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ABSTRACT

This study applies morphometric analyses to the thoracic vertebral column of
primates. Vertebral counts are conducted and vertebral patterns examined. The
sample for morphometric measurements consists of 112 humans, 27 gorillas, 22
chimpanzees, 8 orang-utans, 68 vervets and 77 baboons but for the counts the
numbers are much higher. The six species exhibit orthograde (human), semi-
orthograde (chimpanzee and gorilla), pronograde (baboon and vervet) and
suspensory (orang-utan) patterns of locomotion. Measurements of vertebral
components are taken on the 7th to 21st vertebrae (C7-L2 in humans). Various
ratios are calculated and standardised by the species body weight. The
Spearman Rank Correlation Test and the Chi-square Test indicate no sexual
dimorphism in respectively morphometric and counts data, and therefore both
sexes are pooled.

The positions of the longest spine and of the greatest spinous leverage do
not always coincide. In humans and chimpanzees the greatest leverage is in the
lumbar region (V21), and on the longest spinous process is at V13. The
placement of the greatest leverage on V21 is necessary in the region to maintain
lordosis in humans and to some extent in chimpanzees. The strain caused by
the high leverage at V21 in humans might contribute to the causes of the lower
back pain, common in humans. The highest spinous process leverage and the
longest spinous process of pronogrades are in the midthorax where they help to
resist lateral bending and thus stabilise the trunk in the midline, important in
quadrupedal locomotion. When only the upper vertebral regions are considered,
in the gorilla and orang-utan, the highest spinous leverage the longest spinous
process coincide at V7, or at V8. This leverage helps in the support the relatively
heavy heads.

The leverages of the transverse processes are important for all primate
locomotion. The lateral flexion leverage (Lattran ratio) helps to stabilise the back
in the mid-sagittal plane, and is higher in orthograde and semi-orthograde
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primates than in pronogrades. Extending the back is necessary in primate
postures but more so in orthograde and pronograde primates. Therefore the
ventrodorsal extension leverage (Vdtran ratio) of the transverse process is
relatively high in monkeys and humans. The orang-utan has the lowest Lattran
and Vdtran ratios, probably because the slow suspensory activity of this species
which factor puts less demand on flexion and eXtension of the vertebral column.

The number and size of thoracic facet (zygapophyseal) angles are also
adapted to locomotion. In the orang-utan, gorilla, chimpanzee, human, baboon
and vervet, there are respectively 2, 3, 4, 5, 9, and 12 pairs of thoracic facet
angles that are above 110 degrees. It is suggested that range of movements in
the vertebral column and trunk depend on the number of facet angles that are
wider than 110 degrees.

The transitional vertebrae are specialised by having larger facet areas,
larger pedicle areas and larger pedicle ratios than other pedicles in the thoracic
region. Pedicles and facets at the cervicothoracic (C-T) transition in the study
are relatively more developed, having larger areas than those at the
thoracolumbar (T-L) transition. It is not clear why these differences exist, since
the weight of the individual and the attachments of the psoas muscles act on the
T-L transition, causing considerable stress on it. On the other hand the
developments of the. bony parts at the C-T transition might be influenced by
support they give to the heavy heads and by the highly developed limb muscles
for brachiating, in the apes.

The position of the T-L transition in relation to the total number of the pre-
sacral vertebrae differs with posture and locomotion.

The pattern of the relation between the position of the T-L joint and the ribs is
important in the stability of the trunk. This study indicates that the terrestrial
pronogrades (baboons) have the most stable pattern followed by the arboreal
pronogrades (vervets). The human pattern is probably not as stable.
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Chapter 1
AIM AND INTRODUCTION

The general aim of this study is to identify the morphological (anatomical)
adaptations of the thoracic vertebral column in different forms of primate
posture or locomotion. The forms of locomotion include pronogrady (arboreal
and terrestrial quadrupedalism) semi-orthogrady or semi-pronogrady (knuckle-
walking and suspensory locomotion), and full-orthogrady (habitual bipedalism).

The following are the specific approaches planned so that the study
- achieves the above general aim.

i) Establishing the comparative morphological adaptations of the thoracic
vertebral column using morphometric methods.

i) ldentifying particular morphometric features of the cervicothoracic and
thoracolumbar transitional vertebrae.

iii) Identifying the relative positions of the transitional vertebrae within the
pre-sacrai vertebral column, in relation to the total number of pre-sacral
vertebrae, in different primate species that have various postures and
forms of locomotion.

The vertebral column is found in the mid-line of the dorsal aspect of the
body, from which position it gives support and rigidity, as well as flexibility to
the body. It protects the spinal cord and receives cumulative forces emanating
from diverse activities of the individual. Such activities can be various forms of
locomotion. For example, leaping, climbing, swinging, running, quadrupedal
and bipedal walking, or can be a form of occupation such as standing or sitting
upright (general orthogrady), lifting/carrying objects and digging up food from
the ground. It is reasonable to assume that such activities influence the
anatomical features of the skeleton, including the vertebral column. The
skeletal morphology responds and adapts to patterns of load placed upon it by



various activities (Ward, 1991;. In this connection, Hayama et al., (1992) were
able to induce lordosis in monkeys. A series of studies carried out by the Suo-
sarumawashi Japanese Monkey Performance group, subjected pronograde
monkeys to long-term training aimed at producing a stable upright posture. The
pronograde posture is the quadrupedal posture that an animal adopts when
walking or standing on all the four limbs. The lordosis that developed
continued to exist even when the monkeys resorted to their normal pronograde
posture. Keith (1923) pointed out that modern life styles might cause vertebral
column disorders. Shapiro(1993b) noted that, the primate vertebral column
can adapt to various postures in which the individual moves and so it is
affected by the activities of the individual.

