathing, increasing stamina
as running no longer counteracted breathing. In
erect posture, forces in the acetabulum were redi-
rected, from medially in the sprawling and semi-
erect postures, to dorsally in the fully erect posture
(Figure 9). Dinosaurs therefore had less need for a
sturdy bony buttress in the medial (inner) wall of
the acetabulum. In fact, one of the hallmarks of a
dinosaur is an “open” acetabulum (Figure 10). The
inner wall may have consisted of cartilage, but this
is not preserved in fossils.

Bipedalism becomes possible when the hind
limb is positioned under the trunk, freeing the front
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Table 2. Pelvis types

Fish Amphib./Reptile Dinosaur Mammal Ape Homo
Figure 1,2 2,4,7 10 12 25 25
Pelvis free fixed to spine 2 types horizontal horizontal vertical
llium short short short long & flat long & flat short & curved
Acetabulum trough trough “open” round round round
Posture floater sprawling (semi)erect erect erect erect
Locomotion swim quadrupedal bipedal quadrupedal arboreal/quadrupedal bipedal
Table 3. Proximal femur types
Amphib./reptile  Dinosaur Mammal recta Mammal rotunda Ape Homo
Figure 2,7 10 14 17 17 22
Head shape cam cylinder/oval  bicycle helmet ball ball ball
Femoral rotation no no small yes large yes
Femoral motion 2-D mainly 2-D mainly 2-D 3-D 3-D 3-D
Femoral offset no minimal anterior circumferential circumferential depends on type

Figure 10. Saurischian (Antrodemus, left) and ornitischian
(Thescelosaurus, right) dinosaur pelvis and femur. Both
have an “open” acetabulum. Femora in posterior view,
acetabula in lateral view (from Romer 1957).

limbs for other tasks such as feeding and fighting.
All carnivorous dinosaurs and many others were
bipedal, their balance assisted by a slender but long
tail. Indeed, one of many “reversals” in evolution
is that some quadrupedal dinosaurs evolved from
bipedal ancestors (Hutchinson and Gatesy 2006).
Bipedal dinosaurs had a more cylindrical femo-
ral head and several species had what looked a bit
like a femoral neck. Consequently the outer (lat-
eral) part of the neck began to look like a greater
trochanter (Figure 10). However, this lateral margin
of the dinosaur’s proximal femur had few if any
muscle insertions and was probably covered with
cartilage, presumably continuous with the femoral
head. It was not comparable in relative size to the

“true” greater trochanter seen in mammals, nor did
it likely have a similar function: perhaps it was
a site for a bursa over which femoral protractors
(flexors, such as m. iliofemoralis and iliofibularis)
passed, or only a continuation of the femoral head
(Walker 1977). Given these considerations, the
ossification of the proximal femur during growth
of a dinosaur likely arose from one single, continu-
ous epiphysis (“coalesced”, see below).

The shift to bipedalism can today be seen in
some types of quadrupedal lizards, that, without
specific anatomic adaptations, can go from qua-
drupedal gait to upright bipedal running.

Small mammals in a dinosaur world

Mammals began to evolve 300 mya from synapsid
reptiles, so before dinosaurs evolved. Synapsids
(“fused arch”) derive their name from the openings
in their skull. Synapsids also have the first osteo-
chondral connection between sacrum and ilium
(Romer and Price 1940). An early example, one of
the earliest ancestors of mammals, was the pelyco-
saur Dimetrodon (“two shapes of tooth™), which,
by all appearances would have passed for a dino-
saur-type animal (Figure 11) at over 3 m long and
with the great “sail” on its back. Did its sail attract
mates? Frighten off enemies? Control body tem-
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Figure 11. Dimetrodon was an early mammal-like reptile of 280 mya. Note
it has a medial wall in its acetabulum, and a femur resembling that of Ich-
tyostega. Acetabulum in lateral view and femur posterior view (from Romer
1957). Reconstructions of skeleton and body abound on the internet, but no

one knows what colour Dimetrodon was.

Figure 12. Thrinaxodon Liorhinus, a Cynodont (early mammal), which lived
in the mid-Triassic (approx. 230 mya), fossils found in Africa and Antarctica,

then joined in Pangaea (from Jenkins 1971).

perature? We don’t have a clue. We do know Dime-
trodon had a proximal femur with a rounded cam,
without femoral neck or greater trochanter, much
more like Ichtyostega than a dinosaur (compare
to Figures 8 and 10). This makes sense because
Dimetrodon lived 280 mya, long before dinosaurs
began to evolve (230 mya) from reptiles. We are
used to seeing mammals as the “evolutionary suc-

cessors” of dinosaurs after their K/
T extinction, but the mammal-like
reptiles flourished before the era of
dinosaurs.

About 200 mya the first “true”
mammals appear (Jenkins 1971),
small hairy animals that can main-
tain a higher body temperature.
They have sweat glands, and in
females some of these glands spe-
cialized to produce milk to feed
the young (Figure 12). But soft
tissues are rarely if ever preserved
for palaeontologists. Instead, the
signature feature that distinguishes
mammals from reptiles and indeed
all other vertebrates is the presence
of two small bones in the middle
ear. The evolution of the middle
ear auditory ossicles from reptil-
ian jawbones is a prime example of
exaptation, where a structure finds
a new purpose during evolution. It
is supported by transitional forms
(Kermack and Mussett 1981) and
molecular-genetic evidence (Tucker
and Watson 2004).

However, for the “new” mam-
mals, life on earth in the ensuing
135 my was dominated by dino-
saurs. Nearly all early mammals
were nocturnal which led to degen-
eration of the colour discrimination
earlier mammal-like reptiles likely
had in their vision. Today, mam-
mals as a group probably have the
poorest colour discrimination of
all vertebrates. An exception are
apes and monkeys where, at least
twice, colour (trichromatic) vision
re-evolved independently in South
America and Africa (Dawkins 2004).

Mammals in the dinosaur-world were always
small. In fact, for more than two thirds of their
entire existence, mammals were not larger than
cats, and most were the size of rats and mice. Then,
following the mass extinction event of 65 mya that
ended the era of large dinosaurs, some mammal
species survive, and within the evolutionary blink
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anteversion
angle

Figure 13. The femoral neck can be characterized by its length, width and the angle it
forms with the shaft of the femur in 2 planes (anteversion and neck-shaft angle). Offset:
the maximum space between femoral neck and a line drawn parallel to it along the femo-
ral head. Green arrow posterior (dorsal) offset, yellow arrow anterior offset. Anterior/cra-
nial is up, lateral is to the left. Lines drawn on cast of femur of Turkana Boy, a 15 year old

Homo erectus that lived 1.5 mya (Table 4).

of an eye, 2-3 my, we see development of mas-
sive mammals and explosive radiation to a plethora
of different species. Evolution to recent mammals
was characterized by extinction of the large mam-
mals, approximately 40,000 years ago — possible
causes such as climate change or hunting by man
are hotly debated among palaeontologists (Kemp
2004).

