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CHAPTER 1. GENERAL INTRODUCTION

Innovations in a particular field of scientific 
research may unintentionally open up completely 
new opportunities in other, non-related areas, and 
high-resolution computed tomography (CT) is a 
good example. Developed as a powerful tool in 
medical imaging, it can be used for such diverse 
purposes as detecting ingrown stones in timber 
and haircracks in solid rocket fuel or rotor blades 
of turbines, assessing the amount of fat in slaugh
tered pigs and analyzing fossilized remains of our 
ancestors. This dissertation is an example of the 
last application, and its subject, the inner ear mor
phology in fossil hominid skulls, could not have 
been studied without the aid of CT.

Studying something as small and obscure as 
the bony labyrinth in extant and fossil primates 
may seem to be a typical example of the hyper
specialization that characterizes modem science 
in the popular view. However, this structure 
houses the vestibular apparatus, the sense organ 
for the perception of movement and spatial orien
tation, and past research suggests that the 
'hominization' of the neurocranium is strongly 
reflected in the inner ear morphology, because of 
its central location in the cranial base (Delattre and 
Fenart, 1960). The analysis of the labyrinth there
fore directly touches upon two of the most impor
tant processes of human evolution: brain 
expansion and the emergence of bipedal walking.

The idea of systematically examining the inter
nal structures of hominid temporal bones with 
radiological techniques was the 'brain child' of the 
otolaryngologist Jan Wind, who, because of his 
interest in the evolution of human communica
tion, sought to assess specific morphological as
pects of the auditory system and the facial canal 
to find clues on vocalization and facial mobility 
respectively (Wind, 1978; 1984). To achieve this 
aim he teamed up with medical imaging scientist 
Frans Zonneveld, and through the latter's exper
tise the appropriate scanning protocols were de
veloped and special problems associated with the 
scanning of highly mineralized fossils were 
solved (Zonneveld and Wind, 1985). However, 
once the internal structures of fossil temporal 
bones could be imaged with a quality similar to 
that in medical examinations, it became clear that 
the original questions, regarding the evolution of 
human speech and facial expression, were un
likely to be answered through this line of research. 
On the other hand, it was soon recognized that the 
great potential of this unexplored cranial region 
justified a research project with a more fundamen

tal and systematic approach than originally envis
aged. Apart from preliminary communications 
(Spoor 1989; 1992; Spoor and Zonneveld, 1993), 
this dissertation is the first report on the results 
obtained so far.

The two main problems that were encountered 
during the initial attempts to analyze the fossil 
hominid labyrinths were the absence of a compar
ative morphological framework for extant pri
mates (hominoids in particular), and uncertainty 
over the accuracy of measurements of the small 
labyrinthine structures taken from CT scans. 
Therefore, before the evolutionary history of the 
hominid bony labyrinth and its relation to loco
motor behaviour and the reorganization of the 
cranial base could be explored, these two topics 
had to be investigated. Hence, only the last part of 
this dissertation discusses the hominid fossils, 
whereas the preceding chapters provide the foun
dation required for the accurate interpretation of 
their morphology.
The central questions addressed in this disserta
tion can be summarized as follows:

1. What scanning and measuring protocols pro
vide the best possible accuracy and precision of 
linear and angular measurements taken from 
CT scans, what is the best possible accuracy and 
precision that can be achieved, and what are the 
smallest details that can be measured with this 
accuracy and precision?

2. Can a set of linear and angular measurements 
be defined to give a biologically meaningful 
description of the bony labyrinth and the sur
rounding structures of the petrous pyramid 
while being measurable from CT scans with 
sufficient accuracy and precision to distinguish 
between different morphotypes?

3. How variable is the morphology of the modern 
human labyrinth, are there statistically signifi
cant differences between groups based on sex, 
geographical origin or age, how does the laby
rinthine morphology in the analyzed sample 
compare with descriptions in the literature and 
to what extent are morphological features of the 
labyrinth intraspecifically correlated?

4. Does the morphology of the bony labyrinth in 
modem humans consistently differ from that in 
other extant primates, and if so, in what way? 
Are these possible differences the consequence 
of morphological correlations with body size or 
cranial shape, found in the primates in general.

1



CHAPTER 1

or does the human morphology take a unique 
position in this respect?

5. Are differences between the labyrinthine mor
phology in modem humans and other primates 
related (a) to the habitual bipedal locomotor 
behaviour of the former, as one may suspect on 
biophysical grounds (i.e. regarding semicircular 
canal dimensions), and (b) to the reorganization 
of the cranial base and the major brain expan
sion that characterize modem humans, as has 
been suggested by previous studies?

6. How do the labyrinthine morphologies in fossil 
hominid taxa compare with those of extant 
hominoids, and, on the basis of the findings for 
extant species, what can be inferred regarding 
locomotor behaviour, basicranial and brain re
organization and phylogenetic relationships be
tween these taxa?

In Chapter 2 (previously published as Zonneveld 
et al., 1989) a general overview is given of the use 
of CT in the field of hominid palaeontology, and 
the possibility of imaging the bony labyrinth in 
hominid fossils is introduced as one of the appli
cations. Chapter 3 describes a phantom study that 
investigates the more fundamental aspects of ac
curacy and precision of measurements taken from 
CT scans (question no. 1). Using the results of this 
phantom study, linear and angular measurements 
of the bony labyrinth and associated structures 
such as the facial canal and the endocranial petro
sal surface were defined, and are described in 
Chapter 4. By comparing the measurements taken 
from CT scans with those taken from subse

quently prepared casts and serial sections of the 
labyrinth, this chapter also addresses the question 
of their accuracy and precision (question 2). In 
Chapter 5 the labyrinthine measurements taken 
from CT scans of a sample of modem human 
crania (67 adults, infants and foetuses), are ana
lyzed with respect to the topics referred to in 
question 3. Subsequently, in Chapter 6, the mor
phology of the labyrinth in modem humans is 
compared with that in the extant great apes and 
19 other primate species (question 4), and bio
physical models of the semicircular canal system, 
and the relationship between growth and devel
opment of the brain and the cranial base are re
viewed with respect to the observed differences 
(question 5). Finally, using the comparative mor
phological framework built up in Chapters 5 and 
6, the bony labyrinths in hominid fossils attrib
uted to Australopithecus africanus, A. robustus, 
Homo off. habilis and H. erectus are assessed in 
Chapter 7, the relationship with early hominid 
locomotor behaviour is discussed with reference 
to the evidence from the postcranial fossil record, 
and the evolutionary history of the modern 
human labyrinth is evaluated (question 6).

This dissertation explores widely different top
ics ranging from technical aspects of CT imaging 
to hominid phylogeny, and the results of the more 
fundamental parts, such as the CT-accuracy study 
in Chapter 3, or the analysis of human labyrin
thine variation in Chapter 5, may perhaps serve 
other purposes. Hence, to keep each chapter inde
pendently accessible, they are, where possible, 
organized as separate units.
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The use of CT in the study 
of the internal morphology of 
hominid fossils

Medicamundi, vol. 34, no. 3, 1989 
4522 984 24521

Summary. The internal structures of fossil skulls are not accessible for direct 
visual inspection and/or measurement, and have therefore been little studied 
in the past. However, CT has the potential to reveal these structures, and in 
this article the authors describe the use of high-resolution CT in the 
assessment of the internal anatomical structures in fossils of man, his possible 
ancestors, and related species.
During visits to CT sites in various parts of the world, some 20 fossil skulls 
from local palaentological collections were examined during periods when no 
patients were scheduled.
Numerous examples are presented, showing such structures as the dental 
enamel and roots, paranasal sinuses, inner middle and external ear, and 
surfaces and cavities covered by and filled with unremoved calcite or rock 
matrix, such as the internal aspect of the skull base.

F.W. ZONNEVELD1), C.F. SPOOR2), 
and J. WIND2-3)

') Department of Development, Science and 
Technology, Philips Medical Systems, Best, the 
Netherlands, and Department of Radiology, 
Utrecht University, Utrecht, the Netherlands.
2) Department of Anatomy and Embryology, 
University of Groningen, Groningen, the 
Netherlands.
3) Institute of Human Genetics, Free 
University, Amsterdam, the Netherlands.

The potential use of radiography for 
the study of mineralized fossils was 
investigated shortly after the discovery 
of the X-rays in 1895. It was tested by 
taking a radiograph of a metal key 
embedded in plaster, followed by the 
study of a series of rocks from the 
‘Berlin Museum’ including one 
containing a tooth of a Palaeozoic fish 
(Diplodus), the skull of an armoured 
amphibian, belonging to the 
Stegocephali, embedded in Permian 
coal from Linton, Ohio, and trilobites 
embedded in shale from Bundenbach1. 
A year later Culin and Leonard 
successfully X-rayed a Peruvian 
mummy at the University of 
Pennsylvania2.
At the time of the discovery of X-rays 
the concept of the evolutionary origin 
of the human species, i.e. the theory 
that man and the great apes shared a 
common ancestor in the past, was well 
accepted among scientists.
However, in the late 19th century the 
actual evidence of this evolutionary 
process consisted of only a few human 
fossils, which were accidentally 
discovered since the first, but

unrecognized, Neanderthal find in 
Engis (Belgium) in 18293. In 1887 the 
Dutch anatomist Dubois was the first 
scientist to decide to make an active 
search for fossils of our ancestors in the 
Dutch East Indies. Four years later he 
discovered on Java the now well-known 
remains of Pithecanthropus erectus 
(now Homo erectus)4. Since that time 
hundreds of fossils of probable human 
ancestors have been discovered. Today 
they are classified in two genera 
(Australopithecus and Homo), and,

according to most palaeo- 
anthropologists, they comprise nine 
species (Fig. 1).
The extinct species together with 
modern humans, which are grouped in 
the family Hominidae, are 
characterized by bipedal rather than 
quadrupedal locomotion, and the 
members of the genus Homo in 
particular show a larger brain volume 
than that of other primates. Fossils of 
Australopithecus have, so far, only been 
found in East and South Africa, while 
those of Homo have been discovered 
all over the Old World. The question of 
how these various ancestral hominid 
species are related to each other, and 
precisely which species have been in the 
direct evolutionary lineage leading to 
modern humans, is the subject of 
considerable controversy, which,

Fig. 1. Time ranges of the various hominid 
species (solid lines) and their possible 
evolutionary relationships (halftone) (redrawn 
after Tattersall et al, 19885).
A ae =Australopithecus aethiopicus 
A afa =Australopithecus afarensis 
A afr =Australopithecus africanus 
A b =Australopithecus boisei 
A r =Australopithecus robustus 
Fie =Homo erectus 
H h =Homo habilis 
Hs =Homo sapiens (archaic)
Hsn =Homo sapiens neanderthalensis 
Hss =Homo sapiens sapiens
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Fig. 2. Lateral scanogram of Broken Hill 1 
prior to scanning of the fossil in the coronal 
plane.

2

however, is beyond the scope of this 
article.
Osseous remains are only preserved as 
fossils if they are buried in sediments 
(e.g. sand or clay) before they 
completely disintegrate. This usually 
happens at places such as lake or river 
shores and in caves.
Subsequently, in the process known as 
mineralization, the bone substance is 
more or less replaced by minerals from 
the sediment, and the sediment 
(matrix) surrounding the fossils often 
transforms, over time, into solid rock. 
The fossils appear on the surface if the 
sedimentary rock is eroded by wind and 
water, or in the case of intentional 
excavation. In both cases, the internal 
spaces of a fossil skull generally contain 
rock matrix, which is difficult to remove 
without damaging the fossil. Soon after 
the discovery of X-rays, radiography 
was applied to newly found hominid 
fossils, such as the Krapina Neanderthal 
remains in Yugoslavia6, and the Mauer 
mandible in Germany7. At first, 
radiography was mainly used to study 
the roots of the teeth in the jaw. 
However, according to descriptions of 
the Homo erectus finds in China in the 
20’s and 30’s, it was also applied to 
complete skulls in order to visualize the 
pneumatization8’9. Radiographs of fossil

Fig. 3. Broken Hill 1 fossil skull placed in the 
head holder for scanning in the coronal plane.

3

skulls are only useful if the endocranial 
rock matrix has been removed10, but 
even then the mineralization and the 
superimpositioning of structures greatly 
hamper the study of internal 
morphology11. These limitations can 
only partially be circumvented by the 
use of pluridirectional tomography12,13. 
After the introduction of high- 
resolution CT, in the late 70’s, CT 
became a useful tool in the study of 
hominid fossils. In the skull, it enables 
the visualization of intraosseous 
structures such as those of the 
dentition14,15,16, and those of the 
middle and inner ear17,18. It also 
provides accurate cross sections of the 
skull base19, and of postcranial 
bones20,21. Even when CT is used, the 
degree of mineralization in combination 
with accumulated rock matrix sometimes 
presents a problem, in the form of 
‘maximum CT number overflow’. This 
problem can be circumvented by the 
use of a specialized calibration 
technique, and an adaptation of the CT 
number scale18. In this paper we 
present some results of the investigation 
of various fossil hominid skulls using 
these advanced CT techniques.

Materials and methods.
All CT scans were carried out in the

period between June 1983 and January 
1989 using a Philips Tomoscan 310 or 
350 CT installation on a site close to a 
repository of appropriate fossils. The 
scan technique was chosen to obtain 
maximum spatial resolution for the 
visualization of small details, and was 
similar to the technique described for 
assessment of the temporal bone. The 
scans were made using 1200 projections 
per full rotation and a short distance 
between the focal spot and the axis of 
rotation (488 mm), in combination with 
a sufficient number of detectors (576 in 
an arc of 43.2°). The technique of 
varying the focus-axis distance (488- 
733 mm) is referred to as geometric 
magnification22, and combines a high 
spatial resolution of 0.6 mm with a 
small scanned area of 32 cm or, 
alternatively, a low spatial resolution of 
0.9 mm with a large scanned area 
(48 cm). The high spatial resolution of 
0.6 mm could be further improved to 
0.5 mm by the use of a special 
reconstruction algorithm known as 
Macro View23. The spatial resolution is 
defined independently of the slice 
thickness, but the sharpness of the 
image can be degraded by the use of 
relatively thick slices due to the partial 
volume averaging effect (averaging of 
details at the same location in the scan
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Fig. 4. CT number ranges of labyrinthine 
capsule bone and rock matrix encountered in 
hominid fossils. All fossil bone except for that 
of Broken Hill 1, which was found in a lead- 
zinc mine, falls within the standard CT number 
range of—1000 to +3095 H. CT numbers 
above +3095 H cause overflow of the CT 
number scale thus requiring expansion of this 
scale (see Fig. 5).

Fig. 5. Standard and modified CT number 
representation. The modification effectively 
results in a doubling of the CT number scale 
running from —1000 to +7191 H. (from: 
Zonneveld and Wind, 1985)18.
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plane but distributed along the thickness 
of the slice). We have therefore used a 
slice thickness of 1.5 mm, which is the 
thinnest slice that can be achieved in 
the Tomoscan 310/350 with the smallest 
focal spot size available. An important 
aspect of the use of geometric 
magnification in relation to the slice 
thickness in scanning mineralized fossils 
is the ability to achieve a higher signal 
with a given exposure.
On one hand, for a given slice 
thickness, a larger solid angle of X-rays 
contributes to the detector signal as the 
focus-axis distance decreases. As a 
result, we were able to achieve higher 
signals with the given exposure of 480 
mAs than would have been possible 
with most other CT scanners. This 
proved to be of crucial importance for 
achieving an image with an acceptable 
noise level when scanning fossils still 
containing an endocranial filling of rock 
matrix, such as MLD37/38 and SK48, 
and those impregnated with metal ores, 
such as the zinc-lead ore in Broken Hill 1. 
On the other hand, the higher signal 
meant that the X-ray tube did not have 
to be loaded to its maximum capacity, 
which allowed for continuous scanning 
without having to wait for the tube to 
cool down.
The scans were reconstructed as an

overview image with a field of view 
(FOV) of 240 mm, and as zoom 
reconstructions for detailed images such 
as images with a FOV of 80 mm for the 
temporal bone or the frontal sinus.
The scans were made directly in three 
different planes: the transverse plane 
parallel to the nasion biauricular 
plane24, the coronal plane 
perpendicular to the Frankfurt 
horizontal, and the sagittal plane. The 
positioning for these planes was 
performed either on the basis of 
external landmarks, such as the 
superior margin of the external acoustic 
meatus and the nasal bridge in the case 
of the transverse plane, or on the basis 
of projection radiographs, called 
scanograms, produced by the CT 
scanner itself25 (Fig. 2). For positioning 
of complete skulls the standard head 
holder was used (Fig. 3).
For incomplete skulls, however, the 
positioning was facilitated by the use of 
a special head holder equipped with 
Velcro® straps and pieces of plastic 
foam for support and fixation in the 
correct position. The standard CT 
number range, which runs from —1000 
Hounsfield units (H) (representing air) 
via 0 H (representing water) and 
+1000 H (representing cortical bone) 
to +3095 H (representing tooth
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enamel), is sometimes too restricted 
when applied to heavily mineralized 
fossils (Fig. 4), causing overflow of the 
CT number scale which results in a 
sudden jump from +3095 H to 
—1000 H due to the loss of the most 
significant bit of the CT number, which 
is restricted to 12 bit but in this instance 
requires 13 bit. In some scanner designs 
the CT number range is even restricted 
to a maximum of +1000 H15, which 
causes an even more severe problem 
when scanning fossils, as practically all 
CT numbers of both dense bone as well 
as rock matrix generally range between 
1000 and 3000 H (Fig. 4). To 
circumvent CT number range overflow, 
a software modification was installed 
resulting in the doubling of the CT 
number scale to the range from

Table 1. Survey of fossils examined by CT (G b 
= Gigantopithecus blacki). For key to other 
abbreviations see caption to Fig. 1.