The vertebral column consists of vertebrae whose number and structure
vary with the following.

(i) Their position within the individual

(i) The individual

(iii}  The population group, species and sex (Allbrook, 1955; Herman et al.,

1992; Giisanz et al., 1992, 1994).

In primate research, postural and locomotion behaviour, including
bipedalism, have been extensively studied by many authors. The authors
include Tuttle (1967, 1981), Walker (1968, 1979), Jenkins (1974), Fleagle
(1988), Sten (1971), Fleagle et al., (1981), Oxnard (1984), Lovejoy (1975),
Stem and Susman (1983), Jungers '(1985a), Doran (1993), Shapiro (1995),
Shapiro and Jungers (1988, 1994) to mention a few. A good understanding of
the anatomy is necessary for a clear explanation of how the primate body is
manipulated during movement.

The origin and development of bipedalism are of interest to anthropologists
and to the public generally. Indeed an erect trunk supported by the lower limbs
resulting in habitual bipedalism is a feature that clearly identifies humans from

other primates.
| For a long time researchers believed that bipedalism evolved hand in hand
with relatively large brains, free manipulative hands, tool-making and reduced
canines (Washburn, 1963). However, the discovery of australopithecines, that



probably practised bipedalism about three million years ago, caused s?ientists
to realise that human features evolved in a mosaic fashion. That means,
primitive features continued to exist in particular species side by side with
advanced features in the later forms (McHenry, 1975; Johanson and White,
1979; Leakey and Hey, 1979; Stern and Susman, 1983; Latimer and Lovejoy,
1990).

One way of understanding human morphology and bipedalism is through
the study of comparative morphology. in order to uncover the morphological
adaptations of the vertebral column, primates that practise different modes of
postures and locomotion are investigated.

In studies of fossil vertebrae and other skeletal specimens, the functional
requirements of locomotion and other activities can possibly be deduced by
examining bony remains, i.e. by noting the markings that muscles leave on the
bones. The conétraints which morphology places on the range, that is the
movement of one part of the body against another, can also be generally
deduced from such studies. However, such deductions are usually general
speculations, since they can never be observed or tested due to the fact that
the individuals in question are dead and possibly, the species is extinct.

Anatomical, behavioural and experimental studies on the hind limb of
primates have identified similarities between humans and other primates
(Stern, 1971; Fleagle et al., 1981; Oxnard, 1984). Other studies have also
identified unique structural aspects of the human lower limb related to
bipedalism (Jenkins, 1972, Lovejoy,' 1975; Jungers, 1985a, 1988a). Using
information from such studies, inferences have been made on posture and
locomotion of the last common ancestor shared by African apes and humans.

it must be understood that morphological requirements for standing and
walking on two legs cannot be a preserve of the lower limb and pelvis only.
Fundamentally, efficient bipedal gait and’posture also depend on the ability to
balance the pre-sacral vertebral column or trunk on the pelvis and lower limb.
The unique aspects of the human vertebral column shouid be noted when we
consider bipedal evolution. There is no doubt that this point has been known
by researchers for a long time (Keith, 1923; Robinson, 1972; Rose, 1975;
McHenry and Temerin, 1979; Tuttle, 1981; and many others). In comparison



with other regions such as the limbs, there have been relatively fewer studies
on the vertebral column in primates.

In order for anatomists to understand the evolutionary aspects of locomotion
and bipedalism, all relevant primate anatomy should be studied. Thus more
understanding of the anatomy of the vertebral column of humans and other
primates in relation to the form of locomotion, is one of the major intentions of
this study. The study focuses on the morphometric features of the thoracic
vertebral column, in primates of different postural and locomotive behaviours.
Relatively more work has been done on the lower lumbar region. Indeed this is
why the lower lumbar region is not mainly part of this research (Weﬂs 1963,
Abitbol 1987a and b; Singer 1989, Ward 1991; Shgpiro 1995 and many
others mentioned later in this literature review). The transitional elements, i.e.
the vertebfae at the cervicothoracic and thoracolumbar junctions of the spine,
are part of this study because of their particular and strategic functional
position.

Comparative research may also clarify those postural features that are
common to all primates, but are erroneously attributed to humans. Unlike the
main characteristics of the lower limb, the basic postural features of the back
do not easily distinguish humans from other primates. For example, while
humans are the only primates that fully extend the knee and hip joints during
bipedalism, they are not the only primates whose backs are habitually held
almost perpendicular to the ground. Hence, they are not the only ones whose
posture can be classified as orthogréde. The orthograde position is one in
which an animal or its trunk is in the upright posture, usually vertical to the
ground. Many primate species can stand or sit in this posture but they cannot
sustain standing or walking in the upright posture for a long time or over a long
distance. Such animals can only achieve a general upright posture that can be
referred to as semi-orthogrady, (general orthogrady or postural bipedalism),
(Shapiro, 1991a). The existence of such primates complicates the comparative
study of aspects of the vertebral column related to full orthogrady (habitual
bipedalism). On the other hand, the existence of semi-orthograde primates
may enable researchers to make comparisons between the transitional forms
of orthogrady and the fully orthograde forms (humans).