Two hip types in extant mammals

Large variation exists in hip morphology in extant
mammals, but within this variation, two types of
hip can be distinguished. These types can be char-
acterized morphologically as a sturdy hip (coxa
firma or coxa recta) or a mobile hip (coxa mobilis
or coxa rotunda), based on differences in round-
ness of the head and the position of the head on the
femoral neck. Roundness or sphericity of the fem-
oral head can be quantified with the alpha angle for
the anterior head-neck junction (Notzli et al. 2002)
and its analogues such as the beta angle for the
posterior head-neck junction (Figure 16 and 31)
(Toogood et al. 2009). Femoral head roundness is
similar for both types for the portion that is within
the acetabulum in habitual standing position. But
at the junction of the femoral head and neck a coxa
recta has a straight section whereas a coxa rotunda
exhibits continued roundness (examples in Figures
14, 16, 17, and 22). Related to this roundness is
the position or “set” of the head on the femoral
neck. The parameter that best clarifies this aspect
of hip morphology is offset: the space available
between the head and the neck (Figure 13), also
a measure of the thickness of the neck relative to

the head when expressed as a ratio. A coxa recta
has low offset, specifically in the straight section of
the head-neck junction (Figure 14). A coxa rotunda
has high offset, increasing range of impingement-
free motion within the acetabulum (Figures 16 and
17). Head roundness and offset are thus inversely
related: higher anterior offset correlates to a lower
alpha angle, higher posterior offset correlates to
lower beta angle (Figure 16). Both sphericity and
offset thus shape the “concavity” of the head-neck
junction (Toogood et al. 2009), which determines
the bony limit of femoral head motion in the ace-
tabulum.

Examples

Most larger mammals have a coxa recta. This hip
type is best exemplified by cursorials, mammals
that do a lot of standing and running. Horses are
a prime example. But also carnivores, like a wolf,
and ground-dwelling monkeys such as mandrills
or baboons have a coxa recta (although the femo-
ral head is rounder in monkeys than in cursorials,
Figure 14). Correspondingly, the body posture and
locomotion of these monkeys is quite similar to
canids (dogs, wolves, etc; Figure 15), and so is the
relation of the femoral head to neck (Figure 14).

Apes (today: gorilla, chimpanzee, bonobo,
orangutan) have a round femoral head, positioned
more symmetrically on the femoral neck, with
higher offset. But several marine species (e.g.
seals) and many rodents also have a coxa rotunda
(Figure 17).

Development aspects

These two hip types are the outcome of develop-
mental differences in the proximal femur. In early
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Figure 14. Variation in coxa recta hip morphology in (left to right): an ungulate, the horse (Equus caballus); a carnivore,
the wolf (Canis lupus); and a ground-dwelling monkey, the mandrill (Mandrillus sphinx). Top two rows show AP view of
femur. Below, the third row shows the anteversion of the femoral neck (as seen in the long axis of the femur, anterior is up).
Femoral head of Equus has (normal) large groove posteriorly at teres ligament insertion site. Bottom row shows (axial)
view perpendicular to the femoral neck with reduced offset and straight section of posterior head-neck junction compared
to anterior, where heads are round and offset much higher.

Figure 15. Skeletal (not cranial) similarities between dog (left) and ground dwelling monkey (mandrill, right).

growth, all mammalian species have one epiphysis  one single entity (“coalesced”), resulting in a coxa
for both greater trochanter and femoral head. In the  recta hip type. But in several species, including
majority of mammal species this epiphysis remains  apes, the epiphysis is separates in two parts during
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Figure 16. Beta angles in a monkey coxa recta (80°, man-
drill, left) and an ape coxa rotunda (42°, chimpanzee,
right). Also note differences in anterior and posterior head-
neck offset and neck version between coxa recta and coxa
rotunda. Mandrill has 10° anteversion, chimpanzee has
12° retroversion. View is perpendicular to the femoral neck,
anterior is up, posterior is down.

growth (“separate”), one for the femoral head, one
for the greater trochanter (Figure 18) (Serrat et al.
2007).

Interpretation

A straightforward phylogenetic explanation for
these hip types is not available, in other words, one
type is not older or more “primitive” than the other
(Serrat et al. 2007). Body weight appears to play
a role only at the extremes of the range, with the

s

lightest mammals (rodents) having a coxa rotunda
and separate ossification pattern, and the largest,
the elephant, having a coalesced ossification pat-
tern, with a round femoral head on a very thick and
vertical femoral neck (neck-shaft angle approx.
160°).

When hip movements and loading are examined
in more detail, it appears that mammals requiring
a large range of hip motion, specifically rotation,
have a coxa rotunda and a “separate” hip ossifica-
tion pattern. For example, apes use a wide range
of hip motion in climbing, including internal and
external rotation for grasping with their opposable
big toe. Aquatic mammals such as seals likely also
benefit from hip rotation in the long axis of their
flipper to increase swimming efficiency.

Mammals with more stereotyped, less varied hip
motion have a coxa recta with coalesced ossifica-
tion pattern, for example ungulates such as horses
that use their hip almost exclusively in a limited
flexion—extension range, with little, if any rota-
tion. In a coxa recta the femoral head cartilage

) 3
e
-

Figure 17. Variation in coxa rotunda hip morphology. From left to right: two apes, a chimpanzee and an orangutan; a semi-
aquatic rodent, the beaver (Castor fiber), and a marine mammal, the seal (Phoca vitulina). Top two rows shows AP view
of femur. Below, third row shows version of femoral neck (anterior is up). Note all have retroversion of the neck except
Castor. Bottom row shows (axial) view perpendicular to the femoral neck with offset both anteriorly and posteriorly, and
a round femoral head.
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Figure 18. Histological sections of proximal femur from a 7-day-old (left) and 28-day-old mouse (right). During early post-
natal development, the entire proximal end of the femur consists of a single chondroepiphysis (top). Later in growth this
epiphysis is separated in two, one for the femoral head and one for the greater trochanter (below). These two epiphyses
remain separate throughout the rest of growth. Scale bar = 200 um (from Serrat 2007).

Figure 19. Kangaroo posture is characterized by deep flexion in hips and knees. Coxa
recta hip morphology is pronounced with no offset whatsoever on the postero-superior
head-neck junction, where tensile forces are largest when a kangaroo lands a jump, and
joint contact area is maximized.

extends onto the neck, giving the femoral head a
shape somewhat like a bicycle helmet, suggesting
this cartilage is not covered by acetabular cartilage
during normal function, but a large labrum covers
most of the lateral extension of the head on the
neck.

No quantitative studies have been done to com-
pare the mechanical characteristics of the two
hip types. Even so, the morphology of the head
neck junction in a coxa recta can be interpreted
to increase tensile strength. Low offset, or even
better, a straight section, is found where the high-

est tensile stress is expected. For example, offset is
low in the area (cranio-dorsally) where the highest
rate of tensile loading can be expected in a gallop-
ing horse. Likewise, in a kangaroo, offset is com-
pletely absent and the head-neck junction straight,
at the cranio-dorsal head-neck area, precisely
where forces of landing of the jumping animal are
transmitted (Figure 19).

A coxa rotunda has high offset, increasing range
of impingement-free motion within the acetabu-
lum, at the expense of tensile strength of the femo-
ral head-neck junction. In coxa rotunda the neck is
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Figure 20. Evolution of long flexible lumbar spine in monkeys (left, macaque) to a stiffer construct in apes (gibbon), uni-
body in chimpanzee (Note 3 lumbar vertebrae) and back to longer and more flexible lumbar spine in man (scales normal-
ized for comparison to same distance of 1st thoracic vertebra to ischium. Adapted from Schultz 1950, with permission).

also relatively longer (Figure 17), further increas-
ing range of motion of the hip.