—1000 H to +7190 H at the expense of 
the odd CT numbers18 (Fig. 5). The 
improvement of the image quality 
achieved in this way is demonstrated by 
applying it to a transverse scan of the 
Broken Hill 1 skull (Fig. 6). The energy 
of the X-rays used is distributed over a 
wide range (spectrum) which is 
modified by the tissue or other material 
being traversed in such a way that the 
lower energies are attenuated 
preferentially to the higher energies. 
This effect is called beam hardening 
and is, in the first order, compensated 
for by a calibration which makes use of 
a material with similar X-ray 
attenuation properties to those of the 
object.
Normally, perspex (plexiglass) is used 
for this purpose, as it approximates to 
the X-ray absorption in the patient’s 
soft tissue. In fossils, however, due to 
the absence of soft tissues and the 
degree of mineralization, another

material is needed to represent the 
fossilized bone, and to compensate for 
its much stronger beam hardening. This 
beam hardening is caused by the higher 
effective atomic number on which the 
photoelectric absorption of the X-rays 
is strongly dependent. We found 
aluminium to be the most suitable 
material.
We have scanned 20 fossils, 19 of 
which represent hominids 
(Australopithecus africanus (3), 
Australopithecus robustus (2), Homo 
habilis(V), Homo erectus (A), ‘archaic’ 
Homo sapiens (2), Homo sapiens 
neanderthalensis (1) and Homo sapiens 
sapiens (6)), and one represents the 
extinct giant ape Gigantopithecus 
blacki (Table 1).

Visualization of structures covered by 
rock matrix
In many fossil skulls, the endocranial 
matrix prevents visual inspection of the 
endocranial surface of the skull. This is 
where CT can play a role, as it can 
show the cross-sectional details of the 
bone surface without being hampered 
by the rock matrix. Depending on the 
contents of the matrix and the degree 
of mineralization of the bone, there can 
be a clear bone-matrix interface such as 
the one we have encountered in MLD 
37/38 (Fig. 7a). Various aspects of the 
endocranial surface are of particular 
importance in palaeoanthropological 
research. During the evolution of the 
hominids, the shape of the skull base 
has altered as a consequence of the 
transition from quadrupedal to bipedal 
locomotion (downward shift of the 
foramen magnum) and of the increase 
in brain volume. CT enables 
comparative measurements to be made 
of the skull base in matrix-filled skulls, 
as was shown by Zonneveld and 
Wind18 who measured the orientation 
of the clivus of MLD 37/38 in a 
midsagittal plane in relation to the 
orientation of the lateral semicircular

Fossil name Species

Broken Hill 1 H s
CB 83.1096 H s s
CB 85.3031 H s s
Forbes’ quarry H s n
Hoekgrot H s s
Liang Toge H s s
MLD 37/38 A afr
OH 9 H e
PA 77 G b
Sangiran 4 H e
Sangiran 5 H e?
Sangiran 6 H e?
SK 48 A r
Sts 5 A afr
StW 53 H h
Taung 1 A afr
TM 1517 A r
Xujiayao H s
Wadjak 1 H s s
Wadjak 2 H s s

Place of origin 

Zambia
Italy-Sardinia (Oliena)
Italy-Sardinia (Oliena)
Gibraltar
Indonesia-Java
Indonesia-West Flores
S. Africa-Makapansgat
Tanzania-Olduvai Gorge
China-Liucheng
Indonesia-Sangiran
Indonesia-Sangiran
Indonesia-Sangiran
S. Africa-Swartkrans
S. Africa-Sterkfontein
S. Africa-Sterkfontein
Bophuthatswana-Taung
S. Africa-Kromdraai
China-Xujiayao
Indonesia-Java
Indonesia-Java

Repository Discovery date

London 1921
Utrecht 1983
Utrecht 1985
London 1848
Leiden 1890
Utrecht 1954
Johannesburg 1958/1959
Dar es Salam 1959
Beijing 1956
Frankfurt 1938/1939
Frankfurt 1939
Frankfurt 1941/1950
Pretoria 1950
Pretoria 1947
Johannesburg 1976
Johannesburg 1924
Pretoria 1938
Beijing 1976
Leiden 1889
Leiden 1890
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Fig. 6. Transverse scan of Broken Hill 1 before and after doubling of the 
CT number scale. The high CT numbers in this fossil are caused by its 
having been embedded in lead-zinc ore for some few hundred thousand 
years.
a. Each time the maximum CT number of+3095 H is surpassed, the 
CT number drops back to —1000 H which causes the numerous black/ 
white transitions.
b. After doubling of the CT number scale the normal bony anatomy can 
be recognized again. Note that even the double scale still produces some 
overflow in the lateral orbit walls.

Fig. 7. Examples of CT scans of matrix-filled fossils.
a. Transverse scan of MED 37/38 showing good differentiation between 
the fossilized bone and the matrix which represents a much higher CT 
number. Of special interest are the location of the sigmoid sulci (large 
arrows), the position of the petrous part of the carotid canal (arrow head) 
just in front of the basal turn of the cochlea, and the pneumatization 
medial to the zygomatic process of the temporal bone (small arrows). 
(From: Wind and Zonneveld, 198927).
b. Transverse scan of SK 48 showing a disruption of the differentiation 
between bone and matrix and major empty spaces within the rock 
matrix. As a result it is extremely difficult to recognize any anatomic 
details. Note the wide zygomatic arch (arrow).

canal. Both of these structures are otherwise inaccessible 
without damaging the fossil.
Another important aspect of the endocranial surface is the 
development of the venous sinus system. Australopithecus

afarensis, A. boiseiand A. robustus are characterized by an 
enlarged occipital and marginal sinus system which 
is usually small in the other hominid species26.
The development of the venous sinus system in matrix-
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Fig. 8. Coronal CT scan of Sts 5 at the level of the basal turn of the 
cochlea (arrowhead) showing the conical shape of the external acoustic 
mead which are filled with matrix (arrows).

Fig. 9. Left lateral aspect of SK 48. Note the heavy zygomatic arch and 
the flattened forehead. The posterior part of the skull cap has been 
damaged.

8

filled skulls can be studied on CT scans, as is demonstrated 
by the transverse scan of MLD 37/38, which shows the 
sigmoid sulci (Fig. 7a). Unlike the clear distinction between 
bone and matrix we found in MLD 37/38, a different

Fig. 10. Sagittal scan of the left orbit and maxilla of SK 48 showing the 
pulp chambers and roots as well as the interface between enamel and 
dentin in the three molars.

situation was encountered in SK 48. Although this skull 
also had an intrinsically good contrast (Fig. 4), the clear 
differentiation between bone and matrix is lost. This can be 
explained by the crushing of the skull (Fig. 9), and the fact 
that it was broken during excavation27 resulting in air-filled 
spaces within the endocranial matrix (Figs 7b and 15). 
These air spaces should not be confused with inner ear 
structures which have remained air-filled, such as the 
common crus, cochlea and ascending part of the carotid 
canal (Fig. 15). In cases where it was possible to remove the 
endocranial matrix, as in Sts 5 and Taung 1, the orbits and 
external acoustic meatus are still matrix-filled. In such cases 
CT can reveal the shape of the optic canals28 and it can 
show the conical shape of the external acoustic meatus in 
australopithecines (Fig. 8)18.

Visualization of intraosseous tissue interfaces
Within the skull there are numerous tissue interfaces which 
are inaccessible for visual inspection. We present two of 
these as examples where CT can play an important role.
The first example is the interface between tooth enamel and 
dentin. Enamel thickness is generally considered to be 
related to dietary specialization. Species with a highly 
abrasive diet tend to have thicker enamel than species with 
a diet of relatively soft food. An impression of the enamel 
thickness can be obtained by radiography29 but, due to the 
geometric distortion and superimpositioning, this is an 
inaccurate method. CT, being a tomographic technique, can
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Fig. 11. The Liucheng Mandible 1 (PA 77) of Gigantopithecus blacki; 
an extinct giant ape fmm China. This lower jaw is believed to have 
belonged to a female individual. This part without the rami measures 
almost 9 cm in length.
a. Superior aspect.
b. Tansverse CT scan at the level of the top of the roots. Note the heavy 
single mots of the canines (arrows) and the multiple roots of the 
premolars (arrowheads).

11a

Fig. 12. The Liucheng Mandible 1 (PA 77) of Gigantopithecus blacki: 
right supemlateral aspect.

11b

show the enamel thickness at any location on the dental 
surface. As an example we measured the enamel in A. 
robustus, which is considerably thicker than that of the great 
apes and man29. Sagittal scans of the second upper molar 
reveal a maximum thickness of 3.3 mm in TM 151718 and
2.6 mm in SK 48 (Figs 9, 10). This species, which possessed 
an extremely well-developed masticatory apparatus 
including a wide and robust zygomatic arch allowing for 
well-developed chewing musculature (Fig. 7b), was most 
probably adapted to a highly abrasive vegetarian diet.
The second tissue interface that we would like to discuss is 
that between the dental roots and the mandibular or 
maxillary bone surrounding the dental alveoli. The 
visualization of the roots has always been one of the major 
applications of radiography in human fossils. When using 
sagittal or coronal CT scans, it is possible to study the 
dental root interfaces in their full longitudinal extent (Fig. 
10). Sagittal scans of the dentition of Broken Hill 1 clearly 
show bone resorption around the apex of the roots, which 
indicates periapical infection11. It is, however, also possible 
to perform transverse scans and then to reconstruct a three- 
dimensional image of the root configuration by selectively 
accepting the contribution of the roots to the final image, 
while neglecting the contributions from the surrounding 
mandible or maxilla. This procedure is known as 
‘disarticulation’, as it is usually but not necessarily used to
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Fig. 13. Three-dimensional images of the Gigantopithecus blacki 
mandible (PA 77) from Liucheng, China showing the total mandible 
(a,c) and the dentition without the mandibular bone (b,d,e,f) allowing 
for the visualization of the roots.
a,b. Right superolateral aspect of complete mandible and isolated teeth.
c. Right superolateral aspect of transparent alveolar ridge 
(monochrome) with isolated teeth (cream)
d. Right inferolateral aspect of isolated teeth.
e. Anterosuperior aspect of isolated teeth.
f. Inferior aspect of the isolated teeth showing the root configuration. 
Note the multiple roots of the premolars which are largely comparable to 
the configuration in extant great apes (three roots in the first premolar 
and four roots in the second premolar). Modern humans generally have 
single, peg-shaped premolar roots.

make separate images of articulating bones30. We have 
previously made a 3D image of MLD 37/38 providing an 
unobstructed view of the skull base from above, in spite of 
the presence of the endocranial rock matrix28. This 
technique was first tried out on a 30 million year old 
ungulate (Stenopsochoerus) from Wyoming, U.S.A.31. We 
have made a 3D dental root image of the mandible (PA 77) 
of an extinct giant ape ( Gigantopithecus blacki) from China 
(Fig. 11, 12) on the basis of 23 consecutive 1.5 mm scans, 
one of which is shown in Figure 11b. The resulting 3D 
images have been reconstructed from different viewing 
angles, and are compared with the standard 3D images 
which include the bone of the mandible (Fig. 13). These 3D 
images permit detailed examination of the root 
configuration and shape. Wood et al.32 showed that the 
study of root morphology may reveal information about the 
evolutionary relationships between hominid species. They 
observed a trend of root reduction in the mandibular 
premolars of the genus Homo, and a trend of root 
elaboration in those of A. robustus and A. boisei. The root 
shape of the premolars of Gigantopithecus shown in Figure 
13 is comparable to that of the modern great apes.

Morphology of internal structures
By the term ‘internal structures’ we refer to spaces which 
are normally air or fluid-filled, such as the middle and inner 
ear, paranasal sinuses and the carotid canal. It also includes 
the auditory ossicles which are sometimes still present in 
hominid fossils. In fossils with a distinctly protruding 
browridge, such as Homo erectus and ‘archaic’ Homo 
sapiens, the frontal sinus may have a shape quite different 
from that in modern man, as we have demonstrated in a 
coronal scan of OH 918. The transverse scan of the Broken 
Hill 1 skull shows that the anterior wall of its frontal sinus is 
lobulated (Fig. 14).
Other pneumatized structures are the mastoid air cells. 
Pneumatization of the temporal bone just medial to its 
zygomatic process, which is common in great apes such as 
the gorilla but is not regularly encountered in modern man, 
has been demonstrated by CT in Australopithecus africanus 
(Sts 528 and MLD 37/38) (Fig. 7a). Fossil hominid ear 
ossicles are rarely found33,34. The use of CT provided us 
with the means to reconfirm the presence of the malleus in 
Broken Hill 1 that Price and Molleson had found by using 
pluridirectional tomography12. Later, we found a stapes 
inside the vestibule in CB 83.1096 (Fig. 16), a fossilized 
temporal bone found on Sardinia35.
The labyrinth of the temporal bone remains a hidden 
structure unless the fossil is broken36. By means of high- 
resolution CT, however, it is usually readily discernible

13a

except in severely damaged fossils, such as SK 48, where it 
may be quite difficult to recognize the different anatomical 
entities (Fig. 15). For comparison we show the same area in 
a modern dry skull (Fig. 17). This shows that during the 
reassembly of SK 48 the part containing the cochlea must 
have shifted some 3-4 mm laterally, as is now incorrectly 
shown at the same level as the common crus. The
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previously mentioned changes of the skull base during the 
evolution of the hominids seem to have had considerable 
influence on the morphology of the labyrinth37. On the 
basis of the individual CT scans it is possible to make a 
reconstruction of the lateral (based on sagittal scans) or 
superior aspect (based on transverse scans) of the labyrinth. 
We have done both for Taung 118, and the lateral aspect for

OH 9 (Figs 18, 19). In this way, the changes in spatial 
orientation of the labyrinth can be studied in relation to the 
major changes in skull morphology during hominid 
evolution. In the transverse scan of MLD 37/38 (Fig. 7a) 
the petrous part of the carotid canal is, at that level, situated 
directly in front of the basal turn of the cochlea. In modern 
man, the transition of the ascending carotid canal into the
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Fig. 14. Transverse scan of the frontal sinus (large arrow) of Broken Füll 
1. Note the lobulation of the anterior wall and the typical constriction of 
the skull (small arrows). The superior margin of the left orbit is just 
open (arrowhead). This image also shows the famous hole (solid arrow) 
of which the origin is unknown.

Fig. 15. Sagittal CT scans of the left temporal bone of SK 48 showing 
the endocranial rock matrix as well as the inner ear spaces lined with 
calcite.
a. Common crus (1), anterior semicircular canal (2), vestibular 
aqueduct (3), cochlea (4), and carotid canal (6). Comparison with a 
sagittal scan of a modern skull (Fig. 17a) shows that the part with the 
common crus corresponds well, but the part with the cochlea does not, 
which means that the two parts show a mismatch of about 3-4 mm.
b. Basal turn of the cochlea (5) and carotid canal (6) which correspond 
to the same structures in a modern skull (Fig. 17b).

Fig. 16. Scans of CB 83.1096; a temporal bone from the Corbeddu Cave 
in Sardinia, Italy, showing the stapes inside the vestibule (arrowheads).
a. Sagittal scan.
b. Transverse scan.

Fig. 17. Sagittal scans of a modern skull showing the correspondence of 
the inner ear structures in SK 48 (Fig. 15) with those in modern man. 
Comparison of Figs. 15 and 17 shows how much more difficult it is to 
interpret a severely damaged fossil such as SK 48.
a. Level of the common crus (See also Fig. 19b).
b. Level of the basal turn of the cochlea (See also Fig. 19c).

horizontal (petrous) part is clearly seen anteromedially to 
the basal turn of the cochlea38. The comparative 
morphology of the internal carotid artery in the middle ear 
plays an important role in primate systematics39. Because

the study of the carotid canal usually requires dissection of 
the middle ear region, its morphology has hardly been 
investigated in fossil hominid skulls. The use of CT can now 
provide easy access to the carotid canal.
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Fig. 18. Left anterosuperior view of OH 9.

Discussion
The CT numbers in our CT scans of the fossils not only 
reflect density, but also effective atomic number, as we have 
seen in Broken Hill 1. This was noted early on in the use of 
X-rays by Doelter40,41,42 who had studied the X-ray 
transmission of minerals and found that there was no 
correlation between X-ray transmission and specific gravity. 
He showed that graphite and amber, which have a specific 
gravity of 2.9 and 1.1 gram/cc respectively, are quite 
translucent to X-rays, whereas calcite (2.7 gram/cc) has a 
relatively high X-ray attenuation. This lack of correlation is 
due to the mixing of two properties: molecular density and 
effective atomic number.
This explains why the calcite filling of the semicircular 
canals shows up lighter than the surrounding petrous bone. 
Our study has demonstrated that CT scans of hominid 
fossils can be carried out in such a way that high-resolution 
images of good quality are obtained and that problems of 
CT-number scale overflow and beam hardening can be 
corrected for. As a result, the internal morphology of fossil 
hominid skulls can be studied without suffering from the 
inability to visualize these internal structures directly. Even 
reliable reconstructions of small structures such as the 
labyrinth can be made successfully. The morphology can 
even be assessed in quantitative terms by making 
measurements on the display screen.
Three-dimensional images can be also be reconstructed, 
showing various aspects of a fossil such as a view of the 
skull base or dental roots, without being obstructed by 
endocranial rock matrix or skull cap and jaw bone 
respectively.
The technology of high-resolution CT holds a promise for 
the future of palaeoanthropology, as from now on not only 
the outside but also the inside of the fossils is accessible for 
study, as long as a proper CT scanner and the fossil can be 
brought together under the supervision of a specialist who 
can adapt the CT scanning parameters to the special 
requirements that are imposed by the fossil’s composition.
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Fig. 19. Sagittal scans of the left temporal bone of OH 9. Practically all 
structures are matrix-filled which results in a low contrast.
a. Third part of the facial nerve canal (arrow head) and lateral margin of 
the lateral semicircular canal (small arrow).
b. Vestibule, round window, common crus, superior semicircular canal, 
ampulla of the posterior semicircular canal and vestibular aqueduct.
c. Basal turn of the cochlea, internal acoustic meatus, ascending part of 
the carotid canal (large arrow) and jugular fossa.
d. Reconstruction of the labyrinth of OH 9 based on all sagittal scans 
some of which are shown in
Fig. 19 a, b, c.
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Appendix 2-1. Hominid fossils examined by CT. Replaces Table 1 of Chapter 2.