There has been a tendency by paleoanthropologists to overiook the
difference between general orthogrady (postural bipedalism) and bipedalism,
as far as the structure of the vertebral column is concerned. This has resulted
in viewing all aspects of the human vertebral column as specifically designed
for bipedal locomotion. Clearly, it is not only in humans among the primates,
that the vertebral column can be positioned in the upright posture. Possibly
some of the features of the human vertebral column may also be linked with the
postural bipedalism of other primates, rather than with only the human form of
bipedalism (Shapiro, 1991a).

Some researchers tend to regard humans and all hominoids as
orthogrades. This on the one hand has been good because it has brought out
those features commonly shared by humans and hominoids on one side,
versus features of the non-hominoids on the other side. For instance, a short
lumbar region and increased sacral areas for back muscle attachment, due to
loss of the tail and tail musculature, are now accepted as human and hominoid
features according to Slijper, (1946) and Benton, (1967). However Proconsul, a
primitive pronograde hominoid lacked a tail, pointing to the fact that
taillessness is not solely a consequence of upright posture and upright
locomotion (Ward, et al., 1991). Considering all hominoids as orthograde
masks the specialisation of bipedalism. It also disregards the fact that many
hominoids (the African apes) largely practise pronograde locomotion, that is
quadrupedalism (Reynoids and Reynolds, 1965; Kortlandt, 1975; Susman,
1984; Tuttle and Watts, 1985; Doran, 1989). By considering the hominoids
together or separately, the researchers can identify consistent vertebral
features that can distinguish between the primates of different postural
behaviours within one phylogenetic group. If such features are seen to persist
across the groups, then possibly adaptations to general orthogrady can be
separated from specific adaptations to orthogrady (Shapiro, 1991a).

A proper comparative analysis of the morphology of the primate back is also
necessary to dispel the notion that all aspects of the human vertebral column
are geared to bipedalism. A good comparison might help to show the
differences in the anatomy of the vertebral column of primates, which use
different forms of posture and locomotion (Shapiro,1991a).



In view of the above-mentioned, some attempts have been made to carry
out morphometric, biomechanical and electromyographic studies of the primate
vertebral column. In some of such studies, Rose (1975) observed that humans
have a greater increase in the diameter of consecutive lumbar vertebral
bodies. This characteristic was attributed to compression forces through the
vertebral column due to the upright posture. Increasing diameter of the
vertebral bodies is now regarded as a functional feature of the human vertebral
column,

Humans and lesser apes have five or more lumbar vertebrae and as such,
they exhibit the primitive lumbar morphology of an ancestor with an upright
trunk. The great apes have secondarily evolved adaptations that support
terrestrial pronogrady by having a reduced lumbar region of three to four
vertebrae and osteologic locking mechanisms (epizygal contacts). It should be
noted however that the orang-utan is rarely, if ever, a terrestrial pronograde,
yet has a reduced lumbar region, as in the African apes.

In order to distinguish between postural bipedalism and habitual bipedalism,
the spinal musculoskeletal arrangements and their functional integration in
locomotion should be well understood. A biomechanical approach is likely to
expose the linkages between the morphological adaptations to general
postural orthogrady, (upright posture) and the adaptations to a full orthograde
posture of habitual orthogrady, as found in humans only (Shapiro, 1991a;
Ward, 1991).

Electromyographic studies have been published by Shapiro and Jungers
(1994; 1998). Electromyographic (EMG) studies by Shapiro (1991a) have
demonstrated similarities in actions of spinal muscular contractions in
chimpanzee, gibbon, baboon and orang-utan, during quadrupedalism. Shapiro
(1991a) observes a similarity between the results of EMG studies of the above
groups and earlier EMG studies of the human spinal musculature. The EMG
pattern of the orang-utans walking upright is different from the patterns in the
above primates. Similarities were observed between the recruitment patterns
and functions of the back muscles in non-primate quadrupedalism, ape
quadrupedalism, ape bipedalism and human bipedalism (Shapiro, 1991b).
These were remarkable findings in view of the differences in postures of these



species. The findings depict the g;ompiex nature of locomotion and underscore
the necessity for more studies on the other aspects of the spine.

It has been suggested that if parameters such as the individual body weight
and size are identical, postural differences in locomotion should be explainable
by contrasting vertebral column structure (Shapiro, 1991a). However, postures
of primates overlap and hence variations in primate locomotion can primarily
be a matter of opinion (Napier, 1976) or of degree (Shapiro, 1991a). This is
due to the fact that primates are highly adaptable and can take to different
means of locomotion depending on the prevailing situation. For instance,
posture and locomotion vary with feeding, foraging and habitat, and therefore
comparing the postural behaviour of even co-specific primates living in
different places can produce dissimilar results according to Fontaine, (1990).
Defining and categorising primate locomotion has therefore been a difficult
exercise. It has also been pointed out that forms of locomotion in primates have
been differently defined by observers, a fact that has compounded the above
problem.

In spite of the difficulties mentioned in categorising primate postural and
locomotive behaviour, the fact is that many primates are specialised in their
morphology in certain postures and activities. These activities may comprise
only a part of their postural behaviour. The morphological specialisation can to
a reasonable extent, be contrasted among primate groups, and the contrasts
can be related to primate locomotion and postural behaviours.