Apes evolve a stiff back and mobile hips

Primates (apes, monkeys and lemurs), share a last
common ancestor 65 mya, i.e. they were already
a separate lineage of mammals at the K/T extinc-
tion. Monkeys (e.g. baboons) are quadrupeds with
a tail and overall body architecture quite similar to
canids (Figure 15). Apes, as opposed to monkeys
and the majority of all other mammals, have no
tail- why is unknown.

The apes emerged about 25 mya, and as they
grew to larger sizes their lumbar spine changed
to a stiff “shortback™ (Schultz 1950) (Figure 20)
Their ilium “wings” (cranial part) lengthened,
while the number of lumbar vertebrae decreased
to three or four, bringing the ribcage very close to
the ilium. This creates a stiff “unibody” with bio-
mechanical advantages for the larger apes as they
climb and swing through trees, also reducing the
risk of spinal lesions after a fall. As with limb pro-

portions in reptiles, size is an issue: in smaller and
lighter primates a relatively long and more mobile
lumbar spine is not a liability whereas the mobil-
ity of the lumbar spine increases their efficiency
to jump (compare quadrupeds such as hares that
use their flexible lumbar spine to increase stride
length).

In contrast to the stiffening of the spine, the
hip became more mobile in apes to facilitate tree
climbing: a shallower acetabulum developed and
femoral heads became more round than those in
their quadrupedal ancestors (Jenkins 1977, Schultz
1969) (Figure 17).

Early humans develop into an extra-
ordinary primate indeed: an ape with an
enormous brain, walking upright

Man’s evolution from the apes features three unique
developments: bipedal gait and encephalization (the
third feature, elongation of life phases, is beyond
current scope (Schultz 1950, Gibbons 2008)). The
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4 |
Figure 21. Encephalization as a pattern shift in brain and skull growth: differential rate and duration of growth underlies
marked differences in skull and jaw shape (adapted from Dawkins 2004, with permission).

B A

Figure 22. Evolution of the Hominin femur from left to right: Lucy (Australopithecus afarensis, 3.2 my); Java Man (Homo
erectus, 1.5 my, note traumatic defect on anterior femoral head and myositis ossificans-like lesion on medial diaphysis);
Homo sapiens female; H. sapiens male. H. erectus and both H. sapiens femora are from Dubois collection. Lucy femur has
no femoral condyles, anteversion of femoral neck is therefore uncertain. Note variable rotation on AP views (2 top rows)
giving variable impression of femoral neck length. Also note coxa rotunda in female and coxa recta with high anteversion

in male H. sapiens. Scales are approximate.

concept of encephalization was proposed by Dubois
(who started the field of paleoanthropology with
his discovery of “Java man”, Figures 21 and 22),
when he documented brain size in relation to body
size (Dubois 1897). Although many species can
use bipedal gait, Man is the only primate that made
bipedal gait its exclusive form of transport. Further-
more, humans had their birth process re-engineered
to accommodate the spectacular size increase of
their brains. Both changes have had enormous

impact on the pelvis, making this the most defining
skeletal element to “read” human evolution.

Early humans share a last common ances-
tor about 6 mya (range 5.5-7.7 mya, (Sibley and
Ahlquist 1987)) with chimpanzees (and bonobos),
that’s approximately 250,000 generations ago.
Many species and many “dead ends” characterize
this evolution, most of which took place in Africa.
Homo sapiens is present in only about the last 3%
of total time of the evolution of the apes (Kingdon
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Table 4. Human evolution from Toumai to Homo (for review see Gibbons, 2006).
Mya | Namef/fossil | Scientific name | Place Height | Weight | Brain | Traits/Anatomy
(year found) (m) (kg) (ml)
0 [Human Homo sapiens global 1.70 70 1400 | Big brain, bipedal, almost hairless
0.1 |Neander- Homo Neander- | Neanderthal |1.60 76 1550 | More robust than H. sapiens, barrel
thal 1829, thalensis Germany shape thorax, strong antecurvation
1848,1856 femur
0.25- | Java Man Homo erectus Java, 1.55? |57 1000 | Used fire?
1.8 |(1891) (Pithecanthropus | Indonesia, Stone tools
Peking Man | erectus
(1929) H. ergaster/ China
Sinanthropus)
0.9—- | Gona Pelvis | Homo erectus Gona, 1.20- 880 | Most complete female H. erectus
1.4 | BSN49/P27 Ethiopia 1.46 pelvis: obstetrically intermediate
between modern humans and Lucy.
Size of pelvic inlet is within modern
range, outlet is smaller (Figure 25)
1.6 | Turkana Boy | Homo erectus Nariokotome, | 1.55 58 880 | Oldest near complete hominin skel-
(1984) Lake Turkana, eton. 11-12 year old boy, estimated
KNM-WT Kenya 1.85 m as adult
15000
1.9 | KNM-ER Homo habilis Lake Rudolf, 34 525— | Brain size disputed (525-750 ml)
1470 (Kenyapithecus) | (now lake 750 | Tool use
(H. rudolfensis) | Turkana)
2.5 |Mrs.Ples Australopithecus | Sterkfontein, |1.40? |36 500 | Now thought to have belonged to
(1940) africanus South Africa young male
STS-14 (Plesianthropus
Transvaal)
3.2 |Lucy (1974) | Australopithecus | Hadar, 1.20 NA 375— | Bipedal, based on pelvis, hip
AL-288-1 afarensis Afar region, 500 |and bicondylar angle of femur.
Ethiopia Pelvis has “hyperhuman” traits, i.e.
relatively widest pelvis and longest
femoral neck, but obstetrically not
very different from chimpanzee.
Brain size estimate has wide range
because only 5 skull vault fragments
were found (Figures 25 and 26).
3.6 |Laetoli Australopithecus | volcanic NA NA NA | 3 hominids walking upright
footprints afarensis ash, Laetoli,
(1976) Tanzania
4 | Little foot Australopithecus | Sterkfontein, | NA NA 400- | Bipedal, many skeletal parts found
Stw 573 africanus South Africa 500 |in 1994-1998, including skull.
(1955) Dating is not certain, ranging from
2.2-4.0 my.
4.4 |“Root ape” | Ardipithecus Ethiopia and | NA NA Teeth more chimpanzee-like than
(1992, ramidus Kenya any later humans (enamel thick-
1994) ness)
6 | Orrorin Orrorin tugen- Tugen hills, “Chimp | NA NA | Bipedal? Uncertain, due to equivo-
(2000) ensis Kenya size” cal data on femoral neck ossifica-
tion pattern. Only fragments of skull
found.
6-7 | Toumai Sahelanthropus | Sahel desert, | NA NA 340- | Bipedal? based on position of
(2003) tchadensis Chad 360 |foramen magnum and occipital
insertion site of neck muscles. No
pelvis/ femur found
0-6 | Chimpanzee | Pan troglodytes | Africa 0.7— 25-70 [350 | Climber, knuckle walker, occasion-
1.2 ally bipedal
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Figure 23. Femur of Orrorin
tugenensis (from Galik 2004,
reprinted with permission from
AAAS).