Specimen Site Scanned part(s)

Border Cave 1 South Africa petrous pyramid
Border Cave 3 South Africa petrous pyramid
Broken Hill 1 Zambia cranium 

left ilium
Broken Hill 2 Zambia maxilla
CB83.1096 Corbeddu Cave, Italy petrous pyramid
CB85.3031 Corbeddu Cave, Italy maxilla
EM 1770 Australia petrous pyramids
Gibraltar 1 Forbes' Quarry, Gibraltar petrous pyramid
Gibraltar 2 Devil's Tower, Gibraltar right maxilla 

mandible 
petrous pyramid

Hoekgrot Java, Indonesia petrous pyramid
Kedungbrubus Java, Indonesia mandible
Liang Momer Hores, Indonesia petrous pyramid
Liang Toge Flores, Indonesia petrous pyramid
Mauer Germany mandible
MLD 31 Makapansgat, South Africa petrous pyramid
MLD37/38 Makapansgat, South Africa petrous pyramid
OH9 Olduvai, Tanzania cranium
Piltdown England petrous pyramid
Reilingen Germany cranium
Sale Morocco petrous pyramid
Sangiran lb Java, Indonesia mandible
Sangiran 2 Java, Indonesia cranium
Sangiran 3 Java, Indonesia calvaria
Sangiran 4 Java, Indonesia part, cranium
Sangiran 5 Java, Indonesia mandible
Sangiran 6 Java, Indonesia mandible
Singa 1 Sudan cranium
SK 46 Swartkrans, South Africa petrous pyramid
SK 47 Swartkrans, South Africa cranial base
SK 48 Swartkrans, South Africa petrous pyramids
SK 846B (847) Swartkrans, South Africa petrous pyramid
SK 879 Swartkrans, South Africa petrous pyramid
SkhulIX Israel part, cranium
Steinheim Germany cranium
STS 5 Sterkfontein, South Africa petrous pyramids
STS 19 Sterkfontein, South Africa petrous pyramids
STW13 Sterkfontein, South Africa cranium
STW 53d Sterkfontein, South Africa petrous pyramid
STW 53g Sterkfontein, South Africa petrous pyramid
STW 98 Sterkfontein, South Africa petrous pyramid
STW 158 Sterkfontein, South Africa petrous pyramid
STW 255 Sterkfontein, South Africa petrous pyramid
STW266A Sterkfontein, South Africa petrous pyramid
STW 329 Sterkfontein, South Africa petrous pyramid
Swanscombe England part, cranium
Tabun Cl Israel cranium

mandible
Taung South Africa petrous pyramid
Temifine 1 Algeria mandible
Temifine 2 Algeria mandible
Temifine 3 Algeria mandible
Temifine 4 Algeria parietal
TM 1517 Kromdraai, South Africa petrous pyramid 

dentition
Trinil 1 Java, Indonesia upper M3
Trinil 2 Java, Indonesia calvaria
Trinil 4 Java, Indonesia upper M2
Trinil 5 Java, Indonesia lower P3
UR 501 Uraha, Malawi mandible
Wadjak 1 Java, Indonesia cranium
Wadjak 2 Java, Indonesia petrous pyramid
Xujiayao China petrous pyramid 

parietal
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CHAPTER 3. ACCURACY OF LINEAR MEASUREMENTS TAKEN 
FROM CT SCANS, WITH SPECIAL REFERENCE TO SMALL

DIMENSIONS

Abstract. High-resolution computed tomography (CT) has the potential to provide 
measurements of the dimensions of the smallest structures of the body imaged by this 
technique. A phantom study was made to determine the best possible accuracy that can 
be achieved for linear measurements taken from CT scans, and the smallest dimensions 
measurable to this level of accuracy. The relevance of object density and contrast and 
the pixel size was investigated. Under the given conditions, the size of objects larger 
than 1.0 mm can be measured with an error range of ±0.1 mm by positioning the 
measurement points at half maximum height (HMH) of the CT number transition 
profile of the tissue interfaces. Owing to the limited spatial resolution the size of smaller 
objects is consistently overestimated. A second measuring method using the extreme 
CT number of an object to indicate its centre could be applied to objects smaller than 
2.5 mm in diameter, and centre to centre distance measurements between such objects 
have an error range of ±0.1 mm. In most circumstances the two measuring methods 
using the local CT numbers are considerably more accurate and precise than those 
employing intuitively positioned measurement points (e.g. applied when measuring 
on film hardcopy).

3.1 INTRODUCTION

In addition to its widespread qualitative use, 
high-resolution computed tomography (CT) is a 
valuable quantitative tool in morphometric stud
ies of structures inside the body, both for clinical 
and for pure scientific purposes. The accuracy of 
linear measurements taken from CT scans has 
been investigated in phantom studies aimed at the 
dimensions of the spinal cord and canal, the bron
chial tree and larger lymph nodes (Baxter and 
Sorenson 1981; Seibert et al., 1981; Rosenbloom et 
ah, 1983; Webb et ah, 1984; Eubanks et ah, 1985; 
Magnusson 1987). However, high-resolution CT 
with its spatial resolution better than 1.0 mm vi
sualizes considerably smaller structures of the 
body, and the bony labyrinth with its complicated 
three-dimensional shape is perhaps one of the best 
examples (Zonneveld 1987; Sick and Veillon 1988). 
Whether the dimensions of the smallest structures 
visualized by CT can actually be measured from 
scans with sufficient accuracy to be used in mor
phometric analyses requires insight into the limits 
of CT performance. Hence, a phantom study was 
made (a) to determine the best possible accuracy 
that can be achieved for linear measurements 
taken from CT scans, and (b) to establish the small
est dimensions measurable to this level of accu
racy (see the glossary in Appendix 3-1 for the 
explanation of 'phantom' and other specific CT 
terms).

Taking accurate measurements from CT scans 
by intuitively positioning the measurement points 
is difficult because the imaged structures have 
somewhat blurred boundaries and, more impor
tantly, the window setting of the image influences 
the apparent size of the structures (Koehler et ah, 
1979) (Fig. 3-1). Both phenomena are caused by the 
limited spatial resolution (in the plane of the scan) 
and the averaging of different densities along the 
thickness of the slice (partial volume averaging), 
resulting in a gradual rather than abrupt transition 
of the CT numbers at an interface between tissues 
(Fig. 3-2). The actual position of the tissue interface 
is located at half maximum height (HMH) of the 
gradual CT number transition, which corre
sponds to the mean of the CT numbers on either 
side of the interface (Baxter and Sorenson 1981; 
Seibert eta/., 1981; Eubanksef a/., 1985; Magnusson 
1987; Ulrich et ah, 1980). Hence, to measure the 
distance between two interfaces (for example, the 
diameter of an object) each measurement point 
must be positioned at HMH of the local CT num
ber transition (Fig. 3-2). If the contrast and densi
ties at both interfaces are similar this method is 
known as measuring the full width at half maxi
mum. The accuracy by which the HMH CT num
ber represents the true interface position is related 
to the image quality and the discrete representa
tion of the image as a matrix of pixels.
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Figure 3-1. The apparent diameter of a 0.5,1.0,2.5 and 5.0 mm air-filled hole in plexiglass (left to right), measured from a CT scan 
for a wide range of window levels and a window width of 1H. The arrows indicate the segment of each graph with the true diameter.

Figure 3-2. The CT number profile of a 5.0 mm air-filled hole in 
PMMA. x-axis: position from A to B, and y-axis: CT number in 
H(ounsfield). The hole edges are represented by gradual tran
sitions in the profile, which explains why the perceived hole 
diameter depends on the window setting. The arrow indicates 
the correct diameter at 1TMH of the CT number transitions.

Figure 3-3. Density curve of a large (A) and a small hole (B). 
X-axis: position, and Y-axis: CT numbers. The interface transi
tions of the small hole (broken lines) cross, and due to 
interference the value of the contents does not correspond to 
the actual value, h. density of the material in the hole, and s. 
that of the surrounding material. 1. correct diameter, and 2. 
overestimated diameter measured FIMH. The single headed 
arrow indicates the extreme (minimum) density in the hole, 
which is equidistantly located from both interfaces.
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ACCURACY OF CT MEASUREMENTS

Figure 3-4. Density curve of three identical holes with different positions relative to the matrix overlay (indicated below the x-axis), 
and their CT number profile. X and Y-axis, h and s as in Figure 3-3. The CT number range (arrows) in which the correct diameter of 
five pixels can be measured is variable (A, B), and in one case the correct diameter is not represented at all (C), giving an error equal 
to the pixel size.

3.1.1. The image quality
The image quality influences the accuracy, as it 

determines the width and height, and thus the 
slope, of the gradual CT number transition at an 
interface. In the case of a steep transition slope a 
small deviation of the calculated HMH CT num
ber introduces smaller errors of the interface posi
tion than in the case of a less steep one. The 
following factors of the image quality are relevant 
in this respect.
a) The spatial resolution, or more specifically the 

beam geometry, determines the width of the CT 
number transition at an interface. Therefore, im
proving the spatial resolution potentially im
proves the level of accuracy.

b) The contrast at the interface determines the 
height of the CT number transition, i.e. high 
contrast gives a steeper slope, and thus poten
tially more accurate measurements, than low 
contrast.

c) Partial volume averaging at an interface in
creases the width of the CT number transition, 
especially if the interface is not perpendicular to 
the scan plane (Goodenough et al., 1981), thus 
degrading the accuracy. It can be minimized by 
using a small slice thickness and scanning per
pendicularly to the interface (Zonneveld and 
Vijverberg 1984).

d) The convolution filter influences the slope of 
the CT number transitions at an interface, and 
thus potentially the accuracy. Compared with 
the effect of a 'Ramp' filter the slope is steeper 
for an edge enhancement filter and less steep for 
a smoothing filter.

e) Artefacts disturb the regular pattern of the CT 
number transition at an interface, which may 
influence the calculation of the correct HMH CT 
number.

f) Noise has a similar effect as artefacts if the CT 
number intervals between the individual pixels 
(the discontinuous steps) of the interface transi
tion are in the range of the noise, for example in 
the case of low interface contrast.

When considering small dimensions, the width of 
the CT number transition at an interface is partic
ularly important because it determines the mini
mum distance between two interfaces that can be 
measured using their HMH CT numbers. Below 
this critical distance the CT number transitions of 
both interfaces interfere, the CT numbers in be
tween do not reach the actual value of the tissue 
and measuring between the HMH values consis
tently overestimates the distance (Fig. 3-3). The CT 
number curve resulting from the interference has 
an extreme (minimum or maximum) equidistant 
from both interfaces if the contrast at the interfaces 
is similar and the tissue in between is homoge
neous. Therefore, this extreme CT number can 
potentially be used to position a measurement 
landmark representing the centre of a small struc
ture.

3.1.2 Representation in pixels
The discrete representation of the image in 

pixels may diminish the accuracy by introducing 
three types of pixel size-related errors,
a) The pixel size may limit the spatial resolution, 

xmless it is half of the resolved detail size or
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smaller (Blumenfeld and Glover 1981; Papoulis 
1961). To avoid this error, a zoom reconstruction 
must have a field of view (FOV) which is small 
enough to meet this condition.

b) If the pixel size is larger than the unit of mea
surement as displayed by the viewing console 
(e.g. the nearest tenth of a millimetre), the accu
racy can be influenced by the pixel size. The 
maximum potential error is half the pixel size. 
However, this error can be eliminated by reduc
ing the pixel size below the unit of measurement 
by choosing a zoom reconstruction with an ap
propriately small FOV, or by magnification of an 
area within the reconstructed scan.

c) Any linear measurement in a CT scan has a 
potential error equal to the pixel size, occurring 
when the true locations of both measurement 
points fall exactly in between the pixels. The 
error introduced by a disadvantageous matrix 
overlay (position of the measurement relative to

the pixel matrix) is demonstrated for measuring 
HMH in Figure 3-4. The size of these errors in 
millimeters can be reduced by decreasing the 
pixel size.

If pixel size-related errors are expressed in milli
meters rather than in pixel units, the largest values 
are obtained when the measurements are made at 
an angle of 45 degrees to the matrix grid, as the 
pixel size is V2 times larger in the diagonal direc
tion than in the x or y direction.

In this phantom study linear measurements 
were made between tissue interfaces, as indicated 
by their HMH CT number, and between the cen
tres of small objects, as indicated by their extreme 
CT number. The accuracy and limitations of the 
two methods are described, the relevance of object 
density and contrast is discussed and comparison 
is made with measurements using intuitively po
sitioned measurement points.

3.2 MATERIALS AND METHODS

3.2.1 Phantoms
The study was made using CT scans of three 

phantoms with holes of different diameters. The 
accuracy of HMH measurements between inter
faces was investigated by measuring the diameter 
of the holes, and centre to centre distances be
tween holes were measured to study the accuracy 
of using the extreme CT number as the indicator 
of the centre of the holes. The diameter and con
trast of the holes are summarized in Table 3-1. The 
relevant dimensions of the phantoms, measured 
to the nearest hundredth of a millimeter using a 
Leitz Orthoplan FSA-GW measuring microscope, 
deviate not more than 0.04 mm from the given 
values.

Phantom 1 was utilized to study the accuracy 
of HMH diameter measurements and the effect of 
three alternative reconstruction parameters that 
potentially improve the accuracy. These were the 
use of a FOV of 40 instead of 80 mm which halves 
the pixel size, and the use of an edge enhancement 
filter and a special reconstruction algorithm called 
Macro View which both improve the spatial reso
lution (MacroView improves the data interpola
tion by interweaving opposite parallel 
measurements thus increasing the spatial resolu
tion by 25% [Op de Beek and Lobregt, 1985; Zon
neveld, 1985]). Phantom 1 consists of two identical 
series of 12 disks with a diameter of 50 mm and a 
cylindrical hole of varying diameter in the centre, 
one made of PMMA (plexiglass, CT number: 130

H) and one of PVC (CT number: 1250 H) (Fig.
3-5a). Each disk of phantom 1 was scanned in air

Figure 3-5. a. the 5.0 mm and 0.2 mm versions of phantom 1, b. 
The PMMA-air combination of phantom 2, c. phantom 3.
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Table 3-1. Major aspects of the phantoms and the CT scans used in this study. A. air, W. water, C. contrast medium, FOV. field of 
view, RF. 'Ramp' filter, EF. edge enhancement filter, MV. MacroView.

PHANTOM 1 PHANTOM 2 PHANTOM 3

diameter of 5.0,3.0,2.5, 2.0,1.7,1.5, 2.0,1.8,1.6,1.4,1.2, 3.0, 2.5, 2.0,1.8,
holes in mm 1.3,1.0,0.8, 0.5, 0.3,0.2 1.1,1.0,0.9,0.8,0.6 1.5,1.3,1.0,0.8

contrast in H. PMMA-A: 1130
PVC-A: 2250

PMMA-A: 1130 
PMMA-W: 130
PMMA-C: 2270
PVC-A: 2250
PVC-W: 1250
PVC-C: 1150

PMMA-A: 1130

reconstruction
parameters

RF, FOV 80
RF, FOV 40
RF, FOV 80, MV
EF, FOV 80

RF, FOV 80 RF, FOV 80

pixel size in mm; 
in brackets for 4x 
magnified scans

FOV 80: 0.31 (0.08)
FOV 40: 0.16 (0.04)

0.31 (0.08) 0.31 (0.08)

(CT number: -1000 H), perpendicular to the axis of 
the hole (transverse).

Phantom 2 was used to study the influence of 
object density and contrast on the accuracy of the 
diameter measurements and centre to centre dis
tance measurements. It consists of two blocks (100 
x 40 x 9 mm), one made of PMMA and one of PVC, 
each with ten cylindrical holes at centre to centre 
distances of 12.0 mm (Fig 3-5b). Transverse scans 
were made in air, water (CT number: 0 H) and an 
iodinated contrast medium (Telebrix 350, CT 
number: 2400 H). The combination PMMA-air 
was also scanned parallel to the hole axes (longi
tudinal). The transverse scan of the PMMA-air 
combination was repeated more than a year after 
the first one, to study the repeatability of the re
sults.

Phantom 3 was used to study the accuracy of 
a range of centre to centre distance measurements 
between holes. It is a circular block of PMMA 
(diameter 70 mm, thickness 25 mm) with eight 
parallel rows of 5 identical cylindrical holes (Fig. 
3-5c). The distance between the rows is 5.0 mm. 
The hole pitch in each row is twice the hole diam
eter. Transverse and longitudinal scans of each 
row were made in air.

3.2.2 Scanning procedure
All CT scans were made with a Philips 

Tomoscan 350 at the Utrecht University Hospital, 
using a slice thickness of 1.5 mm. Additional scan 
parameters were the use of 120 kVp tube voltage, 
a 9.6 s scan time, and the use of geometrical mag
nification and 1200 projection directions in a full

rotation to provide a spatial resolution of 0.6 mm. 
Zoom reconstructions with a matrix of 256 x 256 
were made using the reconstruction parameters 
are listed in Table 3-1.

3.2.3 Analysis
All measurements were made on a Philips 

SAVC stand-alone viewing console to the nearest 
tenth of a millimeter, both in the unmagnified 
scans as well as in four times magnified areas 
(largest magnification factor on the console). The 
exact location of the measurement points was de
termined by thresholding (window width of 1 H, 
window level at threshold) for the HMH CT num
ber of each interface in the case of diameter mea
surements, and for the extreme CT number of a 
hole in the case of centre to centre measurements. 
The diameter measurements were taken in the x 
and y direction of the image grid, and the centre 
to centre distance between the longitudinal sec
tions of the holes was measured at three positions. 
Six of the 84 diameter measurements taken from 
scans of phantom 2 were not included in the re
sults because the errors were clearly caused by 
ring artefacts due to the small size of the phantoms 
compared to patients (inadequate calibration).

In addition, both authors independently mea
sured two hole diameters and one centre to centre 
distance of phantom 2 by intuitively positioning 
the measurement points. These measurements 
were taken from four times magnified scans, using 
an intuitively chosen window level and a large 
window width (see Table 3-4).
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Table 3-2. The errors of HMH diameter measurements of holes larger than 1.0 mm in diameter, given in millimeters (the difference 
between the measured and the true diameter). The range of errors is also given in pixels (in brackets), being the difference between 
the measured number of pixels and the number corresponding best to the actual diameter). All scans were reconstructed with a 
'Ramp' convolution filter and a FOV of 80 mm, unless mentioned otherwise. Abbreviations as in Table 3-1.

All
contrasts

Unmagnified

All contrasts 
except 

PMMA-W
4x magnified

PMMA-W
4x magnified FOV 40 mm MV EF

n 106 94 12 28 28 28
mean -0.01 0.00 0.02 -0.05 -0.05 0.11
min -0.3(1) -0.1 (1) -0.2 (2) -0.1 (2) -0.1 (1) 0.1 (1)
max 0.3(1) 0.1 (1) 0.2 (2) 0 0.1 (1) 0.3 (3)
SD 0.14 0.07 0.12 0.05 0.06 0.07

Table 3-3. The errors of centre to centre distance measurements between holes smaller than 2.5 mm in diameter, measured using 
the extreme CT number to position the measurement points. The error is given in millimeters and in pixels (in brackets) defined as 
in Table 3-2. Abbreviations as in Table 3-1.