Knowledge of primate postural behaviour is vital in the understanding of
primate morphology. Paositonal behaviour is defined as postural and locomotor
behaviour (Prost, 1965). However, movements (dynamic actions) result in the
greatest strain in bone and soft tissue rather than the static position of the
species (Ward, personal communication 24™ March 1999). It is within the
above limitation that the postural behaviours of the primates, whose vertebral
columns are investigated in this research and are summarised below. Refer to

Figures 1.1 to 1.4 on primate locomotion.



(1)  Cercopithecoids (Old World monkeys)
(Figures 1.1 and 1.6)
The Catarrhine infra-order consists of the Old World (Africa and Asia)

primates that include the super-family of the Cercopithecoidea (Old World

monkeys) and Hominoidae (all apes and humans). The Old World monkeys
include the rhesus monkey (macaque), vervet monkey, Colobus, mandrill and
baboon (Papio). Catarrhines have only two premolars among thirty-two teeth.
Their nose has narrow and the nostrils face ventrally. There is a long bony
tube that supports the eardrum on of inner side. The Old World monkey family
has ischial callosities that are cornified sitting pads. Two cercopithecinae
species are considered, from the subgroup cercopithecinae (the African Old
World monkeys) in this study. These were selected because they have

divergent ways of locomotion as explained. The species are:

(i) Cercopithecus aethiops (vervet monkey)
(Figure 1.1)

Vervet monkeys and many Old World monkeys are arboreal

quadrupedal locomotors. All monkeys keep their vertebral columns
upright when they are sitting and climbing. On the ground, they
practise some bipedalism. In C.aethiops leaping accounts for only 10%
of the locomotive activity, according to Fleagle (1988). The digits of the
vervet limbs have retained the ancestral grasping ability of primates
that is so essential in arborealism. During quadrupedalism the

vertebral column of the vervet monkey is kept in the horizontal position.

(i) Papio ursinus (Chacma baboon)
Baboons are mainly terrestrial quadrupedal monkeys. They prefer to

inhabit flat open areas with few trees (Altmann and Altmann, 1970)
though in some parts, such as the Western Cape Peninsula in South
Africa and Eastern Uganda, they can be found on high forested
ground. They are thus adaptable, and can climb trees in search of a
reéting-place or food (Altmann and Altmann, 1970; Rose, 1974). During



Figure 1.1
Quadrupedalism
a) Ground quadrupedalism in baboon (immediately below) and leaf monkey (bottom of

page). The vertebral column is kept in the horizontal posture during locomotion. From
Zihiman (1982).




Figure 1.1
Quadrupedalism

b) Arboreal quadrupedalism in leaf monkey. The vertebral column can be kept horizontal
or vertical to the ground. From Zihiman (1982).




quadrupedal walking on the ground or M;en standing, their soles and
palms are placed in a digitigrade posture (Rose, 1979a). Climbing and
walking in trees remains quadrubedai, leaping being a very rare
exercise. Their vertebral column is kept in the horizontal position

during quadrupedal locomotion.

(2) Hominoids (Great apes) (Figures 1.3 - 1.4)

The great apes belong to the super-family Hominoidea that includes the
family of gibbons (Hylobatidae), chimpanzees, gorillas and humans
(Hominidae) as well as the evolutionary ancestors of all these groups. Ward
and Colin Grooves agree that the great apes should be technically included in
Hominidae (Ward personal communication, 24" March 1999 ). The hominoids
are characterised by a broad chest and the absence of a tail. The gibbons
possess ischial callosities just like the Old World monkeys but, like the
chimpanzees and gorillas, their upper limbs are long and lower limbs are short,
indicating that these primates indulge in suspending activities during
locomotion. The chimpanzees and gorillas are identified from the gibbons by
their greater size and the absence of the callosities. Like the humans, the apes

have the Y-cusp pattern in the lower molars.

(i) Pongo pyamaeus (orang-utan) (Figure 1.2b)
The orang-utan is known for its slow careful movements. Swinging and

brachiating are very limited, in preference to quadrupedal suspensory
movements beneath branches even during feeding (Mackinnon, 1974,
Tuttle, 1886). The primate displays extremely cautious quadrumanous
climbing (that is climbing with all the four limbs and feet), and bridges
gaps by reaching out to branches (Doran, 1989). When climbing in the
upright posture, it keeps the spine upright (Cant, 1987) and exhibits
widely abducted limb postures. The young usually scrambie on the
maternal body across gaps bridged cautiously by the mother. On the
ground, the large males usually practise bipedalism (Rodman, 1979b).
The males may sometimes swing and brachiate while the females tend

to practise quadrumanous scrambling and quadrupedal walking
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(Sugardjito, 1982). Orang-utans, as stated above, keep their spine
mostly in the horizontal posture and to a less extent in the upright
posture.

(i) Pan troglodytes (common chimpanzee) (Figure 1.3, 1.4c)
Chimpanzees are predominantly terrestrial, quadrupedal knuckle-

walkers according to Tuttle, (1986). The support of the body is placed
on the bent dorsal aspects of their middle phalanges which Napier
(1976) also calls knuckles and not on the palmar aspects as in other
primates such as monkeys. Knuckle-walkers have long fore limbs,
giving them a posture that is neither fully bipedal nor fully quadrupedal
(Napier, 1976).