2003), and evolution of the pelvis and hip certainly
predated Homo’s origin (Carroll 2005).

In the last 15 years spectacular fossils were
found that demonstrate the transition from ape to
human (Table 4; see also Gibbons 2006). These are
mostly called hominins (humans and our ancestors,
but not other apes), or hominids, a term for “great
apes”, including the extinct and extant humans,
chimpanzees, gorillas, and orangutans. Heated
debate usually follows the claims based on a new
fossil’s morphology. The two most recent were
the proximal femur of Orrorin tugenensis (Kenya,
2000) and the skull of Toumai or Sahelanthropus
tchadensis (Tchad, 2002). Orrorin, dated at six mil-
lion years, is claimed as a bipedal hominid (Figure
23), primarily based on the ossification pattern of
the femoral neck (Galik et al. 2004). Toumai, 67
million years old (Brunet et al. 2002), is thought
to have walked upright because of the position of
the foramen magnum in the skull and the insertion
site for the neck muscles at the back of the skull.
The dating of both fossils is not contested, and
debate now focuses on whether they were indeed
bipedal, because if both were, Orrorin lived close
to, and Toumai possibly even before the split with
chimpanzees. This would mean either a very short
time for bipedality to evolve, or repeated evolu-
tion of bipedality at more than one time, or that
our common ancestors with chimpanzees were
at one time bipedal and then reverted to all fours
(Dawkins 2004).

Why did early humans develop these
peculiar traits?

Evolution has no plan or goal, it just happens. A

strict “why” is therefore irrelevant, but what were
the evolutionary drivers for encephalization and
bipedality? Quite a few theories have been pro-
posed. As to the relation between encephalization
and bipedality, it is now clear bipedality came first:
“Lucy” (see below) was bipedal, but her brain was
not much larger than a chimpanzee’s (Figure 21).
But neither was tool use the “cause” since bipedal-
ity predates estimates of first tool use by several
millions of years (Lovejoy 1981).

Some of the better known hypotheses to explain
walking upright are: freeing the hands to carry
food or infants over large distances (Lovejoy
1988), walking upright on branches (Thorpe et al.
2007, Preuschoft 2004), squat feeding (Kingdon
2003), increasing the visual horizon, providing an
advantage for feeding in savannah-woodlands and
better escape from predators (Videan and McGrew
2002), and feeding in a water environment — the
aquatic or wading ape (Morgan 1997).

However, any explanation for bipedality, and
even more so for encephalization, will have to deal
with one important point: why are humans the only
apes with these traits? In other words, if there is a
clear evolutionary benefit in growing a huge brain
and walking upright, why did not more apes, pri-
mates or even mammals do it?

Bipedality appears the easier trait to explain,
because walking upright is a normal activity for
other apes (e.g. as they walk across branches
(Thorpe et al. 2007), and its further evolution in
Homo could simply be a quantitative shift in exist-
ing behaviour (Dawkins 2004). For chimpanzees
however, walking or running on two legs is not
faster or more energy efficient than on four (Taylor
and Rowntree 1973). Looking at energy cost, the
evolutionary benefit of a huge brain is even more
questionable: a huge brain is also a huge energy
expenditure (approx. 25% of total in an adult
human, up to 60% of total in an infant). Thus,
another type of evolutionary driver must have
played a role in what appears to be the non-utilitar-
ian initial development of both traits, particularly
encephalization. This driver may be sexual selec-
tion. Sexual selection has the dual effect of enhanc-
ing a given trait in male offspring and inheriting
the preference for this trait in female offspring
(Darwin 1871). Working in lockstep in both part-
ners, sexual selection can produce rapid spurts of
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evolution in arbitrary directions, creating bizarre
extremes as the peacock’s tail and the “gardens” of
birds of paradise (Dawkins 1996).

Miller argued that up to 50 percent of human
genes are expressed through or in the brain. For
an (early) human, it then makes sense to judge the
reproductive health of a prospective mate by his
or her brain, or more accurately, by judging brain
products such as hunting, but also speech, play and
art. Clearly, these were not consciously articulated
goals of individual early humans, but evolutionary
mechanisms that increase the reproductive success
of a species. In this view, the human mind is open
to sexual selection and rapid and far-reaching evo-
lutionary change (Miller 2000). And that is what
happened: brain size of early humans roughly dou-
bled from 450 to 900 ml in the period from 2 mya
to 0.7 mya (Table 4; Figure 21). Body size also
increased, but an even bigger relative increase in
brain size occurred from 0.5 to 0.1 mya, say from
late Homo erectus to early Homo sapiens (Table
4). This is one of the most remarkable changes in
the evolution of any mammal and a prime dem-
onstration of a runaway effect (Johanson and
Elgar 2001) or “software-hardware-co-evolution”
(Dawkins 1996). Compared to similar sized mam-
mals, chimpanzees have approximately twice their
brain size, but a modern human six times this size
(Jerison 1973). Such momentous size increase was
no longer compatible with “ape-style” birth. Both
“intra-” and “extra-pelvic” adaptations evolved.
Delay of most of brain growth until after birth was
probably most effective (neoteny, see below).

How did these peculiar human traits
develop?

What evolutionary developments made walking
upright and enormous brains possible? The key
to understanding form is development, the pro-
cess from egg to animal. Spectacular progress in
developmental biology in the last two decades has
substantially clarified our understanding of how
bodies are built, showing that virtually endless
variation in form is developed with an identical
toolbox in insects, vertebrates and other animals
(Shubin 2008). Morphological change is no longer
seen as a consequence of a change in a gene, but a

Figure 24. Chimpanzee has a Trendelenburg gait due
to lack of efficient abductors and walks with flexed hips
and knees because its stiff spine remains in forward flex-
ion (from Jenkins 1972, reprinted with permission from
AAAS).

change in the regulation of genes: the turning on
and off of genes at specific times and places during
embryogenesis and growth (Wolpert 2006). This is
evolutionary-developmental biology, Evo-Devo in
short (Carroll 2005). Most important are genes that
affect number, shape or size of a structure. Stun-
ning similarity is present in these toolbox “master”
genes (homeobox or hox genes) between animal
groups that diverged in evolution over 600 mya.
The profound morphological changes in pelvis
and hip from chimpanzee to human thus result
from “pattern shifts” in the regulation of the genes
involved, the genes themselves are virtually identi-
cal (Lovejoy et al. 2002).

This contrasts to thinking for over a century
that development of bone and joints was primar-
ily determined by mechanical loads. Among many
mechanical parameters, loading history and, spe-
cifically, bone strain have the strongest influence
on osteoblast activity (Carter and Wong 1988,
Shefelbine and Carter 2004), the more popular
expedient of this interaction known as Wolff’s law
(Prendergast and Huiskes 1995). However, recent
advances in developmental biology show loading
history is not the only, nor even the primary deter-
minant of resulting bone and joint morphology (for
review see (Wolpert 2006, Lovejoy et al. 2002). An
integrated system of sequentially expressed gene
arrays determines bone and joint morphology;
mechanical parameters mainly provide threshold
values for these gene actions.
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Figure 25. Hominid pelves, from left to right: chimpanzee, Lucy (Australopithecus afarensis, 3.2 my), Homo erectus (1.5
my), Homo sapiens. Note that chimpanzee pelvis has larger AP than ML diameter, then evolves to wider pelvis in Lucy,
and from H. erectus pelvis is again increasing in AP diameter by differential growth of the pubic bones. Red asterisk marks
ischial spine in Homo pelvis (adapted from Simpson 2008, with permission from AAAS). Scale of chimpanzee pelvis is

approximate.