All contrasts 
except 

PMMA-W 
unmagnified

All contrasts 
except 

PMMA-W
4x magnified

PMMA-W
unmagnified

PMMA-W
4x magnified

n 136 136 8 8
mean 0.02 0.00 0.01 -0.01
min -0.2 (0) -0.1 (1) -0.4(1) -0.2 (2)
max 0.3 (1) 0.1 (1) 0.2 (0) 0.1 (1)
SD 0.14 0.03 0.21 0.11

3.3 RESULTS

The errors observed for diameter measure
ments of the holes larger than 1.0 mm, listed in 
Table 3-2, are not related in size to the hole's 
diameter. The diameter measurements of smaller 
holes (0.2 - 1.0 mm) are consistently too large (if 
taken from magnified scans), and the smaller the 
hole the larger the error (errors of, for example, 
+0.2 mm for the 1.0 mm holes, up to +0.8 mm for 
the 0.2 mm holes). Thus, the critical (minimum) 
interface distance required for measuring HMH is
1.1 mm. Only for the scans that were reconstructed 
with the Macro View algorithm the observed crit
ical distance is 1.0 mm. Diameter measurements 
of a hole in the x and y direction of the matrix grid

may have different values within the error ranges 
given in Table 3-2. Repeated scanning of phantom 
2 also renders measurements that vary within the 
error range.

In the holes smaller than 2.5 mm in diameter 
the CT numbers do not reach the true value of the 
contents, which allowed for the use of the pixel 
with the extreme CT number as central measure
ment point. The errors observed for measure
ments of centre to centre distances between these 
holes, are listed in Table 3-3.

Table 3-4 lists the results of the intuitive mea
surements in comparison to those obtained by the 
two CT number-based methods.

3.4 DISCUSSION

3.4.1 Diameter measurements.
The ±0.3 mm maximum errors of diameter 

measurements taken from the unmagnified scans 
of holes larger than 1.0 mm are pixel size-related

errors with the expected size of one pixel (Table 
3-2). After four times magnification the accuracy 
is improved in all scans, as the pixel size becomes 
smaller than the unit of measurement (0.1 mm).
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Table 3-4. Comparison between measurements using intuitively positioned measurement points and those based on the CT 
numbers, made for two hole diameters (0.6 and 2.0 mm) and one centre to centre distance of phantom 2 (12.0 mm between the 1.8 
and 2.0 mm holes). The measurements using intuitively determined points were repeated ten times by each observer. WW: the 
window width during the intuitive measurements. Other abbreviations as in Table 3-1.

intuitive positioned landmarks CT number-based

observer 1 observer 2 landmark

PMMA-A mean 1.78 1.85 2.0
diam. 2.0 mm range 1.5-2.0 1.6-2.1
(WW 4095 H) SD 0.18 0.15

PMMA-A mean 0.80 0.74 1.0
diam. 0.6 mm range 0.7-0.9 0.6-0.8
(WW 2400 H) SD 0.08 0.08

PMMA-A mean 12.00 11.96 12.0
dist. 12.0 mm range 11.9-12.1 11.9-12.1
(WW 4095 H) SD 0.06 0.07

PMMA-W mean 11.97 11.97 11.8
dist. 12.0 mm range 11.9-12.1 11.9-12.1
(WW 800 H) SD 0.08 0.08

and errors due to the matrix overlay are reduced 
along with the pixel size. For the scans recon
structed with the standard parameters ('Ramp' 
convolution filter and FOV of 80 mm) maximum 
errors of ±0.1 mm were observed, which equal, as 
expected, the pixel size (0.08 mm). Only the scan 
of the material combination with the lowest con
trast (PMMA-water) yields a larger error range 
(±0.2 mm), as the noise disturbs the regular pat
tern of the CT number transition at the interfaces.

When halving the pixel size by using a FOV of 
40 mm the maximum observed errors remain 0.1 
mm, the equivalent of twice the pixel size (Table 
3-2). Hence, these 0.1 mm errors are not induced 
by the representation of the image in pixels, and 
they are apparently the best result that can be 
achieved with the given spatial resolution of 0.6 
mm. Improving the spatial resolution to 0.5 mm, 
by using the Macro View reconstruction algo
rithm, apparently lowers the critical distance for 
measuring HMH from 1.1 to 1.0 mm, but does not 
avoid the 0.1 mm errors (Table 3-2). Whereas the 
errors for the scans reconstructed with the stan
dard parameters are zero on average, those for the 
scans reconstructed with a FOV of 40 mm or 
Macro View have a tendency, for unknown rea
sons, to underestimate the true diameters (Table 
3-2). The use of an edge enhancement filter does 
not improve the accuracy, and even increases the 
observed error range as the overshoot phenome
non biases the calculation of the correct HMH CT 
numbers, leading to overestimation of the diame
ter (Table 3-2).

The generally observed pattern is that in holes 
smaller than 2.5 mm in diameter the CT numbers 
do not reach the actual value of the contents, 
owing to interference of the opposing interfaces, 
but the degrading effect on the accuracy of HMH 
measurements only occurs for hole diameters 
below the critical distance of 1.1 mm (1.0 mm for 
Macro View). These critical diameters are indepen
dent of density and contrast, as the width of the 
interface's CT number transition is determined by 
the spatial resolution and not by the contrast. 
Attempts to calculate or deduce a generally appli
cable formula or graph to give the correct thresh
old for holes of 1.0 mm and smaller were not 
successful. The present results suggest that, as a 
rule of thumb, the HMH CT number of an inter
face accurately indicates its position if other inter
faces are on a distance of at least twice the spatial 
resolution.

3.4.2 Centre to centre measurements.
The accurate centre to centre measurements 

between the holes smaller than 2.5 mm in diame
ter (Table 3-3), show that the pixel with the ex
treme CT number is a reliable central landmark, 
provided (a) the contents are homogeneous, (b) 
the contrast between the contents and the sur
rounding material is uniform and (c) the noise is 
insignificant compared with the latter contrast. In 
both the unmagnified and magnified scans the 
observed error ranges correspond to the expected 
maximum error of one pixel, caused by a poten
tially disadvantageous matrix overlay (Table 3-3).
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As was observed for the diameter measurements, 
the errors for the scans with the lowest contrast 
(PMMA-water) are larger than for the others, 
owing to the degrading influence of the noise.

3.4.3 Precision.
The precision (repeatability) of the two mea

suring methods will always correspond to an 
error range of plus or minus the pixel size, caused 
by the variation of the matrix overlay when scans 
are repeated (Fig. 3-4). The precision of taking the 
measurements from a particular image is 100% 
because the measurement points are entirely de
fined by the CT numbers (i.e. the HMH value for 
an interface and the extreme value for the centre). 
This assumes, however, that the viewing console 
can invariably register every single pixel selected 
on the basis of its CT number. In the present study 
thresholding for the appropriate CT number, 
showing the pixels only in black or white, in com
bination with the lightpen of the viewing console 
to pin-point the correct pixel, adequately meets 
this requirement.

3.4.4 Intuitively determined landmarks.
The diameter measurements based on intu

itively determined measurement points are vari
able (Table 3-4), as the intuitively chosen window

level strongly influenced the result despite the fact 
that the applied window width always included 
the entire CT number profile of the hole. HMH 
measurements of objects larger than the required 
critical distance are more accurate and precise 
than intuitive measurements. The results for mea
suring the 0.6 mm hole suggest that for objects 
smaller than the critical distance the intuitive mea
surements are perhaps more accurate on average 
than those based on measuring HMH. However, 
intuitively positioning a measurement point on an 
interface basically imphes visually estimating the 
HMH position of the grey-tone gradient, and 
therefore the interference between the opposing 
CT number transitions will also mislead the eye, 
as it does in calculating the HMH CT number.

Regarding centre to centre distances intuitive 
measurements may give results that are almost as 
accurate as, but less precise than those obtained 
from the method using the extreme CT numbers 
(Table 3-4: PMMA-A). However, if circular objects 
have little contrast, or if the object's tissue is het
erogeneous, intuitive measurements may give 
more accurate results than those based on the CT 
number because the eye takes the total outline of 
the object into account (Table 3-4: PMMA-W).

3.5 CONCLUSIONS

This study shows that the two measuring 
methods based on the CT numbers give highly 
accurate linear measurements, providing a) a 
maximum spatial resolution is used and other 
image quality factors do not limit the accuracy, 
and b) pixel size-related errors are minimized. The 
conditions for obtaining accurate results dis
cussed in this study have general relevance, but 
the accuracy actually achieved is determined by 
specific system parameters such as spatial resolu
tion, slice thickness and matrix size, and by scan
ner brand- and type-dependent characteristics 
such as convolution filters, beam collimation and 
the magnification algorithm of the viewing con
sole. For example, the magnification algorithm of 
the console employed in this study uses a large 
number of surrounding pixels for a weighted 
(spline) interpolation of the CT number of a 
smaller pixel, which successfully reduces pixel 
size-related errors. However, if the magnification 
algorithm calculates smaller pixels by simple lin
ear interpolation, as that of some viewing consoles

does, the range of errors expressed in millimeters 
remains as it is for the unmagnified image.

The accuracy of measuring the angle of a line 
segment to the grid of a CT scan is determined by 
the same factors as those discussed for linear mea
surements. However, in contrast to linear mea
surements the maximum pixel size-related error 
of angular measurements depends not only on the 
pixel size, but also on the length of the line seg
ment of which the angle is measured (Fig. 3-6). For 
example, in an unmagnified scan with a FOV of 
80 mm the maximum pixel size-related error is ±1 
degrees when the two measurement points are 20 
mm apart and ±5 degrees when they are only 5 
mm apart.

The importance of selecting the correct win
dow level for each individual measurement point 
has the consequence that CT based morphometric 
studies involving small dimensions should not be 
made on film, because of its inherent fixed win
dow setting. The use of a personal computer or 
work station is only advisable if it can handle the 
full 12 bit CT number scale in image display and
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Figure 3-6. The relationship between the maximum pixel size-related error of angular measurements, the pixel size and the length 
of the line segment of which the angle is measured to the grid of the CT scan (max. err. = atan(V2 x pixel size / line segment). The 
maximum error is given for a CT scan with a field of view (FOV) of 80 mm (upper curve) and 20 mm (lower curve).

threshold calculation. Inaccurate results are ex
pected if only the grey levels of a selected window 
setting are copied from a CT viewing console, or 
if the 12 bit CT number scale (4096 values) is 
converted into an 8 bit scale (256 values) by lump
ing of CT numbers for each grey level.

In practice, the results of this phantom study 
indicate that the most accurate linear measure
ments can be taken from structures with marked 
contrast, such as those having interfaces involving 
bone or air. In CT scans imaging the bony laby
rinth, the specific application under consider
ation, the dimensions of the arc of the semicircular 
canals and the turns of the cochlea can potentially 
be measured accurately using landmarks in the 
centre of the lumen, and landmarks on the vestib
ular wall can be positioned according to the local 
HMH CT number. On the other hand, diameter 
measurements of the lumina of the semicircular 
canals and the cochlea may result in overesti
mated values as their actual diameters probably

ranges below the critical distance required for 
HMH measurements.

Examples of other applications are the dimen
sions of the pentagon of the circle of Willis and the 
inner diameter of larger vessels, which can be 
measured accurately after contrast administra
tion, using centre to centre and HMH measure
ments respectively. However, the accuracy of 
anatomically defined measurements taken from 
CT scans depends not only on the image quality 
and the pixel size, as evaluated in this chapter, but 
also on the slice interval and the shape and size of 
the structure, and the accuracy and precision of 
specific morphological measurements must there
fore be assessed experimentally. For example, 
making use of the results described here a subse
quent study was made testing the accuracy of 
linear measurements of dental enamel and cortical 
bone taken from CT scans (Spoor et al., 1993), and 
in Chapter 4 CT-based measurements of the bony 
labyrinths are compared with those taken from 
subsequently made casts and serial sections.

27



CHAPTER 3

REFERENCES

Baxter BS and Sorenson JA (1981) Factors affecting the mea
surement of size and CT number in computed tomogra
phy. Invest. Radiol. 16:337-341.

Blumenfeld SM and Glover G (1981) Spatial resolution in com
puted tomography. In TH Newton and DG Potts (eds): 
Radiology of the skull and brain (vol. 5); Technical aspects 
of computed tomography. St Louis: Mosby, pp. 3918-3940.

Eubanks BA, Gann CE and Brant-Zawadzki M (1985) CT mea
surement of the diameter of spinal and other bony canals: 
effects of section angle and thickness. Radiology 157:243- 
246.

Goodenough DJ, Weaver KE, Davis DD and La Fake S (1981) 
Volume averaging limitations of computed tomography. 
AJNR 2:585-588.

Koehler PR, Anderson RE and Baxter B (1979) The effect of 
computed tomography viewer controls on anatomical 
measurements. Radiology 130:189-194.

Magnusson A (1987) Object size determination at computed 
tomography. Upsula J. Med. Sei. 92:277-286.

Op de Beek JCA and Lobregt S (1985) Method and computer 
tomography device for determining a tomographic image 
with elevated resolution. United States patent 4555760, 
November 26.

Papoulis A(1961) The fourier integral and its applications. New 
York: McGraw-Hill Book Company, p.50.

Rosenbloom S, Cohen WA, Marshall C and Kricheff II (1983) 
Imaging factors influencing spine and cord measurements 
by CT: a phantom study. AJNR 4:646-649.

Seibert CE, Barnes JE, Dreisbach JN, Swanson WB and Heck RJ 
(1981) Accurate CT measurement of the spinal cord using 
metrizamide: physical factors. AJR 136:777-780.

Sick H, and Veillon F (1988) Atlas of slices of the temporal bone 
and adjacent region. Muenchen: Bergman Verlag.

Spoor CF, Zonneveld FW and Macho GA. (1993) Linear Mea
surements of Cortical Bone and Dental Enamel by Com
puted Tomography: Applications and Problems. Am. J. 
Phys. Anthrop. 91:469-484.

Ulrich CG, Binet EF, Sanecki MG and Kieffer SA (1980) Quan
titative assessment of the lumber spinal canal by computed 
tomography. Radiology 134:137-143.

Webb WR, Gamsu G, Wall SD, Cann CE and Proctor E (1984) 
CT of a bronchial phantom. Factors affecting appearance 
and size measurements. Invest. Radiol. 5:394-398.

Zonneveld FW (1985) The technique of direct multiplanar high 
resolution CT of the temporal bone. Neurosurg. Rev. 8:5-13.

Zonneveld FW (1987) Computed tomography of the temporal 
bone and orbit. Munich: Urban and Schwarzenberg.

Zonneveld FW and Vijverberg GP (1984) The relationship be
tween slice thickness and image quality in CT. 
Medicamundi 29:104-117.

28



ACCURACY OF CT MEASUREMENTS

Appendix 3-1. Glossary of CT terms.

Attenuation (of X-rays). The decrease in radiation 
intensity as a result of its interaction with the 
matter encountered (e.g. absorption, scatter).

Beam hardening. The progressive removal of the 
softer (low energy) X-rays from the spectrum as 
the X-ray beam passes through the object, be
cause they are more readily attenuated. The re
maining harder, more penetrating, radiation 
results in lower CT numbers. All CT scanners 
are calibrated to compensate for the expected 
beam hardening in patients. However, more 
beam hardening may occur in fossils, owing to 
their higher density and higher atomic number, 
which may give dark streak artefacts.

Convolution filter. Mathematical filter function 
used during the reconstruction of a CT image. 
Different types of convolution filters, known as 
edge-enhancement, smoothing or 'Ramp' fil
ters, can be selected according to the character
istics of the tissue interfaces that are to be 
imaged. Also named "kernel".

CT number. Value on the Hounsfield scale as
signed to a pixel corresponding to the X-ray 
attenuation within the voxel represented by the 
pixel.

Field of view (FOV). The diameter of the area of 
the scanned object that is represented in the 
reconstructed image.

HMH value. Abbreviation of "half maximum 
height" value. In this study it is the value exactly 
halfway between two CT number levels at a 
tissue interface.

Hounsfield scale. Linear scale of CT numbers 
given in Hounsfield units (H), and defined by 
values representing the attenuation of air (-1000 
H) and that of water (0 H).

Matrix. The square two-dimensional array of CT 
numbers or pixels that makes up an image.

Matrix size. The number of rows and columns of 
a matrix.

Magnification. A post-reconstruction enlarge
ment of an area of an image by interpolation of 
its CT numbers. In contrast to a zoom recon
struction the enlarged image is therefore not 
based on the raw data of the scan but on the 
image itself.

Multiplanar reformating (MPR). Postprocessing 
technique used to extract images from a stack of 
scan images in another plane than the original 
scan plane by selectively combining lines of 
pixels from each of the original scan images.

Noise. Random fluctuation of CT numbers repre
senting a homogeneous medium.

Overflow. The phenomenon that the attenuation 
exceeds the maximum value of possible CT 
numbers of the Hounsfield scale.

Partial volume averaging. The averaging of dif
ferent densities within a voxel, in particular 
along the thickness of the slice. The different 
densities are therefore represented by a single 
CT number, which decreases the sharpness of 
the image.

Phantom. Structure of defined geometry and com
position with known X-ray attenuation charac
teristics designed for specific measurements in 
scanning experiments.

Pixel. Abbreviation of "picture element" repre
senting the (two-dimensional) building blocks 
of the matrix of a CT image.

Pixel size. The size of the imaged area represented 
by one pixel, calculated by dividing the field of 
view by the matrix size.

Slice thickness. Thickness of the slice of an object 
represented in a CT image, measured at the 
center of rotation (isocenter) of the scanner.

Spatial resolution. A quantitative measure of the 
ability of a CT system to resolve small details. 
The spatial resolution mentioned in this study 
refers to the smallest distance between two 
small details at which they are still visualized 
separately in a CT scan. It is not the smallest 
isolated detail that can be visualized.

Voxel. Abbreviation of "volume element". The 
(three-dimensional) volume represented by a 
(two-dimensional) pixel. In volume it therefore 
equals the squared pixel size times the slice 
thickness.

Window technique. The method of displaying 
only a range (window) of the 3096 possible CT 
numbers of the Hounsfield scale by a maximum 
of 256 gray levels between black and white dur
ing the display of a CT image.

Window level. The average of the maximum and 
minimum CT numbers of the range displayed 
as gray levels. Also called the window center.

Window width. The difference between the max- 
imum and minimum CT numbers of the range 
displayed as gray levels.