Chimpanzees, however, do climb trees in which the adults can
move quadrupedally, although they sometimes suspend themselves
with one arm and swing to bridge gaps (Goodall, 1986; 1995). During
arboreal locomotion, females are more quadrupedal than males. Males
climb and scramble more, and are more bipedal on the ground than
females (Doran 1989,1993). Most arboreal movements of
chimpanzees frequently involve abducted limb postures, especially of
the fore “limb. In both sexes, knuckle-walking takes about 86% of all
the terrestrial locomotor activity, quadrumanous climbing and
scrambling 11%, arm swinging and bipedalism 1%, and leaping 1-2%
(Doran, 1989). Arboreal locomotion accounts for only 16% of overall
locomotive activities, as most of the time chimpanzees prefer to stay on
the ground (Napier, 1976).

(iii) Gorilla gonilla (gorilla)

Adult gorillas are largely terrestrial, quadrupedal knuckle-walkers
that keep their vertebral column (spine) in semi-erect posture. They
spend 80% of their time on the ground, and frequently sleep on the
ground (Tuttle and Watts, 1985). According to these authors terrestrial
knuckle-walking covers 94% of the distance or area that the mountain



Figure 1.2
a) Brachiation in siamang. The vertebral column and trunk are vertical to the
ground. The body pivots at a point and swings like a pendulum. From Napier and
Napier (1985).

b) Suspension, swinging and brachiation in orangutan (Pongo pygmaeus). The
zrertebral column can be kept horizontal or vertical to the ground. From Young
1962).




Figure 1.3

Knuckle-walking
Knuckle-walking in the chimpanzee. The vertebral column posture is between the
vertical and horizotal positions. From Napier and Napier (1985).

Figure 1.4
Bipedalism
a) Bipedalism in Japanese Macaque monkey. The vertebral column is nearly vertical to
the ground. From Napier (1977).




Figure 1.4
b) Bipedalism in the gibbon. The vertebral column is in the upright posture
during acrobatic displays. From Eimerl and De Vore (1966).




; Figure 1.4
c) Bipedalism of the chimpanzee. The vertebral column is almost erect. The posture is
rather crouched showing the bent-knee-bent-hip posture. From Le Gros Clark (1965).
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Figure 1.4

Bipedalism
d) Bipedalism in modern humans. The vetebral column is straight and vertical to the
ground. The centre of gravity is through the midline of the body, swings forward
and backward between the hindlimbs. The body tends to follow the centre of gravity
during walking in order to maintain its balance. From Aiello and Dean (1990).

AABIAS
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gorilla covers during its activities. Climbing, bipedalism, leaping and
brachiation or bridging is rare in mountain gorillas (Tuttle and Watts,
1985). When bipedalism occurs in gorillas it is usually for aggressive
displays (Tuttle, 1967). The young and nesting females climb trees
(Napier, 1976), and in such a situation they are seen to be very
cautious in their movements, engaging in bridging and arboreal
quadrupedalism (Tuttle, 19886).

Lowland gorillas are also terrestrial knuckle-walkers. They however
engage more in tree climbing but feed, nest and rest on the ground
(Dixon, 1981; Fleagle, 1988).

(3) Hominids

The hominids belong to the family Hominidae that, according to the
Simpsonian classification, includes modern humans and those ancestors down
to where the human line diverges from the apes (Aiello and Dean, 1990). The
hominids are characterised by bipedal locomotion, a large brain in relation to
the body size and a reduced dentition particularly in the anterior part of the
mouth (Le Gros Clark, 1964 and Pilbeam, 1972). However, the above features
do not clearly identify fossil hominids. For instance in A. afarensis, the dentition
is more similar to the Miocene apes (Dryopithecus and Sivapithecus) than to
modemn humans (Conroy, 1997; Conroy and Pilbeam, 1975). On the other
hand, A.aferensis differs from the latter two, which also differ from each other in
very many ways. The relative size of the brain of australopithecines was in the
range of monkeys and apes (Aiello and Dean, 1990). Bipedalism as such does
not distinguish modern humans from the great apes, and researchers such as
Ward and Groves, include the great apes in Hominidae (Ward, through a
comment, 24" March 1999). Bipedalism also defines australopithecines as
hominids although their bipedalism was different from that in the modern Homo
sapiens, and possibly was practised together with other forms of locomotion.

(iy Homo sapiens sapiens (humans) (Figure 1.4 d)
Humans are the only primates that sustain bipedalism during

locomotion. Humans are therefore known to be habitually bipedal.
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Gorillas, chimpanzees, orang-utans and monkeys engage in some
degree of bipedalism, but for short periods only. Habitual bipedalism,
that is sustained locomotion on two legs, has been mastered only by
humans. Human walking has been described in detail under Chapter
4, in this literature because of its importance. It suffices to say here
that humans can stand and walk, while keeping their spines in the
upright position, for a fong period. Other primates can sustain their
spine and trunk in the upright posture only when sitting, climbing and
swinging; when standing, the posture of such primates is described as
crouched and cannot be maintained for long. However, humans and
other primates share the characteristic of being able to keep their
vertebral column upright, when sitting.