The 5 nuts and bolts of bipedalism

The development of habitual bipedal gait hinged
upon changes in the lumbosacral spine and pelvis-
far more than changes in the hip joint. But pelvic
changes in turn influenced the hip, leading to pro-

Figure 26. Lucy (Australopithecus afarensis) skeleton. Pelvis
was reconstructed, see Figure 25 (from Johanson 2001, © /
courtesy National Museum of Ethiopia).

nounced differences between male and female
human hips. Encephalization not only co-evolved
with key pelvic shape changes, but also depended
on adaptations outside the pelvis such as neoteny.
These developments are summarized in 5 para-
graphs below, but clearly are intertwined (Figures
22 and 25).

1. Lumbar lordosis increases efficiency of
bipedal gait

When a chimpanzee walks upright, the pelvis is
more vertical, but the hip maintains about the same
position in the pelvis, i.e., is not extended (Figure
24) (Jenkins 1972). This is not caused by a lack of
possible extension of the hip joint, but by a stiff
lumbar spine that lacks lordosis (extension or ret-
roflexion). The chimpanzee walks with flexion of
both hips and knees to compensate the forward
bent position of the spine that keeps the centre of
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Figure 27. Bone distribution in the femoral neck. From left to right: Chimpanzee, Australopithecus afaren-
sis (AL-128), H. sapiens (from Lovejoy 2005, and Ohman 1997, with permission).

mass of the upper body forward (ventral) to the
sacrum. This “bent-hip, bent-knee gait” brings this
centre of mass closer to the point of ground contact
of the feet, but at the price of considerable work for
hip, knee and back muscles (Carey and Crompton
2005).

When a human walks upright, hips and knees can
be in much more extended positions because lumbar
lordosis aligns the centre of mass of the upper body
with the sacrum and the point of ground contact. Lor-
dosis was made possible when considerable reduc-
tion in height of the ilium “freed-up” the lumbar
spine (Figure 20), which itself lengthened when the
number of lumbar vertebrae increased to five or six.
A larger distance developed between lower ribs and
iliac crest, creating a waist in the human trunk (as
opposed to the barrel shaped ape trunk). The sacrum
broadened markedly and tilted forward (horizon-
tally). Changes in the shape and position of the
facet joints further increased lumbar spine mobil-
ity (Lovejoy 2005). Lumbar lordosis thus benefits
energy-efficient upright walking. In humans, stand-
ing erect requires only 7% more energy than lying
down. Dogs use considerably more energy standing
than lying, presumably because they have their hind
legs flexed (Abitbol 1988).

The downside of this “mobilization” of the lumbar
spine may be a relatively insufficient erector spinae
muscle. The potential for hypertrophy is likely
hampered by the dorsal position of the transverse
processes that developed with the “shortback”. Sco-
liosis and spondylolisthesis are virtually absent in
the great apes. Perhaps these spinal malformations
in humans are associated with the length and mobil-

ity of the lumbar spine and a relative erector spinae
muscle insufficiency (Lovejoy 2005).

2. The pelvis changes from long, narrow and
flat to short, wide and curved.

Indeed, just about everything changed in pelvic
shape going from ape to human, but at about 3 mya,
the hominid pelvis had acquired its general form
seen in humans today (Figure 25). This included
functioning abductors and hip kinetics that allowed
permanent bipedal gait (Lovejoy 2005). Thereaf-
ter, the most important pelvic changes were driven
by further ballooning of the early human brain.

The world-renowned specimen from this era is
“Lucy”, or Australopithecus afarensis, a female
from East Africa 3.2 mya, that stood around 1.m10
tall (Figure 26), males stood around 1.30 m). Lucy
walked upright, but had a brain size of approx. 450
ml, not much bigger than a chimpanzee’s (Johan-
son and Elgar 2001).

The human pelvis is much more three-dimen-
sional than the long and flat ape pelvis. The ilium
wings curve forward, (Figure 25), repositioning
the origin of the anterior gluteal muscles (medius
and minimus) and tensor fasciae latae, changing
their function from extensors in quadrupedal walk-
ing to hip abductors in bipedal walking. Effective-
ness of these new abductors is reflected in bony
architecture of the femoral neck: (early) humans
have little cortical bone in the superior femoral
neck whereas chimpanzees (and other apes) have
a circumferential ring of cortical bone (Figure 27).
This is because chimpanzees do not have a func-
tional abductor apparatus as such- they walk with
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Figure 28. Pelvic planes (from Tague 1986, with permis-
sion).

a swaying torso (Trendelenburg gait (Figure 24).
The human anterior gluteals (the new abductors)
exert compressive stresses on the superior neck
negating the tension stresses in this area, resulting
in less cortical bone in the superior femoral neck
(Kalmey and Lovejoy 2002, Ohman et al. 1997).
Australopithecines like “Lucy” already had this
ossification pattern in their femoral neck, indicat-
ing they walked upright with well-functioning hip
abductors (Lovejoy et al. 2002, Ohman et al. 1997).
Identical findings were claimed after CT scanning
the femoral neck of the 6 my old Orrorin (Galik et
al. 2004), but controversy ensued promptly about

chimpanzee

inlet

midplane

outlet

the quality of the preparation and scans, and valid-
ity of the claims (Ohman et al. 2005).

A vertical pelvic wall becomes a horizontal pelvic
floor

The transition to upright posture meant that the
vertical pelvic wall of quadrupedal mammals
became the horizontal pelvic floor in early humans
(and the horizontal abdominal floor became a ver-
tical abdominal wall). In humans, the pelvic floor
evolved to an essential control system for conti-
nence and prevention of prolaps (Abitbol 1988).
Indeed, the pelvic wall is less adequate in other
hominids, for example extended upright posi-
tions in chimpanzees and gorillas frequently pro-
duce incontinence. Evolution of the pelvic floor is
related to the ischial spines (see below), which, in
humans, are the attachment site not only for the
strong sacrospinous ligament, but also for the ten-
dinous arch of the pelvic fascia.

3. Childbirth

Likely a stronger (and certainly a more direct
driver) for evolution than bipedal gait is childbirth.

Homo

Lucy

Figure 29. Rotational birth in Homo (from Tague 1986, with permission).
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In the last 0.7-0.5 my, spectacular further increase
in brain size led to pelvic adaptations, or vice versa.
That is, only after enlargement of the birth canal
(or “true pelvis”) was further increase in brain
size possible. Initial changes in brain size up to ca.
900 ml were accompanied with increase in overall
body size (table 4). Up to approximately 0.7-0.5
mya, the true pelvis had roughly the same shape in
inlet and outlet, an oval with its largest diameter in
M-L direction (M-L = medio-lateral (side to side)
(Figure 25) (Tague and Lovejoy 1986).