Zoom reconstruction. An enlarged reconstruction 
of a part of an overview scan calculated using 
the raw data of the scan.
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CHAPTER 4. MORPHOMETRY OF THE PRIMATE BONY 
LABYRINTH: A NEW METHOD BASED ON HIGH-RESOLUTION

COMPUTED TOMOGRAPHY

Abstract. A method is described for taking accurate measurements of the bony labyrinth 
of humans and other primates using high-resolution computed tomography (CT). The 
measurements include eight dimensions, fourteen orientations and two indices of the 
labyrinth, as well as seven orientations of related structures of the petrous pyramid. 
Comparison of the measurements taken from CT scans with those taken from subse
quently-made casts and cryosections demonstrates that the method is sufficiently 
accurate to permit the morphometric analysis of labyrinthine size and shape. Since the 
CT method is non-destructive, fast and easy to perform, it is applicable to large samples 
and to rare or precious anthropological specimens.

4.1 INTRODUCTION

Morphometric studies of the primate bony lab
yrinth have been made for a variety of purposes. 
The oldest category concerns purely descriptive 
and comparative works, which first appeared fol
lowing the discovery that the labyrinth can be 
studied by casting the air-filled spaces of the mac
erated temporal bone (Hyrtl, 1845; Siebenmann, 
1890; Denker, 1899; Berg, 1903; Sato, 1903; 
Schönemann, 1906; Gray, 1907; Turkewitsch, 1930; 
Caix and Outrequin, 1976; 1979; Muren et al, 1986; 
Dimopoulos and Muren, 1990). A second category 
deals with those aspects of the labyrinth that have 
a direct biophysical relationship with the function 
of the vestibular organ, the dimensions and the 
planar orientations of the semicircular canals in 
particular (Igarashi, 1967; 1981; Blanks et al, 1975; 
1985; Curthoys et al, 1977a,b; Ramprashad et al, 
1984; Matano et al, 1985; 1986; Reisine et al, 1988). 
These studies are generally made to obtain mor
phological measurements that can be used in hy- 
drodynamical models of endolymph and cupula 
movements, to calculate the sensitivity and time 
constants of the semicircular canal system. Finally, 
a third group of studies applies specific angular 
measurements to describe morphological features 
of the labyrinth that are said to be related to the 
ontogenetic and phylogenetic development of the 
cranial base. Examples are the orientations of the 
common crus (Werner, 1933), the interfenestral 
axis connecting the oval and round window 
(Saban, 1952), and the ampullar plane through the 
three ampullae (Villemin and Beauvieux, 1934).

The bony labyrinth is one of the most difficult 
structures of the body to investigate, because its 
complicated three-dimensional shape is hidden

inside the dense otic capsule of the petrous bone. 
Consequently, morphometric analyses are based 
on casts, dissections and serial sections, and as 
these techniques are destructive they can only be 
used for the study of readily available material, 
such as laboratory animals (squirrel monkeys, ma
caques), or human petrous pyramids from the 
dissection room. Moreover, as the preparation of 
casts, dissections and serial sections requires both 
considerable skill and time, these techniques are 
not convenient for the study of large samples. In 
contrast, high-resolution computed tomography 
(CT) enables the structures of the inner ear to be 
visualized in detail (Zonneveld, 1987; Sick et al, 
1988), is non-destructive, and the process of mak
ing CT scans of the temporal bone is relatively fast 
and easy to perform. Hence, if accurate measure
ments of the bony labyrinth can be taken from CT 
scans, it is the appropriate method for the mor
phometric analysis of this structure in large sam
ples or in rare or precious anthropological 
specimens.

When comparing linear measurements of the 
human semicircular canals taken from CT scans 
with subsequently made casts. Muren and 
Ytterbergh (1986) noted CT measurement errors of 
up to 25%. However, the phantom study de
scribed in Chapter 3 suggests that accurate linear 
measurements can be taken from CT scans if the 
appropriate scanning and measuring techniques 
are used. This chapter describes a method for 
morphometric assessment of the labyrinthine size 
and shape applying these techniques, defines a set 
of linear and angular measurements for this pur
pose and evaluates the accuracy by comparing the
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measurements taken from CT scans with those 
taken from subsequently made casts and 
cryosections. The repeatability of the measure

ments and the number of scans required to obtain 
a given level of accuracy will also be discussed.

4.2 MATERIALS AND METHODS

4.2.1 Scanning procedure
All CT scans were made on the Philips 

Tomoscan 350 of the Utrecht University Hospital 
(The Netherlands) with an exposure of 480 mAs 
at 120 kVp tube voltage, and the smallest available 
slice thickness of 1.5 mm to minimize blurring of 
the imaged structures by partial volume averag
ing (see Appendix 3-1 for an explanation of this 
and other CT terms). The scans were made contig
uously (slice increment 1.5 mm) or overlapping 
(slice increment 0.75 mm). The gantry was never 
tilted, as angulation complicates the use of a coor
dinate system throughout a stack of scans. Zoom 
reconstructions (matrix 2562) with a field of view 
of 80 mm were made using a 'Ramp' convolution 
filter, yielding a spatial resolution of 0.6 mm. In 
combination with the measuring techniques de
scribed below these scanning and reconstruction 
parameters yield the most accurate linear mea
surements that can be achieved with the scanner 
employed in this study (Chapter 3).

Measurements were taken from scans made in 
the transverse and sagittal plane of the cranium. 
The transverse plane used in this study intersects 
the nasion and both poria (i.e. the otoradiological 
plane defined in Claus et al. [1980] as the 
'nasionbiauricular' plane). This plane is approxi
mately parallel to the planar orientation of the 
lateral semicircular canal, and perpendicular to 
the planes of the anterior and posterior canals 
(Zonneveld, 1987), thus facilitating the extraction 
of a maximum number of significant measure
ments, including the orientations of the labyrin
thine structures to the midsagittal plane of the 
skull. Sagittal scans reveal essential dimensions 
which cannot be measured from transverse scans, 
as well as orientations of labyrinthine structures 
in the sagittal plane relevant to the ontogenetic 
and phylogenetic study of the inner ear (Werner, 
1933, 1960; Saban, 1952; Sercer and Krmpotic, 
1958; Delattre and Fenart, 1960,1961,1962). As the 
transverse and sagittal planes are perpendicular 
to each other, information in one plane can easily 
be correlated with that in the other. Scanning the 
entire human labyrinth with overlapping slices 
takes approximately 20 transverse and 20 sagittal 
scans, and examples from both series are given in 
Figure 4-1 and 4-2 respectively.

Both temporal bones of two dry human skulls 
and the right temporal bone of a crab-eating ma
caque (Macaca fascicularis, including soft tissue) 
were scanned with overlapping slices. Moreover, 
to examine the influence of the scanning proce
dure on the repeatability of the measurements, the 
right temporal bones in two additional human 
skulls were scanned for a second time after half a 
year for one skull and after one hour for the other. 
These scans were made contiguously, with an ad
ditional overlapping transverse slice at the level of 
the lateral semicircular canal (for reasons dis
cussed below).

4.2.2 Measuring procedure
The measurements used in this study, de

scribed in detail in Section 4.3, consist of eight 
dimensions, 14 orientations and two indices of the 
labyrinth, as well as seven orientations of the ca
rotid canal, the facial canal and the endocranial 
surface of the petrous pyramid. The orientations 
are registered by measuring the angle to the grid 
of the scan matrix, and any angle between two 
such orientations can be calculated from these 
measurements. All orientations are defined in the 
transverse or sagittal plane, and the angles are 
therefore projected onto either of these planes. In 
this study all orientations of the structures in the 
transverse plane were expressed as angles to the 
vestibular orientation (Section 4.3.2: V) and those 
in the sagittal plane as angles to the lateral semi
circular canal orientation (Section 4.3.2: LSCm). 
However, as only the differences between CT, cast 
and section measurements are considered in this 
study, and not the absolute values, the choice of 
the reference orientations has no particular impor
tance.

The landmarks of the measurements are either 
defined on the boundary of a structure (e.g. on the 
wall of the vestibule), or in the centre of a lumen 
(of the semicircular canals and the cochlea). Tak
ing measurements from CT scans by intuitively 
positioning the measurement points introduces 
errors because the imaged structures have inevi
tably blurred boundaries. The method employed 
in this study therefore uses the CT numbers of the 
image to determine the exact position of the land
marks. A CT number is the value (in Hounsfield
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Figure 4-1. Transverse CT scans of the temporal bone of a dry human skull going from superior to inferior, showing the labyrinth 
from the superior tip of the anterior semicircular canal (a: 1) to the basal turn of the cochlea (j). All scans are made contiguously, 
except e. which is overlapping with d. and f. A: anterior, P: posterior, L: lateral, M: medial.
1. anterior semicircular canal, 2. posterior semicircular canal, 3. common crus, 4. lateral semicircular canal, 5. vestibule, 6. cochlea, 
7. internal acoustic meatus, 8. external acoustic meatus, 9. tympanic cavity, 10. facial canal, 11. carotid canal, 12. jugular fossa, 13. 
sulcus for sigmoid sinus.1. anterior semicircular canal, 2. posterior semicircular canal, 3. common crus, 4. lateral semicircular canal, 
5. vestibule, 6. cochlea, 7. internal acoustic meatus, 8. external acoustic meatus, 9. tympanic cavity, 10. facial canal, 11. carotid canal, 
12. jugular fossa, 13. sulcus for sigmoid sinus.
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Figure 4-2. Contiguous sagittal CT scans of the temporal bone of a dry human skull going from lateral to medial, showing the 
labyrinth from the lateral tip of the lateral semicircular canal (a: 4) to the basal turn of the cochlea (h: 6). S: superior, I: inferior. A: 
anterior, P: posterior.
1. anterior semicircular canal, 2. posterior semicircular canal, 3. common crus, 4. lateral semicircular canal, 5. vestibule, 6. cochlea, 
7. internal acoustic meatus, 9. tympanic cavity, 10. facial canal, 11. carotid canal, 12. jugular fossa, 13. sulcus for sigmoid sinus.
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units) assigned to each pixel (picture element) 
expressing the local x-ray attenuation in the slice 
of the scanned object, and in a CT image these 
numbers are selectively translated into the gray 
levels shown on the video screen (regulated by the 
window width and window level of the console).

At the boundary of a structure, or more gener
ally speaking at any tissue interface, the CT num
bers change from the level of one tissue to that of 
another, but this change is gradual rather than 
abrupt for reasons discussed in Chapter 3 (see for 
example Fig. 4-3a: vestibular bone-air interface). 
In studies based on phantoms as well as extant 
and fossil bone (Chapter 3; Spoor et ah, 1993) it has 
been shown that the interface is located exactly 
halfway between the two CT number levels. This 
level, known as half maximum height (HMH), 
equals the mean of the two CT number levels at 
either side of the interface. By thresholding for the 
HMH CT number, a technique performed by set
ting the window width of the viewing console on 
1 H(ounsfield) and the window level at the calcu
lated HMH CT number, the position of the inter
face is visualized as a black-white transition and 
the measurement point can be placed exactly on 
the appropriate pixel (i.e. consistently on one side 
of the black-white transition). This procedure is 
demonstrated in Figure 4-3a to c for the wall of the 
vestibule.

When the distance between two tissue inter
faces is less than twice the spatial resolution of the 
scan (i.e. 1.2 mm in this study) the position of 
neither interface can be determined accurately, 
owing to effects of interference (Fig. 3-3; Spoor et 
al, 1993). Measurements taken from casts (Berg, 
1903; Gray, 1907; Muren et al, 1986) and serial 
sections (Curthoys ef a/., 1977b; Igarishi etal, 1981; 
Ramprashad et al, 1984; Matano et al, 1985; 1986) 
reveal that the lumen of the semicircular canals of 
humans, and especially other primates, is fre
quently smaller than 1.2 mm, and measurements 
with landmarks defined on the walls of the canals 
will therefore be prone to inaccurate results. 
Hence, diameter measurements of the lumen of 
the semicircular canals or the cochlea are not in
cluded in this study. Regarding linear measure
ments of the arc of the semicircular canals or of the 
basal turn of the cochlea, the possible error intro
duced by using landmarks on the lumen wall is 
less significant (if expressed as a percentage of the 
true value). However, the results of Chapter 3 
suggest that measurements with landmarks in the 
centre of small lumina potentially give very accu
rate results, and therefore all dimensions used in 
this study are defined accordingly.

The CT numbers of air-filled or liquid-filled 
lumina of the semicircular canals and the cochlea

do not reach the true value of air (-1000 H) or 
liquid (about 0 H), owing to the same interference 
effect that hampers diameter measurements of the 
lumen. CT number profiles of such lumina show 
a distinct minimum (Fig4-3a,d: arrow heads), and 
the results of Chapter 3 indicate that the pixel with 
this minimum CT number is located exactly in the 
centre of the lumen. The central pixel can be visu
alized by thresholding at the minimum CT num
ber. In practice this can be done by using a window 
width of 1 H and experimentally lowering the 
window level until only a single pixel (the one 
with the minimum CT number) is shown. Subse
quently, the measurement point can exactly be 
placed on this central pixel. This procedure is 
demonstrated for sections of the lateral semicircu
lar canal (Fig. 4-3a to c), and the anterior semicir
cular canal (Fig. 4-3d to f).

The CT measurements were made on a Philips 
SAVC or LX viewing console to the nearest tenth 
of a millimeter (dimensions) or to the nearest de
gree (angles). The labyrinthine measurements 
were taken from four-times magnified images re
ducing the pixel size of 0.3 mm to less than the unit 
of measurement (0.1 mm). Selecting the most ap
propriate scan for a particular measurement was 
simplified by drawing the labyrinthine contours 
of each scan on the screen of the viewing console, 
thus building up a reconstruction of the labyrinth 
(see the contours indicated in the diagrams on the 
fold-out sheet attached to the end of this disserta
tion).

4.2.3 Casting and sectioning
The temporal bones of two dry human skulls 

and the right temporal bone of a crab-eating ma
caque (including soft tissue) were scanned with 
overlapping slices. The macaque labyrinth and 
three of the human labyrinths that were scanned 
were successfully cast following the method de
scribed by Wilbrand and Rauschning (1986), and 
using Technovit 3040 as the casting material.

Most of the landmarks are located inside the 
cast, e.g. in the centre of the canals, and therefore 
the measurements taken from the casts are de
rived from the external dimensions and surface 
curvatures. The dimensions were measured to the 
nearest tenth of a millimeter, using a Leitz Or
thoplan FSA-GW (Germany) measuring micro
scope. The actual heights and widths of the 
semicircular canals and the cochlea (as defined in 
Section 4.3.1) were taken from the casts, whereas 
the equivalent measurements taken from the CT 
scans are dimensions projected onto the trans
verse or sagittal plane (but with the aim to approx
imate the actual 'non-projected' size). Hence 
comparison of the CT and casts measurements not
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Figure 4-3. The method of taking the labyrinthine measure
ments from CT scans. See text for a detailed description of the 
procedures.
(a-c) Transverse scan of an air-filled human labyrinth (compa
rable to Figure 4-1 f), showing the process of taking the height 
of the lateral semicircular canal (LSCh). (a) A line A-B is drawn 
through the estimated position of the landmarks on the vestib
ular wall and in the lumen of the lateral semicircular canal. The 
graph of the CT numbers along line A-B shows the gradually 
change from bone (2080 FI) to air (-1000 H) at the wall of the 
vestibule. Arrow head 1 indicates the half maximum height 
(HMH) value (540 FI) of this CT number transition representing 
the true position of the vestibular wall. The graph also shows 
that the CT numbers in the air-filled lateral semicircular canal 
do not reach the true value of air. Arrow head 2 points at the 
minimum CT number (701 H) indicating the pixel in the centre 
of the canal (Window Level [WL] 1000 H, Window Width [WW] 
4095 H). (b) The true position of the vestibular wall is visualized 
by thresholding for the local HMH value (WL 540 H, WW 1H), 
and measurement point A is placed, (c) The centre of the canal

is visualized by thresholding for the local minimum CT num
ber (WL 701 H, WW 1 H), measurement point B is placed, and 
the height of the lateral semicircular canal (A-B) thus is ob
tained.
(d-f) Transverse scan of an air-filled human labyrinth (compa
rable to Figure 4-lc), showing the process of taking the width 
of the anterior semicircular canal (ASCw). (d) The CT number 
graph of line A-B through the two sections of the anterior 
semicircular canal demonstrates that the CT numbers in both 
lumina do not reach the value of air. The minimum CT numbers 
(arrow heads) pertain to the pixel in the centre of each lumen 
(WL 1000 H, WW 4095 H). (e) By thresholding for the minimum 
CT number of one of the lumina its centre is visualized by a 
single pixel and measurement point A can be placed (WL 419, 
WW 1). (f) This procedure is repeated for the other lumen and 
after placing measurement point B the centre to centre width 
of the anterior semicircular canal is obtained (WL 1000 H, WW 
4095 H.).

only assesses the accuracy of the CT technique, but 
also the possible error introduced by the projec
tion of the dimension.

The orientations were recorded to the nearest 
degree, using two sharp pointers to bring a mea
suring device in line with the relevant labyrin
thine structure. The orientations and index 
defined in the transverse plane were taken parallel 
to the planar orientation of the lateral semicircular 
canal. Those defined in the sagittal plane were 
taken in a plane as close as possible to the original

sagittal scan plane (estimated by comparing the 
cast with the labyrinthine reconstruction on the 
basis of the sagittal scans [e.g. fold-out diagram f]). 
Each measurement was made three times, and the 
mean was used for the comparison.

The orientation of the vestibulo-cochlear line 
(VC) was not included in the scan-cast compari
son, as the vestibular landmark (see Section 4.3.2 
for the definition) could not be registered on the 
casts with sufficient accuracy. Measurements 
PSCw,i, COw, and SLI of one human labyrinth.
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and measurements ASCh,s, PSCh,s,m,i and TLI of 
the macaque labyrinth could not be taken, due to 
incompleteness of the casts (see Section 4.3 or the 
alphabetical list on the fold-out sheet at the end of 
this dissertation for the explanation of the mea
surement abbreviations).

It was generally more difficult to take the an
gular measurements defined in the sagittal scans 
from the casts than those defined in the transverse 
scans. Thus, additional comparative measure
ments were taken from sagittal scans and corre
lated cryosections of a human and a chimpanzee 
temporal bone. The tissue blocks containing the 
temporal bone had been previously scanned (con
tiguous slices) and sectioned for other purposes 
using an LKB 2250 cryomicrotome (Department of 
Anatomy, University of Groningen) following the 
method described in Zonneveld (1987). The sagit
tal cryosectional surface had been photographed 
every 0.16 mm, thus providing almost ten times as 
many slices as in CT to make the sagittal labyrin
thine measurements.