Humans are terrestrial bipeds. Anthropologists would like to find out
why, when and how the human posture was adopted (Shapiro, 1991a).
in order to answer the above questions, many studies on the evolution
of bipedalism have been carried out by many researchers. Among
these are Lovejoy et al., (1973), McHenry and Temerin, (1979),
Rodman and McHenry, (1980), Lovejoy, (1981), Carrier, (1984),
McHenry, (1986), Shapiro, (1991a) and Shreeve, (1996). Shapiro
(1991a) is of the view that we must first find answers to the questions
of when and how we became bipedal. Then we can investigate why we
became bipedal. Shapiro (1991a) also notes that clarifying the
anatomical relations of primates would help to throw more light on the
evolution of the human unique locomotion. The human traits, which are
primarily or solely related to bipedalism, as well as chronological
anatomical changes brought about by bipedalism, can possibly be

identified through the comparative anatomical studies of primates.

(ii) Australopithecus
The fossil vertebrae of Australopithecines are not part of this

study, although observations of these bones would be interesting. They
are mentioned here and in other sections of the background literature

because they are important in the locomotion of early primates.
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The australopithecines are ancestral hominids that lived in late
Pliocene times, from routhy 5 to 2 million years ago. Although the
earliest forms possessed some ape-like features, the group
demonstrates a distinct evolutionary line, one branch of which gave
rise to genus Homo. The morphological and behavioural biology of the
Australopithecines is of much interest since these are regarded as the
first hominids to practise human-like bipedalism. Australopithecus
africanus lived in South Africa and perhaps East Africa 3-2% million
years ago (Robinson 1972; Leakey and Walker, 1976; Conroy, 1997).

Studies of the foot and pelvic bones of A. africanus have shown that
this extinct species could stand erect on two legs, had a lumbar curve
(Robinson, 1972), and could walk in some bipedal fashion. Iis
vertebrae show weight-bearing adaptations to terrestrial bipedalism,
such as increasing diameters and size of the vertebral bodies from the
proximal to the distal segments (Ward and Latimer, 1991). However,
the lumbar vertebral column of A. africanus exhibits primitive features,
such as relatively small cross-sectional areas of the vertebral body
surfaces (McHenry, 1991). In humans, the cross-sectional areas of the
lumbar vertebrae and of the pedicles are large relative to the size of
the individual. The human lower lumbar pedicles are wider, relative to
their height (length) and size of the individual, than those of the
quadrupedal primates. Furthermore, the lumbar regions in A. africanus
and in the Nariokotome H.erectus have 6 vertebrae (Walker and
Leakey, 1993) as in someé monkeys, while in humans and apes it has
fewer, usually 5 and 3-4 respectively (Leakey and Lewin, 1992). Some
humans though have six lumbar vertebrae (Allbrook, 1955; Kaufman
1974).

Unlike humans A. africanus has a long lumbar region, in spite of the
fact that some features of its postcranial skeleton indicate a bipedal
posture. The status of A. africanus is hence interesting as far as its
vertebral column, posture and development of its bipedalism are
concemned. This species has thus generated much discussion among

anthropologists.



14

Justification of this study
This study uses morphometric methods to investigate the primate vertebral

column in relation to posture and locomotion of the various primate groups

mentioned earlier. Particularly, the thoracic region including the cervicothoracic

and thoracolumbar transitional vertebrae are focused on by the study. The
focus has been put on these areas because the lower region of the vertebral
column has been covered by some other researchers, (Wells 1963; Abitbol
1987a and b; Shapiro 1995 and many others cited later in this literature).

Although this study relates to the primate vertebral column, and in particular
the thoracic vertebral column, literature has also been reviewed on the other
parts of the postcranial skeleton (limbs and pelvis) of living and extinct
primates. This has been done for several reasons.

(@) Such parts as, for instance, the pelvis and the limbs are vital in the
consideration of locomotion of any animal group.

(b)  All parts of the skeleton and indeed the body are functionally synergists.
Therefore, the different parts of the skeleton interact with one another
and with the vertebral column during locomotion and other activities.
The background literature on the bony pelvis and the some parts of the
appendicular skeleton are therefore also reviewed,

(c)  There has been relatively more research interest on the pelvis and the
appendicular skeleton of primates and on their modification to various
forms of locomotion, fhan on the vertebral column. A great deal of
literature therefore exists on the above aspects and its omission might
mean leaving out some important information about primate locomotive
adaptations. Such information couid be useful in understanding the
findings of this study.
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Chapter 2
BACKGROUND: THE FUNCTIONAL STRUCTURE
OF THE PRIMATE VERTEBRAL COLUMN

Embryology

The segmental nature of the vertebral column reflects its origin from
embryological segmentation of somites. The mesodermal cells of the
sclerotomal area of the somite have a chondrogenic tendency. Extracellular
elements of tissues surrounding the notochord also influence formation of
chondrocytes from which the vertebrae are formed (Holtzer and Detwiler,
19563). The cells from the sclerotomal portion of the somite migrate from either
side of the mid-line, towards the notochord. These cells begin the formation of
the primordial centra of vertebrae. Soon the sclerotomal cells from each somite
pair are condensed in the caudal part and at the same time become loosely
packed in the cranial part. The dense caudal portion of the somite migrates
caudally to fuse with the cranial portion of the adjacent somite behind. Thus a
primordial centrum formed by the fusion of the caudal and cranial portions of
adjacent somite, and the centrum is located between two myotomes. The
centrum is finally located between two myotomes. More mesenchymal cells
move dorsal and lateral to the centra to form the primordia for the neural arches
and ribs respectively. In the human embryo some cells migrate from the
condensed caudal portion of the somite to a more cranial position. These
migratory cells differentiate into the intervertebral disc (Prader, 1947). The
intervertebral disc will be described later in this chapter on page 19. Centres of
ossification are formed on the centra and other parts of the vertebrae.
Endochondral ossification follows in stages culminating in the bony vertebrae.
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General overview )