In apes, the fetal head passes in the same orienta-
tion through pelvic inlet, — midplane and — outlet
(Figure 28), and because the ape true pelvis has
larger A-P than M-L dimensions (Figure 25), the
foetus aligns with its head in this A-P direction
(Figure 29). Although the head size of Lucy’s baby
was still similar to a chimpanzee’s, A-P narrowing
of the pelvic inlet and midplane (Figures 25, 28, and
29) caused by the repositioned sacrum, introduced
the need for sideways (M-L) position of the head
to pass through. The pelvic outlet (Figure 29) was
likely passed with the head in the same direction.

Further increase in brain size required “intra-
pelvic” adaptations especially at the pelvic mid-
plane and outlet (widening of the sacrum had
already enlarged the pelvic inlet in M-L direction).

The problem of the pelvic midplane is its posi-
tion between the hip joints. Further M-L widening
of the pelvic midplane and outlet would place the
hip joints still further apart, increasing the moment
arm of body weight, requiring increased abductor
work in compensation. To retain an energy efficient
bipedal gait, the abductor moment arm, which is
the femoral neck, would have to be lengthened.
But hominids such as Lucy had already stretched
the possibilities for this option, in fact they had a
wider pelvis and longer femoral necks, relatively,
than any other primate, including current humans
(Figures 22, 25, and 26 (Lovejoy 2005).

A very special pubic symphysis evolves

The solution for enlarging the pelvic midplane and
outlet was found in the other, A-P, direction, by
forward lengthening the pubic rami and moving
sideways of the ischia (Figure 25). This creates the
obtuse subpubic angle seen in the human female
pelvis. The ossification pattern of the pubic rami is
truly remarkable in modern humans as secondary

ossification centres do not fuse before the end of
the childbearing age in the third decade. In Afri-
can apes, pubic secondary ossification centres fuse
at the end of adolescent growth along with, for
example, the iliac crest growth plate (apophysis).
This delay in secondary ossification allows human
pubic rami to continue lengthening after growth
has long stopped in the remaining skeleton (Love-
joy 2005), and prevents premature fusion of the
symphysis (as can happen in other hominids). The
pelvic outlet was now enlarged (Figure 25), but
in a plane 90° to the largest diameter of the pelvic
inlet. Accordingly, the foetal head had to rotate 90°
in passing from midplane to outlet, i.e. rotational
birth (Figure 29) (Tague and Lovejoy 1986).

Ischial spines: obstructing the pelvic midplane?
In the pelvic midplane, the ischial spines appear
an awkward feature in pelvic development. In qua-
drupedal monkeys and other tailed mammals, the
ischial spines are the insertion site for tail muscles,
are of insignificant size, and located laterally and
dorsally near the sacrum. Perhaps surprisingly,
in early humans with their ballooning brains, the
ischial spines not only grew in size, but did so in
a far more obstructing position than in their ape
ancestors: centrally in the pelvic midplane (Figure
25). In humans, the ischial spines are the most
critical feature for passage of the foetal head (Abit-
bol 1988). “Lucy” had an intermediate position in
this evolution with an ischial spine sized and posi-
tioned between humans and chimpanzees (Figure
25). The human ischial spines develop in the years
6-12 and fully ossify in adulthood. They may have
prime importance in development and strength of
the pelvic diaphragm (Abitbol 1988). For orthopae-
dic surgeons, the ischial spine is a sign of acetabu-
lar retroversion when seen on an A-P pelvic radio-
graph (Kalberer et al. 2008). However, size of the
ischial spines is also determined by the presence of
an inconstant separate ossification centre (Zimmer
1968), highly variable in humans and not related to
gender and race, which has not been found in any
other mammal (Abitbol 1988).

Adaptations outside the pelvis

As human brain size continued to grow, other,
“extra-pelvic” adaptations also evolved. One was
neoteny: birth of the foetus with an immature brain.
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Human

Chimpanzee

Figure 30. The Double Extension (adapted from Aiello
2002, with permission).

Chimpanzees are born with about half their adult
brain weight, humans with a quarter. To compen-
sate, the human baby maintains its rapid (foetal)
rate of brain growth in its first year, doubling its
brain size (Johanson and Elgar 2001). By four
years, the chimpanzee’s brain is nearly finished,
whereas the human brain grows until early ado-
lescence, and undergoes substantial restructuring
until at least age 15 (Thompson et al. 2000).
Another “extra-pelvic” adaptation was assisted
birth. Apes do not have rotational birth, the foetus
passes relatively easy through the birth canal, typi-
cally facing towards the ape mother on exit. With
rotational birth, the foetus faces away from the
human mother, which means she can have diffi-
culty to clear the airway or remove the umbilical
cord from the baby’s neck. Extracting the baby in

this position can produce hyperextension (neck)
injuries. In this situation, an early human female
likely had a better chance of survival for her baby
and herself when she accepted or sought the help of
other females, i.e. assisted birth. Walking upright
and a ballooning brain thus transformed birth from
an individual to a social enterprise for early humans
(Trevathan 1996).

4. Upright walking repositioned the hip joint
through both pelvic tilt and hip extension.

Comparing with the hip joint of other hominids,
the most striking change in early humans is the
extension in the hip through both tilting the pelvis
more vertical (upright) and extending the hip joint
itself (Figure 30). This “double extension” places
the hip joint near the limit of its extension in
humans. Chimpanzee bent hip — bent knee gait has
about the same position of the femur in the ace-
tabulum as when knuckle-walking, which is in its
mid-range (Figure 24). But the human hip, when
standing upright, has about 120° of active flexion,
but only about 20° of active extension (Roach
and Miles 1991). The double extension creates
an “anterior uncovering” of the femoral head as
seen on a lateral radiograph and CT scans (Weiner,
Kelley 1993). This position (Figure 31) necessi-
tates a large offset posteriorly and/or smaller pos-
terior acetabular wall to prevent impingement of
the femoral neck on the posterior acetabular wall,
i.e. to prevent the neck from impacting on the pos-
terior acetabular wall and/or the head from lever-
ing out of the acetabulum. This concurs with the
observation that the posterior head-neck junction

Figure 31. Identical radiographs of the “normal” human hip show, on the left, anterior “uncov-
ering” of femoral head (red crescent). On the right: larger concavity posterior than anterior,
in this case due to both low beta angle (beta angle a—c—d = 30°, vs. alpha angle b—c—d =
48°) and increased posterior offset (yellow arrow vs. anterior offset, red arrow). Cross table
lateral radiograph (perpendicular to the femoral neck), anterior is up, posterior is down.
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in humans nearly always has good concavity as a
result of a low beta angle (a round head posteri-
orly), or large posterior offset, or both (Figures 16
and 31).

In addition to the double extension, anteversion
has increased from chimpanzee to human, both in
the femur and acetabulum.