4.2.4 Data analysis.
In addition to the comparison of measure

ments taken from the CT scans, the casts and the 
section, the influence of the slice increment on the 
accuracy of the measurements was studied. If the

slice increment between the scans is increased the 
measurements become less accurate, as the num
ber of 'samples' taken from the labyrinth is re
duced, an effect studied here using the scans of the 
two dry human skulls and the macaque. Each 
stack of overlapping slices was split into two new 
series of contiguous slices, and the differences 
between the measurements taken from each con
tiguous series and the total stack represent the 
errors that occur when the slice increment is in
creased from 0.75 to 1.5 mm.

Most of the labyrinthine measurements use 
landmarks that are virtually 100% reproducible in 
a given series of scans, as they are based on 
thresholding for a single central pixel, or for the 
HMH value of an interface. However, the orienta
tions of the lateral semicircular canal in the trans
verse plane (LSCt) and the common crus in the 
sagittal plane (CCR) are partly determined subjec
tively. To assess the intraobserver variation, both 
measurements were repeated five times for ten 
labyrinths over a period of three months by the 
author, who had extensive experience with the 
method of measuring. To assess the interobserver 
variation, the orientations were measured once by 
a second person (FW Zonneveld) who was at the 
time not familiar with taking these measurements.

4.3 DEFINmON OF THE MEASUREMENTS

The definitions of the dimensions, orientations 
and indices are listed according to the anatomical 
structure(s) involved, and in Figure 4-4 the mea
surements are indicated in relation to line tracings 
of the CT scans given in Figures 4-1 and 4-2. The 
fold-out sheet attached to the end of this disserta
tion lists all measurement abbreviations in alpha
betical order with a short explanation, and shows 
the measurements in eight diagrams (referred to 
in the definitions as Diagram a to i). All measure
ments are taken in, or projected onto, either the 
transverse or the sagittal plane.

4.3.1 Labyrinthine dimensions
Following the definitions in previous morpho

metric studies, the height of the semicircular ca
nals is always the distance between vestibule and 
the point on the arc furthest from the vestibule, 
independent of the orientation of this dimension 
in space, and the width of the arc is taken perpen
dicular to the height.

ASCh. Height of the arc of the anterior semicircular canal. 
Measured in the sagittal plane and defined as the distance 
from the centre of the most superior part of the anterior 
semicircular canal to the superior wall of the vestibule 
perpendicular to the orientation of the lateral semicircular 
canal, defined below as LSCm (Fig. 4-2d, 4-4i; Diagram b). 
Occasionally its two landmarks do not appear in a single 
scan, and the x,y pixel coordinates of each landmark must 
be recorded in the adjacent scans, which can be used to 
calculate the distance projected in the sagittal plane (how
ever, two landmarks in a single scan are also projected over 
the slice thickness of 1.5 mm).

ASCw. Width of the arc of the anterior semicircular canal. 
Measured in the transverse plane and defined as the largest 
centre to centre distance between its anterior limb and 
either its posterior limb or the common crus in this plane 
(Fig. 4-lc, 4-3d, 4-4b; Diagram a).

PSCh. Height of the arc of the posterior semicircular canal. 
Defined as the largest centre to centre distance between the 
posterior limb of the posterior semicircular canal and the 
common crus in the transverse plane (Fig. 4-le, 4-4c; Dia
gram a). The landmark in the common crus usually is 
located in its aperture into the vestibule.

PSCw. Width of the arc of the posterior semicircular canal. 
Measured in the sagittal plane and defined as the centre to 
centre distance between the most superior and most infe
rior part of the posterior semicircular canal, perpendicular 
to the orientation of the lateral semicircular canal (LSCm).
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ASCw,m

LSCw
ASCs PSCh,m

COw,t

PS APA
LSCm

ASCh

PSCw

LSCm

Figure 4-4. The dimensions, orientations and indices of the bony labyrinth and the petrous pyramid shown in line tracings of the 
transverse and sagittal CT scans of Figure 4-1 and 4-2. Measurement codes as in Section 4.3 and the list on the fold-out sheet attached 
to the end of this dissertation. Sources of the line tracings:
a: Fig. 4-la, b: Fig. 4-lc, c: Fig. 4-le, d: Fig. 4-lf, e: Fig. 4-lf, f: Fig. 4-lh, g: Fig. 4-2a, h: Fig. 4-2c, i: Fig. 4-2d, j: Fig. 4-2e, k: Fig. 4-2f, 1: 
Fig. 4-2g, m: Fig. 4-le, n: Fig 4-lh, o: Fig. 4-2a, p: Fig. 4-la, q: Fig. 4-lf, r: Fig. 4-2e.
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Occasionally the two landmarks are shown in adjacent 
scans, and a projected distance can be calculated from their 
pixel coordinates (Fig. 4-2d, 4-4i; Diagram b).

LSCh. Height of the arc of the lateral semicircular canal. Mea
sured in the transverse plane from the scan which best 
displays the complete extent of the canal. It is defined as 
the distance from the vestibular wall in between both limbs 
of the lateral semicircular canal to the centre of the oppos
ing (lateroposterior) part of the canal. The point on the 
vestibular wall is equidistant between the apertures of the 
ampulla and posterior limb of the canal into the vestibule, 
measured from their centre. The opposing lateroposterior 
point is defined as the compromise between two criteria.
(a) It has the largest distance from the vestibular point, and
(b) the line connecting the two landmarks bisects the area 
enclosed by the arc of the lateral semicircular canal (Fig. 
4-lf, 4-3a, 4-4d; Diagram a).

LSCw. Width of the arc of the lateral semicircular canal. Mea
sured in the transverse plane, usually from the same scan 
as LSCh. It is defined as the largest centre to centre distance 
between the anterior and posterior limbs, perpendicular to 
LSCh (Fig. 4-lf, 4-4d; Diagram a).

COh. Height of the basal turn of the cochlea (CO). Measured 
as the largest centre to centre distance in the sagittal plane 
(Fig. 4-2g, 4-41; Diagram b).

COw. Width of the basal turn of the cochlea. Measured as the 
largest centre to centre distance in the transverse plane 
(Fig. 4-lh, 4-4f; Diagram a).

Note: no accurate and reproducible measurements of the 
length, breadth, or height of the vestibule could be defined.

4.3.2 Orientations - labyrinth
ASCs. Orientation of the most superior part of the anterior 

semicircular canal in the transverse plane. Measured in its 
midline (Fig. 4-la, 4-4a; Diagram e).

ASCm. Orientation in the transverse plane of the arc of the 
anterior semicircular canal at its largest width. Defined by 
the line connecting the landmarks of ASCw (Fig. 4-lc, 
4-3d-f, 4-4b; Diagram e). This measurement approximately 
represents the average orientation of the anterior semicir
cular canal in the transverse plane.

V. Orientation of the vestibule in the transverse plane. Defined 
by the line connecting the centres of the apertures of the 
ampulla of the anterior semicircular canal and the common 
crus into the vestibule (Fig. 4-le, 4-4c; Diagram e). This line 
was found to give the best reproducible orientation of the 
vestibule. This measurement also represents the orienta
tion of the most inferior part of the arc of the anterior 
semicircular canal, and therefore the difference between 
ASCs and V quantifies the degree of torsion of the anterior 
semicircular canal in the transverse plane.

PSCs. Orientation of the superior limb of the posterior semicir
cular canal in the transverse plane. Measured in its midline 
(Fig. 4-lc, 4-4b; Diagram e).

PSCm. Orientation in the transverse plane of the arc of the 
posterior semicircular canal at its greatest height. Defined 
by the line connecting the landmarks of PSCh (Fig. 4-le, 
4-4c; Diagram e). This measurement represents the average 
orientation of the posterior semicircular canal in the trans
verse plane.

PSCi. Orientation of the inferior limb of the posterior semicir
cular canal in the transverse plane. Measured in its midline 
(Fig. 4-lh, 4-4f; Diagram e). The difference between PSCs 
and PSCi quantifies the degree of torsion of the posterior 
semicircular canal in the transverse plane.

LSCt. Orientation of the lateral semicircular canal in the trans
verse plane. Defined by the line connecting the landmarks 
of LSCh (Fig. 4-lf, 4-3a, 4-4d; Diagram e).

LSC1. Orientation of the most lateral part of the lateral semicir
cular canal in the sagittal plane. Measured in its midline 
(Fig. 4-2a, 4-4g; Diagram f).

LSCm. Orientation of the lateral semicircular canal in the 
sagittal plane. Measured at the largest sagittal centre to 
centre diameter of its arc. The anterior landmark is usually 
located in the ampulla of the canal (Fig. 4-2c, 4-4h; Diagram 
f). The plane parallel to this orientation and perpendicular 
to the (mid)sagittal plane approximately corresponds to 
the transverse plane used in this study. The orientation of 
the lateral semicircular canal in the sagittal plane has been 
used as reference plane in craniological studies by Perez 
(1922), Girard (1923,1947), Lebedkin (1924), Saban (1952), 
Sercer and Krmpotic (1958), Delattre and Fenart (1960) and 
others listed in Fenart and Pellerin (1988). The difference 
between LSC1 and LSCm quantifies the degree of torsion 
of the lateral semicircular canal in the sagittal plane.

CCR. Orientation of the common crus in the sagittal plane. 
Measured in its midline. This measurement is illustrated 
and briefly mentioned by Werner (1933,1960), Delattre and 
Fenart (1962) and Fenart and Deblock (1973) (Fig. 4-2e, 4-4j; 
Diagram f).

APA. Orientation of the ampullar line connecting the centres 
of the ampullae of the anterior semicircular canal and 
posterior semicircular canal projected on the sagittal plane 
(Fig. 4-2c,e, 4-4h,j; Diagram f). As both landmarks never 
occur in a single sagittal scan the orientation must be 
calculated using the x,y coordinates of the two ampullar 
landmarks. This ampullar line was illustrated and de
scribed by Werner (1933,1960). However, Delattre (1951) 
and Fenart and Deblock (1973:63) incorrectly state that the 
orientation of this line is similar to the intersection of the 
midsagittal plane and the plane through the three ampul
lae used by Villemin and Beauvieux (1934) and Robin et al., 
(1968).

COs. Orientation of the basal turn of cochlea in the sagittal 
plane. Defined by the line connecting the landmarks of 
COh (Fig. 4-2g, 4-41; Diagram f).

COt. Orientation of the basal turn of the cochlea in the trans
verse plane. Defined by the line connecting the landmarks 
of COw (Fig. 4-lh, 4-4f; Diagram e).

VC. Orientation of the vestibulo-cochlear line. Defined by the 
line connecting the most lateral point of the second turn of 
the cochlea (pixel with the extreme CT number) and the 
internal vestibion, projected on the sagittal plane (Diagram 
f). The internal vestibion ("vestibion interne") is defined as 
the centre of the arc of the lateral semicircular canal (Perez, 
1922), and in the sagittal scans it is equidistant between the 
landmarks of the orientation of the lateral semicircular 
canal (LSCm). Hence, the orientation of the line is calcu
lated from the x,y coordinates of these landmarks (Fig. 
4-2c, 4-4h) and those of the cochlear point (Fig. 4-2f, 4-4k). 
This measurement, illustrated and briefly discussed by 
Delattre & Fenart (1961), describes the position of the 
cochlea relative to the vestibule and the level of the lateral 
semicircular canal, but not the orientation of the modiolus 
as defined by Delattre (1951).

4.3.3 Orientations - petrous pyramid
CC. Orientation of the petrous part of the carotid canal in the 

transverse plane. Measured in its estimated midline (Fig. 
4-lj, 4-4m; Diagram i). In the present study measured from 
two-times magnified scans.

FC2. Orientation of the second part (tympanic portion) of the 
facial canal in the transverse plane. Measured from its
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anterior hiatus to the transition into its third part (mastoid 
portion) (Fig. 4-lh, 4-4n; Diagram i).

FC3. Orientation of the third part of the facial canal in the 
sagittal plane. Measured from the centre of the 
stylomastoid foramen to the transition into its second part 
(Fig. 4-2a, 4-4o; Diagram j).

PPsp. Orientation of the superior part of the posterior petrosal 
surface in the transverse plane. Measured at level of the 
most superior part of the anterior semicircular canal 
(ASCs) and defined as the line from the anterior margin of 
the sigmoid sulcus to the most anteriomedial point of the 
posterior surface visualized in the scan (Fig. 4-la, 4-4p; not 
shown on fold-out diagrams). In the present study mea
sured from unmagnified scans.

PPip. Orientation of the inferior part of the posterior petrosal 
surface in the transverse plane. Measured at the level of the 
lateral semicircular canal (see LSCh,w,t) and defined as the 
tangent touching both the anterior margin of the internal 
acoustic meatus and the anterior margin of the sigmoid 
sulcus (Fig. 4-lf, 4-4q; Diagram i). The use of these land
marks reduces the influence of the irregular posterior pe
trosal surface, caused by retrolabyrinthine 
pneumatization, on the measurement. In the present study 
measured from unmagnified scans.

PPa. Orientation of the anterior petrosal surface in the sagittal 
plane. Measured at the level of the common crus (see OCR) 
and defined as the line connecting the anterior margin of 
the superior petrosal sinus and the petrosquamous or 
sphenopetrosal suture (Fig. 4-2e, 4-4r; Diagram j).

PPp. Orientation of the posterior petrosal surface in the sagittal 
plane. Measured at the level of the common crus and 
defined as the line connecting the posterior margin of the 
superior petrosal sulcus and the superior margin of the 
sigmoid sulcus (Fig. 4-2e, 4-4r; Diagram j). The use of these 
landmarks reduces the influence of the irregular posterior

petrosal surface, caused by retrolabyrinthine pneumatiza
tion, on the measurement.

Note: no consistent method of measuring the orientation of the 
anterior petrosal surface in the transverse plane could be 
defined.

4.3.4 Indices
TLI. Transverse labyrinthine index. Calculated from the trans

verse scan which best displays the complete extent of the 
lateral semicircular canal (see LSCh,w,t). It describes the 
relative division of the line between the centre of the am
pulla of the lateral semicircular canal and the centre of the 
posterior semicircular canal in this scan by the centre of the 
posterior limb of the lateral semicircular canal. It is defined 
as the length of the posterior part of this line given as a 
percentage of the total line length (Fig. 4-lf, 4-4e; Diagram 
c: TLIp/TLIa+TLIp x 100). This index expresses a combi
nation of the relative size and orientation of the arcs of the 
lateral and posterior semicircular canals in the transverse 
plane, which appears to distinguish the human labyrinth 
from that of other primates.

SLI. Sagittal labyrinthine index. This index is based on the 
observation by Hyrtl (1845) and Gray (1907) that, if seen in 
lateral view, the plane of the lateral semicircular canal 
divides the arc of the posterior semicircular canal in about 
equal halves in anthropoids, whereas the lateral semicircu
lar canal is more interiorly positioned in some new world 
monkeys and prosimians. The SLI is defined as the percent
age of the width of the posterior semicircular canal (PSCw) 
that is situated below the plane through the orientation of 
the lateral semicircular canal (LSCm) perpendicular to the 
sagittal plane (Fig. 4-2c,d, 4-4i; Diagram d: SLIi/SLIs+SLIi 
x 100). It is calculated from the coordinates of the land
marks of PSCw and LSCm.

4.4 RESULTS

The differences between the measurements 
taken from the casts and the scans and from the 
cryosections and the scans are listed in Table 4-1 
and 4-2 respectively. In both tables the results 
obtained for the human and non-human laby
rinths are combined as they are not significantly 
different.

The differences between the measurements 
taken from series of contiguous and overlapping 
scans of the human labyrinths are listed in Table
4-3. The doubled slice increment results in marked 
underestimation of the height of the posterior 
canal (PSCh) by up to 0.8 mm, as the location of 
the landmark in the common crus is sensitive to 
changes in slice position. In addition, both dimen
sions of the cochlea (COh,w) are sometimes un
derestimated by 0.2 mm, an error also observed in 
the comparison between the cryosections and the 
contiguous scans (Table 4-2). For the orientations 
and the indices of the human labyrinth the errors 
introduced by doubling the slice increment are

small and comparable to the differences observed 
between the scans and the casts.

Concerning the macaque labyrinth, eight mea
surements (LSCh,w,t,l, ASCs, PSCs,i and TLI) 
could only be taken from single scans of the over
lapping series because the lumina of its semicircu
lar canals are markedly smaller than those of the 
human and chimpanzee labyrinths. Full compar
ison between the measurements taken from series 
of contiguous and overlapping scans is therefore 
not possible. The differences between the mea
surements that can be taken from both series, fall 
within the ranges observed for the human laby
rinth (Table 4-3).

The differences between the measurements 
taken from the original and from the repeated 
series of scans are listed in Table 4-4, and the intra- 
and inter-observer variation measured for the ori
entations of the lateral semicircular canal and the 
common crus are given in Table 4-5.
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Table 4-1. The differences between the measurements of four 
labyrinths (three human, one macaque) taken from overlap
ping CT scans and from casts (CT-value minus cast-value), n: 
number of comparisons made. The angles are given in degrees, 
dimensions in millimetres and indices in percentages. If mini
mum or maximum differences are caused by a single type of 
measurement its abbreviation is given in brackets (see the 
Section 4.3 or the list on the fold-out sheet attached to the end 
of this dissertation).

angles dimensions indices

n 39 28 6
mean 0.2 0.00 0.2
min -3 -0.1 -2 (SLI)
max 4 0.1 1
SD 2.1 0.06 1.1

Table 4-2. The differences between the measurements of two 
labyrinths (one human, one chimpanzee) taken from contigu
ous sagittal scans and from cryosections (CT-value minus 
cryosection-value). Presentation similar to Table 4-1.

angles dimensions index (SLI)

n 10 6 2
mean -0.1 -0.05 0.5
min -3 (VC) -0.2 (COh) -1
max 3 (VC) 0.0 2
SD 1.8 0.09 1.5

Table 4-3. The differences between the measurements taken 
from two series of contiguous scans and from the combined 
stack of overlapping scans for four human petrous bones (con
tiguous-value minus overlapping-value). Presentation as in 
Table 4-1. lab: angles of labyrinth only, petr: angles of the facial 
and carotid canal and the petrous pyramid.

angles
lab

angles
lab+petr

dimen
sions indices

n 104 160 64 16
mean 0.0 0.0 -0.05 -0.1
min -4 -4 -0.8 (PSCh) -3 (SLI)
max 3 3 0.1 (LSCh) 2 (SLI)
SD 1.3 1.1 0.15 1.2

Table 4-4. The absolute differences between the measurements 
taken from an original and a repeated series of scans of two 
human temporal bones. Presentation as in Table 4-1 & 4-3.

angles
lab

angles
lab+pet

dimen
sions indices

n 26 40 16 4
mean 0.8 0.9 0.02 1.1
min 0 0 0.0 0
max 2 2 0.1 2 (SLI)
SD 0.6 0.7 0.04 0.7

4.5 DISCUSSION

The differences between the measurements ob
tained from the casts or cryosections and the CT 
scans do not necessarily represent errors of the CT 
method. Concerning the measurements taken 
from the casts, estimating the internal landmarks 
on the basis of the external labyrinthine surface 
may introduce observer error. After taking the 
measurements from a cast, the measuring device 
was therefore adjusted to match the values ob
tained from the scans. For the dimensions of the 
semicircular canals the difference of ±0.1 mm, ob
served for six of the 21 measurements taken, was 
found to be genuine. For the orientations, the in
dices and the cochlear dimensions, on the other 
hand, the measurements from the scans often fell 
within the range of values suggested by the cast. 
Hence, the differences observed for these mea
surements may be partly due to the variation of 
measuring the casts, rather than inaccuracy of the 
scans.