Early accounts of anatomy on primates put rr;ore emphasis on human
anatomy, than on other primates. In the text such as, “The Anatomy of the
Gorilla” by Raven (1950), the vertebral column is minimised, except for two
pages on all muscles of the back. Recent accounts of primate anatomy
however, have given reasonable coverage to the vertebral column (Aiello and
Dean, 1990, Ward, 1991, Shapiro, 1991a; Gebo, 1993). The information given
under this chapter is largely based on the above accounts as well as on others
mentioned later.

All the five types of vertebrae (cervical, thoracic, lumbar, sacral and
coccygeal) are present and are well developed in the primates but the coccyx in
humans and ape is stunted, due to lack of a tail. The ribs normally articulate
with only the thoracic vertebrae, although cervical ribs and lumbar ribs may
occur (Allbrook, 1955).

The number of vertebrae varies widely in primates and so does the length of
the various regions of the vertebral column, especially the thoracic, lumbar,
sacral and coccygeal regions (Schuitz, 1961). The variation of thoracic, lumbar
and sacral vertebrae depends on the level at which the thoracolumbar and
lumbosacral transitional joints occur in different individuals and species (Abitbol,
1987b).

There are usually 33 vertebrae in humans (C7, T12, L5, $5, and CY4) and
31-32 in great apes where there are fewer lumbar vertebrae, namely 3-4. In
total there are normally 22 thoracic, lumbar and sacral vertebrae in monkeys,
apes and humans (Abitbol, 1987b) in spite of the regional variations in the
different species. In the apes the vertebral formula is either C7, T13, L3, S6 or
C7, T13, L4, S5 (Schuitz, 1961).

A short and wide vertebral column is mechanically relatively more stable
than a narrow, long one (Jungers, 1984; Ward, 1991). Short lumbar regions
that are common in hominoids and atelines (Spider monkeys) enhance
orthogrady, according to Johnson and Shapiro (1998). Short backs are also
adaptable to brachiation (Erikson, 1963); bridging and vertical clinging (Cartmill
and Milton, 1977, Jungers, 1984). |

Primates such as the colobus monkeys that practise quadrupedal running,
leaping and springing have long lumbar regions according to Keith (1923),
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Schuitz (1961) and Fleagle (1988). '

The length of the vertebral column and/or any of its regions does not only
depend on the number of vertebrae but also on the lengths of the individual
vertebrae (Schultz, 1961). It is therefore important when making comparisons
between vertebral columns of individuals or groups of primates to take those
two factors into account.

In comparison with monkeys and prosimians, the apes and humans are
characterised by shorter lumbar regions in relation to the total presacral column
length. The apes have a relatively shorter lumbar region than humans in
comparison with the total length of the presacral vertebral column, (Schuitz,
1961). It must be noted however that the length of the cervical region varies
with the length of the vertebral bodies. The length of the other regions depends
on increase or reduction of the number of vertebrae as well as their lengths.

The progression of the size of individual cervical vertebrae tends to be in the
craniocaudal direction. In humans the fifth and sixth vertebrae have the
shortest bodies, the length again increasing progressively caudally from the
seventh (Martin and Saller, 1959). In the gorilla the seventh cervical and the
first thoracic have the shortest bodies, while the longest are the second and
third thoracic vertebrae (Martin and Seller, 1958). The lumbar vertebrae are
wider transversally in relation to the other vertebrae in humans than in other
primates. In human the dorsal (posterior) length of the body of each lumbar
vertebra decreases (from the first lumbar) towards the fifth lumbar vertebrae.
The ventral (anterior) lengths of the lumbar vertebrae increase resulting in
“increasing dorsal wedging” of the lumbar vertebrae. The wedging is expressed
as the “lumbodorsal index” as devised by Cunningham in 1886 (Aiello and
Dean, 1990). This is the ratio of the dorsal length of the body of a vertebra to
the ventral length of its body. Humans have a marked dorsal wedging of the last
lumbar vertebra. This means that they have a low Ilumbodorsal or
lumbovertebral index when compared to great apes.

The lumbovertebral index of the last lumbar however has a considerable
range of variation between humans and apes, resulting in a degree of overlap
of this index. Other individual lumbar vertebrae in humans and apes may also
show marked dorsal wedging (Rose, 1975). Therefore human lumbar lordosis
is not entirely attributed to the wedging of the last lumbar vertebra only (Aiello
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and Dean, 1990).

Vertebral morphology

Vertebrae are generally similar in all mammals. The usual vertebral
features are, the vertebral body, neural arch (pedicles and laminae), vertebral
foramen, vertebral notch, spinous process, transverse processes and pairs of
prezygapophyses and postzygapophyses (Figure 2.2, 2.7).

The vertebral foramina of all vertebrae in a vertebral column combine to
form a vertebral canal in which the spinal cord is protected. In humans and
other orthograde primates the vertebral column is in the median vertical axis. In
quadrupeds the vertebral column is in the median horizontal position. There
are curvatures within the vertebral column, which have been discussed in detail
later. Vertebrae vary with their positions (regions) within the body and with the
posture and locomotion of each species.