5. Anteversion increases in both acetabulum
and femur

Acetabulum: no comparative quantitative data exist
on anteversion and inclination of the acetabulum of
apes compared to humans (Schultz 1969, Jenkins
1972, Aiello and Dean 2002, Bergé 1993, Martin
and Saller 1959), but chimpanzees have a “laterally
facing acetabulum” (Jenkins 1972), and humans an
“anterior facing” acetabulum (it has higher ante-
version). This increase in acetabular anteversion
from chimpanzee to human would only increase
the need for sufficient posterior head-neck con-
cavity in the human, to prevent impingement of
the femoral neck on the posterior acetabular wall
when the hip is extended and or rotated laterally.
Conversely, retroversion can increase the tolerance
of the hip for impingement in extension and lat-
eral rotation. But acetabular retroversion (defined
as a crossover sign of the acetabulum anterior and
posterior wall) is found in only 6% of the human
general population (whereas 20% of human hips
with osteoarthrosis have
retroversion (Ezoe et al.
2006, Giori and Trousdale
2003). If retroversion is a
torsion of the lower hemi-
pelvis (Kalberer et al.
2008), this would cause
the ischial spines to narrow
the pelvic midplane. Evo-
lution would then likely
favour development of
anteversion in females, or
at least avoid retroversion.
Indeed, mean anteversion
is 3-5 degrees higher in
females than males as
measured in the pelvic
midplane (Maruyama et
al. 2001, Stem et al. 2006,
Murtha et al. 2008).

Figure 32. Young male orangutan scratching his back with
his foot (photograph for Time-Life, March 28, 1969 by Co
Rentmeester, with kind permission).

Femoral anteversion is highly variable within
and between species (Martin and Saller 1959,
Tayton 2007). Quadrupeds walk with flexed hips
and in this position anteversion effectively reduces
bending moments on the femoral neck(Tayton

Figure 33. An accomplished yogi performing the maximum of modern human flexion,
abduction, and external rotation (courtesy of David Swenson).
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Table 5. differences between coxa profunda and coxa recta

True pelvis Acetabular Head type Neck width Head neck  Head neck Impingement
width depth?  (roundness) offset ratio type
Female hip
coxa profunda T T rotunda 4 T T pincer ®
Male hip
coxa recta 4 1) recta T 4 4 camb
Chimpanzee = 4 rotunda 13 T T -

a Acetabular depth can be characterised by the lateral centre-edge angle of Wiberg (Wiberg 1939) and the extrusion

index of Murphy (Murphy, Ganz 1995)

b Impingement types explained in (Ganz et al. 2008), mixed types also occur.

Figure 34. Coxa profunda in a 56
year old female: deep position of
acetabulum at the ilio-ischial line
requires a round head. Head/neck
ratio=1.5

y

Figure 35. Coxa recta in 35 year old
male. Straight portion of femoral is
seen on both AP pelvis and axial
view (left). Note early degenerative
changes. Head/neck ratio = 1.3

2007). Humans walk with extended hips, and
in this position the neck-shaft angle reduces the
bending moments on the femoral neck. Both ante-
version and neck-shaft angle are components of a
3D neck-shaft angle, likely the result of a devel-
opmental pattern, influenced by the forces on the
proximal femur (Shefelbine and Carter 2004). CT
measurements in humans without hip problems
show a mean value of 24° + 17° anteversion (range
1°-48° (Strecker 1997)).

Femoral retroversion may be rare in humans, but
not so in the apes: in gorillas it is found in 17%
(mean 7° anteversion), chimpanzees 29% (Figure
16, 17) (mean 5°, range -11 to +18°) and orangutans
80% (mean 4°, range -13° to +10°) (Martin and
Saller 1959). The orangutan is remarkable in having
the largest range of hip motion of any ape, possibly
any mammal. Unique features of the orangutan hip
are a high neck-shaft angle, a narrow neck with high
head-neck offset, a commonly absent ligamentum
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Orangutan (1.8)

Gorilla (1.5)

Chimpanzee (1.5)

Homo (1.35)

Figure 36. Radiographs of Hominid hips with head-neck ratios (head largest diameter divided by smallest neck width). The
human hip has the thickest neck, decreasing offset and impingement-free motion. Also note thicker cortical bone in the
superior femoral neck of the apes (from Lovejoy 2005, with permission). AP view, not to scale.

teres, a shallow acetabulum and a small or nearly
absent acetabular notch (the acetabulum is almost
completely filled with cartilage (Schultz 1969).
This enables the orangutan to scratch its back com-
fortably, with its foot (Figure 32), an act of abduc-
tion-external rotation impossible for man, even for
accomplished yogis (Figure 33).

The human female and male pelvis and
hip differ markedly in shape

The outcome of the 5 nuts and bolts outlined above
is a pelvis with profound morphologic differences
between the human sexes. In turn, these pelvic dif-
ferences produce different hip types (Figures 34
and 35). These differences in hip joint morphol-
ogy are not a female/male dichotomy, but different
rates of prevalence of hip types within a continuum
(Asfaw 1985). Nevertheless, within this continuum,
we find in females a higher rate of coxa profunda,
in males a coxa recta.

A coxa profunda has a “deep” acetabulum,
which means the bottom (fovea) is at or medial to
the ilio-ischial line (Table 5, Figure 34). A coxa
profunda has a round femoral head with normal or
high head-neck offset (Table 5) and a high lateral
centre-edge angle, it is a deep hip.

A coxa recta has a straight (aspherical) segment
on its antero-superior femoral head, whose carti-
lage extends onto a thick femoral neck, forming
a cam, or pistol grip deformity or impingement
bump, decreasing head-neck offset (Table 5, Figure
35).

The clinical relevance is that both hip types can
lead to osteoarthrosis through femoro-acetabu-
lar impingement (FAI) (Ecker 2007, Ganz 2008).
Which hip will develop progressive osteoarthrosis,
requiring arthroplasty, and which hip may remain
more or less stable radiographically over the years,
is currently studied (Bardakos and Villar 2009).

Prevalence of hip types has historically been
studied using only AP pelvic radiographs. Perhaps
the coxa recta is the “tilt deformity” of earlier stud-
ies, whose prevalence was reported around 10% in
controls. In osteoarthrosis, prevalence of tilt defor-
mity was found about 5 times higher in men than
women, at 40-45% (Murray 1965, Solomon 1976).
This is comparable to recent studies that docu-
mented cam type deformity (coxa recta) in 17% of
men and 4% of women in a cohort of over 3000
unselected Danish persons (Gosvig et al. 2008).
In addition, in over 1000 young men (Swiss army
recruits), decreased internal hip rotation in flexion
was related to decreased offset in the antero-supe-
rior head-neck junction on MRI scans. Prevalence,
hip morphology types and implications of these
MRI findings in young men are under examination
in this ongoing study (Jiini 2009).

In arthroplasty patients, coxa recta was seen in
around 40% (Gosvig et al. 2007, Ecker et al. 007).
For coxa profunda, fewer data are yet available. In
persons with mild hip osteoarthrosis it has been
reported in 14% (Ecker et al. 2007), whereas no
data are known from unselected populations. But
historical prevalence rates for coxa profunda from
several patient populations range between 5 and
20% (Ruelle and Dubois 1962).
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The majority of features that characterize the
female pelvis tend to maximize the size of the birth
canal. Thus, widening of the true pelvis places the
acetabulae further apart, increasing the lever arm
of the body weight on the hips. Lengthening of
the femoral neck can compensate this, lowering
required abductor work in gait. But there is a limit
to how long the femoral neck can be, for example,
neck length is related to fracture risk (Faulkner
et al. 2006). An alternative mechanism that obvi-
ates extensive femoral neck length while retaining
energy efficient bipedal gait is to place the acetab-
ulum deeper in the pelvis: a coxa profunda. The
femoral head in a typical coxa profunda is by defi-
nition spherical and with good head-neck offset.
In fact, a coxa profunda requires a round head: an
aspherical head will not fit in the deep acetabulum
in the first place, distorting development of the hip
at an early stage.