The differences may also be caused by defor
mation of the casts during the casting process.

Slight shrinkage, the most likely potential type of 
deformation, would perhaps somewhat affect sur
face measurements from the casts, but these are 
leveled out when assessing centre to centre mea
surements. Moreover, the fact that those dimen
sions that can be measured most accurately from 
the casts also reveal the smallest differences be
tween casts and scans suggests that deformation 
is insignificant. Part of the observed differences 
between the cryosections and the scans may be 
caused by small discrepancies in the alignment of 
the planes of scanning and sectioning. Bearing 
these caveats in mind, the largest differences of 
±0.1 mm, ±4 degrees and ±2% observed for the 
dimensions, orientations and indices, respec
tively, are therefore conservative estimates of the 
maximum error ranges of the CT-based method.

The maximum errors of ±0.1 mm equal the best 
possible accuracy of linear measurements that can 
be achieved with the scanner employed in this 
study (Chapter 3). The 0.1 mm corresponds to 
relative errors of 3% (human, chimpanzee) and 5%
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Table 4-5. The intra- and interobserver variation of measuring the orientation of the central axis of the lateral semicircular canal in 
the transverse plane (LSCt) and the orientation of the common crus in the sagittal plane (CCR) for ten human labyrinths. 
Intraobserver: the absolute difference between five repeated measurements and their mean. Interobserver: the difference between 
the mean of the five measurements taken by the first observer and the measurement taken by the second observer.

LSCt
Intraobserver

LSCt
Interobserver

CCR
Intraobserver

CCR
Interobserver

n 50 10 50 10
mean 0.9 -2.7 0.8 1.8
min 0 -7 0 -3
max 3 5 3 6
SD 0.7 3.3 0.6 2.1

Table 4-6. Comparison of the measurements taken from contiguous and overlapping scans similar to Table 4-3, but after adding 
one overlapping transverse scan at the level of the lateral semicircular canal in each transverse contiguous series.

angles
angles lab lab+petr dimensions indices

n 104 160 64 16
mean 0.0 0.0 -0.02 0.1
min -4 (COt) -4 (COt) -0.2 (COh,w) -3 (SLI)
max 3 3 0.0 2 (SLI)
SD 1.0 0.9 0.06 0.9

(macaque) for the dimensions of the cochlea and 
2% (human, chimpanzee) and 3% (macaque) for 
those of the semicircular canals. The latter are far 
smaller than the errors of up to 25% obtained by 
Muren and Ytterbergh (1986) for the dimensions 
of the semicircular canals. The most probable rea
son for their inaccurate results may be that their 
CT landmarks are defined on the walls of the 
canals, resulting in inaccurate measurements 
owing to the effects of interference of the two 
boundaries (as explained in Section 4.2.2).

The method of determining the centre of a 
labyrinthine lumen via the pixel with the mini
mum CT number theoretically requires a homoge
neous content of the lumen. However, the similar 
results obtained for the liquid- and air-filled laby
rinths indicate that the presence of the membra
nous labyrinth inside the bony semicircular canals 
does not reduce the accuracy of the measurements 
(owing to partial volume averaging with the sur- 
rounding liquid). Likewise, the thin bony spiral 
lamina of the cochlea is not clearly visualized in 
the CT sections in which the measurements are 
made, and it may have only minor influence on 
the central position of the measurement point.

The use of contiguous instead of overlapping 
slices halves the number of scans required for each 
labyrinth and thus reduces the resources required. 
For the macaque labyrinth this is not possible

because virtually a full stack of overlapping scans 
must be made to obtain all images required for the 
measurements. For the human labyrinth doubling 
the slice increment introduces significant errors 
(Table 4-3), and therefore a combination of contig
uous and overlapping slices might give the best 
results if both accuracy and a minimum number 
of scans are required. The largest errors in contig
uous scans, observed for the height of the poste
rior semicircular canal (PSCh), can be eliminated 
by adding an overlapping transverse scan at the 
level of the lateral semicircular canal (e.g. Fig. 4-le 
between 4-ld and 4-lf). This has the advantage 
that the accuracy of seven other measurements 
(LSCh,w,t, V, PSCm, PPip and TLI) is also op
timised. The reduced range of dimensional errors 
after adding this overlapping scan is shown in 
Table 4-6. The maximum errors of -0.2 mm thus 
obtained for the cochlear dimensions can be 
avoided by adding a transverse and a sagittal 
overlapping scan at the appropriate level, but the 
occurrence of these errors may be considered ac
ceptable because, relative to the cochlear dimen
sions, they do not exceed the 5% level.

The combination of contiguous scans plus one 
overlapping transverse slice at the level of the 
lateral semicircular canal was used when testing 
the precision (repeatability) of the CT-based mea
surements. The differences between the measure-
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merits taken from the original and the repeated 
series of scans are small (Table 4-4) and do not 
exceed those between the scans and the casts or 
cryosections (Table 4-1, 4-2), indicating that plac
ing the skull in the correct plane in the scanner and 
making the scans is a reproducible procedure.

Concerning the intraobserver variation of 
measuring LSCt and CCR the average deviation 
of the mean of just 1 degree indicates that both 
measurements are reproducible (Table 4-5), de
spite the fact that there might be a subjective factor

involved in taking these measurements. The aver
age interobserver deviation of LSCt and CCR is 
only 2 to 3 degrees, and the pattern of both positive 
and negative deviations suggests the absence of 
systematic differences in the assessment of the 
orientations by the two observers (Table 4-5). The 
relatively large ranges of interobserver variation, 
if compared to those of the intraobserver varia
tion, are most probably the consequence of the 
lack of experience of the second observer with 
taking these measurements.

4.6 CONCLUSIONS

In conclusion this study demonstrates that 
measurements of the eight dimensions, fourteen 
orientations and two indices describing the size 
and shape of the bony labyrinth can be taken from 
overlapping transverse and sagittal CT scans with 
an accuracy and precision that correspond to max
imum errors of ±0.1 mm, ±4 degrees and ±2%, 
respectively. The practical significance of these 
errors may be considered relative to the morpho
logical variation of the labyrinthine structures. 
The width of the arc of the anterior, lateral and 
posterior semicircular canals, measured on 95 cast 
labyrinths from a single human population, varies 
by 2.1, 2.4 and 3.3 mm respectively (based on the 
raw data of Muren et al. [1986]), and the cochlear 
dimensions of these casts vary by 1.5 to 2.8 mm 
(Dimopoulos and Muren, 1990). Measurements of 
cast human labyrinths reveal that the angles be
tween the planes of the semicircular canals vary 
by approximately 30 degrees (Sato, 1903; 
Schönemann, 1906). The human labyrinth is not 
unique in this respect, as the planar orientation 
and the dimensions of the semicircular canals in 
cat, guinea pig and humans show similar levels of 
variation (Blanks et ah, 1972; 1975; Curthoys et ah, 
1975; 1977a). Given these levels of variation, it is 
concluded that the method presented in this study

is sufficiently accurate to be used for the morpho
metric analysis of the primate bony labyrinth.

As CT allows for the non-destructive study of 
skulls in anthropological and primatological mu
seum collections it holds out the prospect that 
little-known aspects of the human labyrinth, such 
as morphological variation, ontogenetic trends, 
and its comparative relationship to the labyrinth 
of other primates, can be evaluated. Moreover, the 
evolutionary history of the human labyrinth can 
be investigated as Zonneveld and Wind (1985) 
and Chapter 2 have demonstrated that CT visual
izes the bony labyrinth in fossil hominid skulls, 
and fossilization per se does not diminish the 
accurary of CT-based measurements (Spoor et ah, 
1993). Such analyses, described in Chapters 5 to 7 
of this dissertation, will also provide metrical data 
for the labyrinth that may be used in efforts to 
understand the functional morphology of the ves
tibular system, and to test models of hydrody- 
namical endolymph movement (Jones and Spells, 
1963; Ten Kate, 1970; Oman et ah, 1987; Muller and 
Verhagen, 1988a,b; Muller, 1990). Finally, the 
quantitative evaluation of labyrinthine morphol
ogy in vivo may aid in the diagnosis of inner ear 
pathology (De Groot, 1987; Pappas et al, 1990; 
Dimopoulos and Muren, 1990).
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CHAPTER 5. THE HUMAN BONY LABYRINTH: 
A MORPHOMETRIC DESCRIPTION

Abstract. The human bony labyrinth is described using the morphometric method 
based on high-resolution computed tomography (CT) as outlined in Chapter 4. In 
addition to the eight dimensions and fourteen orientations of the labyrinth, basicranial 
measurements were taken to study the relationship between the labyrinth and other 
parts of the cranial base. The analyzed sample consists of 53 adult crania, selected to 
obtain maximum geographical diversity, as well as eight infant and three fetal speci
mens. The measurements were evaluated by univariate and multivariate statistical 
methods and by correlation analysis. The values obtained for the labyrinthine dimen
sions and angles are generally in good correspondence with measurements given in 
previous studies. The orientations as well as the dimensions of the labyrinth are 
interrelated among each other, and specific aspects of the labyrinthine morphology are 
also correlated with the orientations of the petrous pyramids, the basioccipital and the 
foramen magnum. No significant differences were observed between the labyrinth in 
males and females, and comparison of the three major geographic groups in the sample 
reveals only a few small differences. Comparison of the fetal, infant and adult specimens 
suggest that after the ossification of the otic capsule is completed the size of the labyrinth 
does not change, and its shape undergoes no or only minor changes.

5.1 INTRODUCTION

The morphology of the human bony labyrinth 
has been described in great detail on the basis of 
dissections and serial sections in studies such as 
Siebenmann (1898), Bellocq (1924) and Anson and 
Donaldson (1981). Although functional analysis 
of hearing and equilibrium, the two special senses 
whose receptor organs are accommodated in the 
inner ear, requires a sound understanding of vari
ations in labyrinthine size and shape, these mor
phometric aspects are not well-investigated.

Measurements of dimensions and spatial ori
entation have been taken from casts, dissections 
and serial sections, but these studies have either 
dealt with a limited sample size, or considered 
only a limited number of measurements (Hyrtl, 
1845; Siebenmann, 1890; Berg, 1903; Sato, 1903; 
Schönemann, 1906; Gray, 1907; Turkewitsch, 1930; 
Kudo, 1965; Igarashi, 1967; Blanks etal, 1975; Caix 
and Outrequin, 1976; 1979; Curthoys et al, 
1977a,b; Lang and Hack, 1985a,b; Muren et al, 
1986; Lang and Stöber, 1987; and Dimopoulos and 
Muren, 1990; Sato et al, 1991). The present study 
applies the morphometric method described in 
Chapter 4 for the analysis of 67 human labyrinths, 
using a set of 22 linear and angular measurements. 
This method is based on the nondestructive high- 
resolution computed tomography (CT).

Morphometric analysis of the human labyrinth 
is not only relevant for investigating the func

tional morphology and physiology of the auditory 
and, in particular, the vestibular apparatus (Jones 
and Spells, 1963; Oman et al, 1987; Muller, 1990), 
but it also provides a foundation for the compar
ative analysis of extant and fossil primates, the 
prime objective of making the present study. 
Moreover, assessment of the normal range of 
human variation allows for the identification of 
aberrant inner ear morphology in pathological 
processes, and morphometric analysis of the lab
yrinth has potential diagnostic value (De Groot, 
1987; Pappas et al, 1990; Dimopoulos and Muren, 
1990).

It is the aim of this study to obtain a morpho
metric description of the human labyrinth that 
characterizes its average size and shape, the de
gree of variation and the pattem of correlations 
between its structures. The relationship to the size 
and shape of the cranial base is investigated and 
any differences in labyrinthine morphology re
lated to sex, age and geographical origin are ana
lyzed, as these aspects may reveal to what extent 
the sample parameters (i.e. means and standard 
deviations) depend on the composition of the 
sample. The results of the present study are com
pared with previous morphometric studies of the 
human labyrinth.
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5.2 MATERIALS AND METHODS

5.2.1 Specimens
The specimens used in this study are listed in 

Appendix 5-1, and the adult specimens are sum
marized in Table 5-1. As this study aims to assess 
species rather than population variation, and be
cause all previous studies exclusively dealt with 
European populations, the principal criterion for 
selecting the crania was obtaining maximum geo
graphical diversity. The adult specimens consist of 
49 dry skulls from anthropological collections ac
quired during the second half of the last century 
and the first decades of this century, as well as four 
archaeological specimens varying in age from 
3500 to 1000 years BP. Three fetal soft tissue spec
imens were studied, as well as infants up to one 
year old including five dry skulls, two soft tissue 
specimens, and one clinical case. In the latter non- 
congenital pathology is restricted to one temporal 
bone only, allowing for the use of the non-affected 
side in this study. The ages of the infant dry skulls 
were determined on the basis of the dental crown 
and root development as shown on or
thopantomograms (B. Prahl-Andersen pers. 
comm.), whereas the age of the other non-adult 
specimens was known. In the youngest fetus (24 
weeks) the ossification of the otic capsule is virtu
ally completed.

Only two of the adult skulls are of known sex 
(cemetery register). Sex was assigned to the other 
skulls by independent inspection by two persons 
(H. Uytterschaut and the author), following the 
criteria described in Howells (1973). Five skulls 
were categorized as "unknown sex” because of 
conflicting judgement.

The size of the adult sample only allows for the 
crudest possible geographical grouping, here la
belled mongoloid, negroid and caucasoid (Harri
son et al, 1988). The sub-Saharan (negroid) group 
does not include the Madagascar and Khoi speci
mens, and other adult specimens not assigned to 
one of the three geographical groups are those 
from Ceylon, Australia and New Guinea.

Table 5-1. Summary of the adult human sample analyzed in 
this study. The full list of all specimens is given in Appendix 
5-1.

male female unknown total

caucasoid 10 6 1 17
negroid 2 4 2 8
mongoloid 11 9 2 22
others 3 3 0 6
total 26 22 5 53

5.2.2 Scanning procedure.
The methods of making the CT scans and tak

ing the measurements follow the procedures de
scribed in detail in Section 4.2. All CT scans were 
made on the Philips Tomoscan 350 of the Utrecht 
University Hospital (The Netherlands) with an 
exposure of 480 mAs at 120 kVp tube voltage, and 
a slice thickness of 1.5 mm. Scans with a field of 
view of 240 x 240 mm (matrix 256 x 256) were 
made in the transverse plane, defined by the na- 
sion and both poria, and in the sagittal plane. The 
scans were made contiguously (slice increment 1.5 
mm), with an additional overlapping (slice incre
ment 0.75 mm) transverse scan at the level of the 
lateral semicircular canal, and an overlapping sa
gittal scan at the level of the common crus (Section 
4.5). A midsagittal scan was made in addition to 
the sagittal series of the petrous pyramid. Zoom 
reconstructions of the temporal bone region were 
made with a field of view of 80 x 80 mm. One 
petrous pyramid of each specimen was scanned, 
except for three adult skulls in which both sides 
were scanned (two in both the transverse and the 
sagittal planes, and one only in the transverse 
plane).

5.2.3 Measurements of the labyrinth.
The labyrinthine measurements are defined in 

Section 4.3 and Figure 4-4, and they are shown in 
six diagrams, and their abbreviations are listed, on 
the fold-out sheet attached to the end of this dis
sertation. The measurements consist of eight di
mensions (width and height of the semicircular 
canals and the cochlea), taken to the nearest tenth 
of a millimeter, and 14 orientations (eight in the 
transverse, and six on the sagittal plane) taken to 
the nearest degree. The accuracy and precision 
with which these measurements can be taken has 
been discussed in Section 4.5.

The orientations are defined in, or projected 
onto, the transverse or the sagittal plane. Hence, 
the angles calculated between two such orienta
tions are also projected onto the transverse or the 
sagittal plane, and these are referred to as trans
verse angles and sagittal angles respectively. In the 
text and the tables angles are indicated by giving 
the abbreviations of the two orientations on which 
they are based, separated by the "<" symbol. For 
example "LSCm<CCR" is the angle between the 
lateral canal and the common crus in the sagittal 
plane (see fold-out diagram f). Which angle be
tween two orientations is listed in the tables is 
shown in fold-out diagrams g and h and described 
in their caption.
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Figure 5-1. a. Transverse overview scan showing the midsagittal cranial reference orientation, b. Midsagittal overview scan showing 
the location of the landmarks nasion (na), foramen caecum (fc), sella (s), basion (ba) and opisthion (o). The solid line indicates the 
orientation of the clivus (cliv).

The spatial orientation of the labyrinthine 
structures are investigated by calculating two 
types of angles: (a) 'intralabyrinthine angles', ex
pressing the orientations in relation to each other, 
and (b) angles expressing the orientation of each 
structure in relation to the cranium. Concerning 
(a) a large number of intralabyrinthine angles can 
potentially be calculated, but for convenience all 
orientations measured in the transverse plane are 
given as angles to the vestibular orientation (Fold- 
out diagram e: V) and those in the sagittal plane 
are expressed as angles to the lateral semicircular 
canal orientation (Fold-out diagram f: LSCm). The 
latter is conventionally used for this purpose in 
comparative studies, and is said to be stable rela
tive to the anterior cranial base, both in ontogeny 
and phylogeny (e.g. Werner, 1933; Delattre and 
Fenart, 1960; Fenart and Deblock, 1973). The ves
tibular orientation was chosen because it concerns 
the most central part of the labyrinth and is least 
associated with any particular canal or the coch
lea. When considering (b), the labyrinth in relation 
to the cranium, all orientations measured in the 
transverse plane are given as angles to the midsag
ittal plane (measured from a transverse overview 
scans: Fig. 5-la), and those measured in the sagit
tal plane are given as angles to the line basion-na- 
sion (the basicranial reference orientation ba-na, 
measured from a midsagittal overview scan: Fig.
5-lb).