The body is ventral and cylindrical except in the first and second where it is
modified or specialised. There are significant sexual and geographical
differences among the vertebral body diameters in humans observed by
Hermann et al., (1993), Gilsanz et al., (1994), and MaclLaughlin and Odale
(1992). Such differences are of forensic, anthropological, and pathological
importance. The cranial surface of the body, known as the head (caput), is
convex, while the caudal surface is slightly excavated (concave).

Where epiphyses of the bodies of adjacent vertebrae exist, they are
connected by intervertebral discs. In humans the vertebral epiphyses are ring-
like while in apes they are complete discs covering the body articular surfaces
(Aiello and Dean, 1990). The body has a dorsal crest for the attachment of a
dorsal (posterior) ligament and on either side of the crest is a groove for blood
vessels.

The vertebral (neural) arch strides over the body with its laminae forming
the roof of the vertebral canal (vertebral foramen) and protects the spinal cord.
The vertebral canal is extremely wide at the level of C1-C7/T1 and at the lower
thoracic and upper lumbar regions because of the respective spinal cord
eniargements at or near these regions.

The base of the arch has the pedicles that are indented cranially and
caudally, forming the incisura vertebralis. The incisurae of adjacent vertebrae
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form the intervertebral foramen at each articulation for the roots of the;spinal
nerves.

Each vertebra has processes for attachment of muscles. The spinous process
is dorsal and projects dorsally. The transverse processes are found lateral to
the vertebral body projecting laterally. On each vertebra there are two cranial
and two caudal zygapophyses (facets) that form joints between adjacent
vertebrae. The zygapophyseal orientation determines the range of movements
that can occur between adjacent vertebrae and in each region of the column.
Adjacent vertebrae also articulate at an intervertebral disc that lies between the
vertebral bodies. The disc consists of collagen and gelatinous material that
facilitates cushioning and bending movements.

The thoracic and lumbar vertebral arches carry mammillary processes
between the cranial articular and transverse processes. Caudally between the
caudal articular and the transverse processes are accessory processes,
especially on the thoracic vertebrae of the pig. In most primates there are
pointed accessory processes on the dorsal aspect of the laminae, just lateral to
the post zygapophyses (Gebo, 1993; Aiello and Dean 1990). The processes
decrease in size caudad. The accessory processes alsc occur on both thoracic
and lumbar vertebrae of carnivores and various species of primates. On the
human lumbar vertebrae these processes are poorly developed.

The intervertebral articulation and the intervertebral disc

The intervertebral articulations consist of symphyses between the vertebral
bodies, and synovial zygapophyseal joints between the articular processes.
Thick but flexible pads, known as vertebral discs, are located between the
bodies of adjacent vertebrae. The discs account for about 16% and 25% of the
length of the vertebral column in, respectively, domestic mammals and humans.
The rest of the vertebral column is formed by bone (Dyce et al., 1987). The
discs degenerate with age and the degeneration can be a cause of back pain.
Each disc has an eccentrically placed nucleus pulposus and a lateral annulus
fibrosus. The nucleus pulposus is derived from the embryonic notochord, and in
young animals retains the semifluid texture of the embryonic notochord. The
nucleus pulposus acts as a shock absorber and helps to spread compressive
forces to which the column is subjected. Later in life the nucleus pulposus may
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escape, pressing on the spinal cord and nerve roots causing pain. In some
cases it may become calcified, diminishing the resilience and flexibility of the
spinal column. The annulus fibrosus is an encircling fibrous tissue, obliquely
passing between the bodies of adjacent vertebrae, merging with their
cartilagenous plates.

The vertebrae are also joined by synovial interfacet (zygapophyseal)
joints.These cause varying degrees of mobility in different regions of the
individual spine, and in different species. The surfaces of the cervical and
cranial thoracic facet joints are tangential to the axis of the vertebral body.
Therefore rotation is the major movement encouraged in these joints, although
a lesser degree of flexion and extension is also possible. In the lumbar regions
the facet joint surfaces are parallel to the axis of the vertebral column,
restricting the movements to the sagittal plane (flexion and extension). More
details of the facet joints are given later in this chapter on page 42.

Vertebrae are again held together by strong ligaments, such as the
interarcuate ligaments between the laminae of the vertebral arches. The other
ligaments are the interspinous and intertransverse joining adjacent spinous and
transverse processes. Lastly there are the long ligaments dorsal and ventral to
the vertebral body.

A) Regional Differentiation in Primate Vertebral Columns
Cervical Vertebrae (Figure 2.1)

The number of cervical vertebrae is the most constant in all mammals, being
seven usually, except in manatees and sloth (Schultz, 1961).

A primate cervical vertebra has a transverse foramen in each of its
transverse processes. Typically its body is kidney-shaped, when viewed
cranially and saddle-shaped when viewed from the side. The cranial articular
surface of the body projects with the “uncinate processes” towards the cranial
vertebra forming an atypical synovial joint that is known as "uncovertebral joint".
The prezygapophyses face dorsocranially and the postzygaphyses face
ventrocaudally. The spinous processes are frequently bifid especially in
humans (Allbrook, 1955), and are relatively much longer in the great apes,
especially in the male gorilla and male orang-utan.

The long spinous processes improve the leverage for the neck musculature
































































































































































































































































































































































































































































































































































































































































































