However, in a coxa profunda the femoral neck
can impact on the acetabular rim and labrum, with
extension — lateral rotation, abduction or flex-
ion-internal rotation movements (Smith-Petersen
2009). The acetabular rim and labrum damage
result in osteoarthrosis (Leunig et al. 2003), typi-
cally seen in women in their fifties and sixties
(Ganz et al. 2008).

For the male pelvis, obstetric drivers are non-
existent; the loading history plays a larger role in
determining development and ultimate morphol-
ogy of the male hip. Once tree climbing was no
longer important, evolution and development
likely favoured sturdy over mobile hips. Walking
upright full-time requires a stronger lower limb
and hip than a mixed type of gait. Long distance
walking or running do not require a large range of
hip motion, but do generate loads in the hip joint
of 3 up to 8 times body weight (Bergmann et al.
1993), and this in a hominid that roughly doubled
in weight (Table 4). Although Man may not be
a fast sprinter, he is an efficient long distance
runner, likely a crucial skill in early hominids for
hunting and scavenging (Bramble and Lieberman
2004). Consequently, the human hip, particularly
in males, developed features typical of the coxa
recta seen in cursorials: an aspherical femoral
head with asymmetrical head-neck offset on a
thick and short femoral neck (Figures 14, 35, and
36). Only now, in the human coxa recta, following

the approximately 50 degrees repositioning of the
hip in the double extension, the pars recta is situ-
ated antero-superiorly, instead of postero-superi-
orly as in cursorials.

However, a coxa recta can have femoro-ace-
tabular impingement in flexion — internal rotation
movements. What happens is that the pars recta of
the head-neck junction is jammed into the acetabu-
lum, producing an outside-in delamination of the
acetabular cartilage right behind the labrum (cam
impingement, (Ganz et al. 2008). Consequently,
the clinical hallmark of a coxa recta is decreased
internal rotation in flexion, becoming painful with
the years as degenerative changes may develop.

Are hip types developmental or a purely
mechanical response?

Do the stereotypes, coxa profunda and coxa recta,
result from genetic regulatory processes during
development and further growth, or are they a pri-
marily mechanical response to loading: Evo-Devo
or Wolff’s law?

The evolution of the hip and pelvis outlined
above substantiates development over adaptation.
In other words, a coxa recta results from develop-
mental processes determined by pattern shifts in
gene regulation. A specific example is the genetic
regulation of growth plate activity. In the growth
plate of the femoral head, duration and intensity
of (regional) activity shapes the neck-shaft angle,
head-neck junction and the femoral head. Mechan-
ical influences modulate this process (Shefelbine
and Carter 2004), but a coxa recta likely is not
the direct result of the amount or type of loading
of the femur and hip joint. If this were the case,
adolescents with strenuous sports activity would
invariably end up with similar hip types, i.e. a coxa
recta. Also, differences between male and female
hips that have had comparable loading histories (or
sports careers) would then be expected to be far
less prominent.

Thus, evolutionary—developmental aspects of
the hip appear to be the primary determinant in
development of femoro-acetabular impingement.
Consistently, prospective MRI studies now suggest
a coxa recta develops in adolescents at the final
stages of growth, mainly by remodelling activity of
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Figure 37. AP pelvis and axial
radiograph of 48 year old male
(no history or symptoms of neu-
romuscular disease): coxa valga,
long femoral neck, a shallow ace-
tabulum with global retroversion
(confirmed by CT) and round
femoral heads, i.e. an orangutan
hip, compare with far left radio-
graph of Figure 36.

the antero-superior femoral head epiphysis (unpub-
lished observations). As a consequence, correction
of the morphology that produces osteoarthrosis
in these hips makes sense when growth has com-
pleted. Recurrence of such morphology then is
not expected, nor observed at midterm follow-up
(Beck et al. 2004).

Nevertheless, amount and type of joint loading,
for example in sports, may play a role in devel-
opment of FAI, not only in onset and severity of
symptoms, but also in modulating the morphologic
development of the head-neck junction at the end
of growth. Likely, sports activities with repetitive
flexion-internal rotation movements, especially
with a high rate of loading, will (literally) have the
most impact.

Overview

In reviewing evolution of the hip and pelvis we
found extensive changes occurred many times
in the epochs preceding emergence of the apes.
In the last 300 my, these changes were certainly
more profound, and more frequent, than those seen
in the knee. In the very recent evolution of ape to
human, the peculiar combination of a fundamen-
tal change in gait type and spectacular increase in
brain size can be followed closely in the profound
changes in the pelvis and lumbosacral spine. These
changes enabled a double extension of pelvis and
hip to produce an efficient bipedal gait. In turn,
pelvic changes influenced the development of two

stereotype hips for males and females, coxa recta
and coxa profunda, both associated with develop-
ment of osteoarthrosis through femoroacetabular
impingement. These stereotypes represent a major
portion of the hip arthroplasty workload for ortho-
paedic surgeons. But clearly, considerable varia-
tion in pelvis and hip types exists and will remain,
exemplified by extraordinary ‘“outliers” as illus-
trated in Figure 37.

Discussion

Although the 19th century palaeontologist Dollo
stated “An organism is unable to return, even par-
tially, to a previous stage already realized in the
ranks of its ancestors” (Gould 1970), we found
several such “reversals” in evolution of the hip and
pelvis. The most illustrative is perhaps the lumbar
spine, where a mammal “long” spine evolved to a
“short” ape spine, which then reverted to a “long”
human lumbar spine (Figure 20).

The development of the male coxa recta also
may appear a reversal to an “earlier” more cur-
sorial hip type, and development of its aspherical
head would appear a relapse, because aspheri-
cal heads are associated with osteoarthrosis and
spherical heads less so (Hoaglund and Low 1980,
Kim 1989). However, it is unlikely osteoarthrosis
ever was an important evolutionary driver in the
development of the hip and pelvis. Osteoarthrosis
has been observed in Neanderthal fossils (Trinkaus
1985), but generally, hip joint degeneration is a
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disease of older age. In humans, a coxa profunda
female hip usually produces osteoarthrosis in the
6th decade of life — it is not a disease of moth-
ers, but of grandmothers. In the coxa recta male
hip, problems may start earlier, in the 4th or 5th
decade, but in evolutionary terms, this implies a
male with offspring that already may be a grand-
father. Selection for a hip type likely was more
influenced by factors as fast or long running, or
maximum power, than ability to withstand loading
without degeneration for over 40 years.

The “evolutionary reversals” appear a waste of
time, generations and energy, as evolution could
have followed a more “direct” path to a given trait.
But evolution doesn’t plan, think or want anything,
it can only build or adapt bodies with the materials
of the past, the DNA of the parents.
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