5.2.4 Cranial measurements.
Orientations that were measured to describe 

the labyrinth in relation to the surrounding mor

phology concern the facial and carotid canals and 
the endocranial surface of the petrous pyramid 
(definitions in Section 4.3, Fig. 4-4 and fold-out 
diagrams i and j). Moreover the orientations of the 
clivus (without dorsum sellae) and the lines sella- 
nasion (s-na), sella-foramen caecum (s-fc), basion- 
sella (ba-s), and opisthion-basion (o-ba) were 
measured from a midsagittal scan (see Fig 5-lb for 
the position of the landmarks). For a few speci
mens some of these additional measurements 
could not be taken because the landmarks were 
not yet developed (non-adults), or were missing 
(adults, see Appendix 5-1). Orientations of sur
faces concern the cross-sectional orientation of 
these surfaces in transverse or sagittal scans (e.g. 
the transverse orientation of the posterior petrosal 
surface is the orientation of the cross-sectional 
image of this surface shown in a transverse scan).

Measurements of the opisthocranion-nasion 
(op-na) and basion-nasion (ba-na) lengths, the bi- 
radicular breadth (ra-ra) and the distance between 
the medial margins of the two stylomastoid fo
ramina (sm-sm) were taken directly from the adult 
skulls to quantify their overall cranial size. The 
latter measurement approximately represents the 
interlabyrinthine distance.

5.2.5 Data analysis.
Differences in labyrinthine morphology re

lated to sex, geographical origin and age were 
investigated using univariate and multivariate 
statistical methods. F-tests and t-tests were used 
to establish differences between variances and 
similarity between means. In addition the sexed
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Table 5-2. The data sets used in the multivariate analysis. Abbreviations of the 
measurements listed on the fold-out sheet at the end of this dissertation.

A. Labyrinthine dimensions and intralabyrinthine angles, 20 variables: 
-dimensions ASCh, ASCw, LSCh, LSCw, PSCh, PSCw, COh, COw 
-angles between V and ASCs, ASCm, LSCt, PSCs, PSCm, PSCi, COt 
-angles between LSCm and LSC1, CCR, APA, COs, VC

B. Labyrinthine dimensions of set A, 8 variables.

C. Intralabyrinthine angles of set A, 12 variables.

D. Labyrinthine orientations to the cranial base, 14 variables:
-angles between SG and ASCs, ASCm, V, LSCt, PSCs, PSCm, PSCi, COt 
-angles between ba-na and LSC1, LSCm, CCR, APA, COs, VC

negroid, caucasoid and mongoloid crania were 
analyzed for differences between the sexes, geo
graphical groups and especially the interaction 
effect using the GLM procedure of SAS/STAT (rel. 
6.04) with a cross-classified design. Bonferroni's 
and Scheffé's tests, included in this procedure, 
take into account that if many comparisons are 
made on the basis of a single sample a number of 
these comparisons will lead to significance just by 
chance alone (see e.g. Miliken and Johnson, 1992).

Strictly speaking an angle may be considered 
as a combination of two variables, as it is deter
mined by two lines or two distances, and thus its 
distribution might be non-normal. However, the 
robusticity of the t-test in this respect justifies its 
use here (G.N. Van Vark, pers. comm.).

Multivariate analyses were made by calculat
ing squared Mahalanobis distances (D2) following 
the procedure described by Van Vark (1984), using 
all adult specimens to calculate the pooled covar
iance matrix. Four data sets of variables were used 
in the analysis, comprising either angles or dimen
sions, or a combination of the two (Table 5-2). The 
significance of the calculated D2 values was tested 
by the two-sample chi-square test, and the statis
tical significance of any difference between two D2

values was evaluated using the Steememan test, 
as described in Van Vark (op. cit.).

Using the sample that is to be analyzed for the 
calculation of the covariance matrix as well is 
strictly speaking not correct, and may lead to over
estimation of differences between groups that are 
compared (GN van Vark, pers. comm.). However, 
in this study independent samples for the calcula
tion of the matrix are not available, and statistical 
significance obtained in the multivariate compar
isons should therefore be considered with caution.

In multivariate analyses the inclusion of as 
many variables as possible does not always lead 
to the best performance (Van Vark and Schaafsma, 
1992), and therefore smaller data sets, with fewer 
angles than those listed in Table 5-2, were used as 
well. However, the full and the reduced data sets 
result in similar conclusions, and the latter are 
therefore not discussed.

Correlations between the variables were inves
tigated for the adult sample by calculating the 
product-moment correlation coefficient (r) and 
testing its significance using a t-test. In all signifi
cance tests a level of P<0.05 was used to reject the 
null hypothesis.

5.3 RESULTS

The mean and standard deviation of the laby
rinthine dimensions and angles for the groups of 
the sample based on sex, geographical origin and 
age are listed in Tables 5-3 to 5-7. The measure
ments of the three fetal specimens are given indi
vidually, and for the total adult sample the range 
is given as well. The cranial dimensions and an
gles of the adult specimens are listed in Table 5-8.

In each of the tables statistical significance of the 
differences between the means of the male and 
female specimens, of the caucasoid, negroid and 
mongoloid specimens, and of the adult, fetal and 
infant specimens is indicated.

The interaction between sex and geographical 
groups is only significant for one labyrinthine 
angle (SG<PSCm), implying that for this angle the
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Table 5-3. The height (h) and width (w) of the semicircular canals (ASC, PSC, LSC) and the cochlea (CO) in millimeters for the 
groups of the sample based on sex, geographical origin and age. The number of specimens (n) is indicated in brackets or for the 
individual measurements. Abbreviations of the measurements are listed on the fold-out sheet at the end of this dissertation. 
Statistically significant differences between the means are indicated by *: P<0.05. Asterisks in brackets indicate that the difference 
is not significant according to Bonferroni's and Scheffé's tests, c: caucasoid and m: mongoloid groups.

ASCh ASCw PSCh PSCw LSCh LSCw COh COw
Male (n=26)

mean 6.0 6.9 6.6 6.2 4.3 4.7 5.2 3.8
SD 0.50 0.42 0.68 0.51 0.46 0.45 0.31 0.28

Female (n=22)
mean 5.9 6.8 6.4 5.9 4.3 4.9 5.2 3.9

SD 0.63 0.60 0.79 0.69 0.51 0.43 0.32 0.25

Caucasoid (n=17)
mean 6.2 7.0 6.9 6.3 4.4 4.9 5.4 3.9

SD 0.39 0.40 0.61 0.56 0.39 0.39 0.32 0.24

Negroid (n=8)
mean 6.2 7.0 6.6 6.0 4.2 4.8 5.2 3.9

SD 0.78 0.61 0.67 0.39 0.43 0.38 0.35 0.33

Mongoloid (n=22)
mean 5.9 6.8 6.3 5.9 4.2 4.7 5.2 3.7

s 0.53 0.48 0.77 0.55 0.48 0.44 0.24 0.28

Adult (n=53)
mean 6.0 6.9 6.5 6.1 4.2 4.8 5.2 3.8

min 4.8 5.6 4.5 4.6 3.1 4.0 4.4 3.3
max 7.6 8.2 8.3 7.1 5.3 5.9 5.9 4.5

SD 0.54 0.49 0.72 0.58 0.47 0.44 0.31 0.28

Fetal
24 wks 5.3 6.4 6.7 5.6 4.8 5.3 5.6 4.5
30 wks - 6.8 6.8 - 4.6 5.1 - 4.3
32 wks 5.8 6.8 7.3 6.5 4.8 4.9 5.5 3.6

Infant
n 6 8 8 6 8 8 6 8

mean 5.9 6.6 6.3 6.0 4.4 4.9 5.2 3.8
SD 0.36 0.36 0.43 0.44 0.31 0.33 0.30 0.21

Differences between means
c-m * (*) n

relationship between the sexes might vary be
tween the geographical groups. However, as this 
is only found in one isolated case it might be 
assumed that the significance level is reached by 
chance alone.

The squared Mahalanobis distances (D ) be
tween the geographical and age groups are listed 
in Table 5-9 for each of the four data sets. The 
presented D values were calculated from the 
number of principal components for which the 
highest levels of statistical significance was found 
in the Steememan tests (not necessarily the opti
mum selection because the analyzed sample was 
also used for the calculation of the covariance 
matrix [Van Vark, pers. comm.]). However, the 
results of the multivariate comparisons are not 
heavily dependent on the number of principal 
components selected.

5.3.1 Sex differences.
The differences between the means of the male 

and female labyrinthine measurements are not 
statistically significant, neither are the squared 
Mahalanobis distances between the male and fe
male samples (not listed in Table 5-9).

5.3.2 Geographical groups.
The univariate statistical comparisons of the 

three geographical groups reveal a number of di
mensions and angles with significantly different 
means. The heights and widths of both the poste
rior semicircular canal and the cochlea are smaller 
in the mongoloid group than in the caucasoid 
group (Table 5-3). The transverse angles between 
the vestibule and the posterior semicircular canal 
are smaller in the negroid group than in the cau
casoid and mongoloid groups (Table 5-4: V<PSCs, 
V<PSCm, V<PSCi). However, when examined 
with Bonferroni's and Scheffé's tests these angles
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Table 5-4. The intralabyrinthine angles given in degrees for the groups of the sample based on sex, geographical origin and age. The 
number of specimens (n) is indicated in brackets or for the individual measurements. Abbreviations of the measurements are listed 
on the fold-out sheet at the end of this dissertation. Statistically significant differences between the means are indicated by *: P<0.05 
and **: P<0.01. Asterisks in brackets indicate that the difference is not significant according to Bonferroni's and Scheffé's tests, c: 
caucasoid, m: mongoloid, n: negroid, a: adult, and f: fetal groups.

TRANSVERSE ANGLES SAGITTAL ANGLES
v<

ASCs
v<

ASCm
V<

PSCs
v<

PSCm
V<

PSCi
V<

LSCt
V<
COt

LSCm<
LSC1

LSCm<
CCR

LSCm<
APA

LSCm<
COs

LSCm<
VC

Male (n=26)
mean 16 7 99 111 107 80 85 4 122 41 59 151

SD 5.2 3.9 5.0 4.4 5.6 6.5 6.4 4.1 4.1 4.9 5.3 5.1

Female (n=22)
mean 16 7 99 111 108 82 86 3 120 41 60 151

SD 4.9 3.8 5.4 5.8 5.4 5.7 4.1 4.3 3.8 4.9 5.0 7.3

Caucasoid (n=17)
mean 17 9 100 110 108 81 84 5 121 41 59 153

SD 3.3 3.1 4.2 4.0 3.4 4.4 4.5 4.5 4.2 3.5 4.5 6.7

Negroid (n=8)
mean 17 8 95 107 104 79 83 5 121 42 62 153

SD 5.2 4.2 6.9 6.6 6.0 5.8 5.5 3.0 5.8 7.6 4.8 5.2

Mongoloid (n=22)
mean 16 7 100 113 109 82 88 3 120 40 58 149

SD 6.3 4.5 4.3 4.8 5.4 7.0 6.8 4.3 3.3 4.5 5.7 5.5

Adult (n=53)
mean 16 7 99 111 108 81 85 4 121 41 59 151

min 5 0 83 99 96 68 72 -5 113 32 46 140
max 28 16 107 124 118 100 102 14 133 57 69 170

SD 5.3 4.0 5.2 5.2 5.3 6.0 6.0 4.1 4.0 4.7 5.1 6.1

Fetal
24 wks 12 7 96 102 101 80 67 4 123 34 52 158
30 wks 16 10 95 109 104 82 79 - - - - -

32 wks 17 12 101 106 109 80 70 11 128 39 59 161

Infant
n 8 8 8 8 8 8 8 6 6 6 6 6

mean 13 7 % 110 107 79 84 3 118 38 59 151
SD 3.6 3.6

Differences between means
c-n

n-m

4.1

nn

4.1

(’)

4.8

(*)
(*)

4.9 4.1 2.2 2.5 4.8 6.1 6.4

a-f

as well as the width of the posterior canal and the 
height of the cochlea are not significantly different 
between the three groups. The orientations of the 
labyrinthine structures in the cranium (i.e. relative 
to SG and ba-na) are not significantly different in 
the three geographical groups.

In the multivariate comparisons squared 
Mahalanobis distances between the mongoloids 
and both the negroids and the Caucasoids are sig
nificant, whereas those between the negroids and 
the caucasoids are not significant (Table 5-9). 
However, as the distances between the three 
groups are not statistically different from each 
other, the present results do not suggest that any 
two of the three groups are closer together than 
either is to the third group.

It can perhaps be argued on population biolog
ical grounds that the Ethiopian specimen (DAG 
104) should not be included in the negroid group, 
and therefore all comparisons were also made 
without considering this specimen. However, the 
results obtained this way are similar to the ones 
described in this section.

5.3.3 Age groups.
None of the labyrinthine dimensions and ori

entations of the infant sample are significantly 
different from those of the adult sample. In the 
fetal sample, on the other hand, the transverse 
angle between the vestibule and cochlea is signif
icantly smaller than in the adults (Table 5: V<COt). 
Most transverse angles to the midsagittal orienta
tion, except those of the cochlea and the posterior
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Table 5-5. The transverse angles between the midsagittal orientation (SG) and the labyrinthine structures, the carotid canal (CC), 
the facial canal (FC2) and the endocranial petrosal surface (PPsp, PPip) given in degrees for the groups of the sample based on sex, 
geographical origin and age. The number of specimens (n) is indicated in brackets or for the individual measurements. Abbreviations 
of the measurements are listed on the fold-out sheet at the end of this dissertation. Statistically significant differences between the 
means are indicated by *: P<0.05, **: P<0.01 and ***: P<0.001. c: caucasoid, m: mongoloid, n: negroid, a: adult, and f: fetal groups.

SG< ASCs ASCm V PSCs PSCm PSCi LSCt cot CC FC2 PPsp PPip
Male (n=25)

mean 45 36 29 128 139 136 109 114 122 147 128 126
SD 5.3 5.0 4.6 5.0 4.9 5.5 6.2 6.4 5.5 4.7 6.0 5.1

Female (n=21)
mean 44 35 28 127 139 136 110 114 122 147 127 125

SD 5.6 5.3 5.4 6.6 5.9 5.0 5.3 3.9 3.8 3.9 4.4 3.3

Caucasoid (n=17)
mean 45 37 28 128 138 136 109 112 122 146 128 124

SD 5.6 5.0 4.8 6.7 5.4 5.6 5.8 5.4 3.9 3.4 4.5 3.4

Negroid (n=8)
mean 47 38 30 125 137 134 109 112 126 149 129 127

SD 5.7 5.7 5.9 6.9 5.6 5.3 5.7 6.2 3.0 4.3 5.2 5.2

Mongoloid (n=19) 
mean 44 35 28 127 141 137 110 115 122 147 127 126

SD 5.1 4.3 3.3 4.2 4.8 4.1 5.3 5.0 5.2 4.9 6.5 4.8

Adult (n=50)

Fetal

mean 45 36 29 127 139 136 110 113 123 147 128 125
min 35 26 18 117 129 126 99 101 109 136 115 115
max 54 47 39 140 150 145 125 123 132 155 137 137

SD 5.3 4.9 4.7 5.7 5.4 5.1 5.7 5.4 4.8 4.2 5.3 4.4

24 wks 51 45 39 135 141 140 119 106 156 . 146
30 wks 49 43 33 128 142 137 115 111 145 170 - 142
32 wks 55 50 38 139 144 147 118 108 136 168 - 152

COII

mean 42 35 29 124 139 136 108 113 125 150 - 130
SD 4.9 5.5 4.4 6.1 3.3 6.0 5.6 5.4 4.3 9.0 - 10.6

ences between means
c-n *

n-m *
a-f * ** ** * * *** *** ***

canal, are larger in the fetal than in the adult and 
infant samples (Table 5-5), but the orientation of 
the fetal labyrinth to ba-na is not different from 
that in the adults (Table 5-6).

In the multivariate comparisons the estimated 
squared Mahalanobis distances between the adult 
and infant samples are never significant. The adult 
and infant groups are significantly closer than 
either of them is to the fetal group for all data sets 
except the one comprising dimensions only (Table 
5-9: data set B).

5.3.4 Left right symmetry.
The bilateral symmetry is both univariately 

and multivariately investigated. The absolute dif
ferences between the left and right labyrinths of 
three adult crania are summarized in Table 5-10 
regarding the dimensions, the intralabyrinthine 
angles and the angles relative to the cranial refer
ence orientations (data sets B, C, D). Table5-11 lists

the squared Mahalanobis distances between the 
left and right labyrinths (intra-individual values) 
of the two crania for which the complete data sets 
could be measured, as well as the corresponding 
inter-individual values for the total adult sample.

5.3.5 Correlations.
Two dimensions or angles are described as 

correlated if the product-moment correlation co
efficient is statistically significant at P<0.05. The 
correlation coefficients between the labyrinthine 
dimensions are given in Table 5-12. The highest 
coefficients occur between the height and width 
of each of the semicircular canals, whereas corre
lation coefficients between the dimensions of the 
cochlea and the semicircular canals are relatively 
low or not significant at all.

Concerning correlations between the labyrin
thine and cranial dimensions, only the coefficients 
between the interlabyrinthine distance (sm-sm)
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Table 5-6. The sagittal angles in degrees between the basicranial orientation ba-na and the orientations of labyrinthine structures, 
the facial canal (FC3) and the endocranial petrosal surface (PPa, PPp) for the groups of the sample based on sex, geographical origin 
and age. The number of specimens is indicated in brackets. Abbreviations of the measurements are listed on the fold-out sheet at 
the end of this dissertation. Differences between the means are statistically not significant.

ba-na< LSC1 LSCm CCR APA COs VC FC3 PPa PPp
Male (n=25)

mean -5 -10 112 31 49 -39 68 -53 53
SD 7.3 5.6 5.5 6.2 6.2 7.0 6.0 4.9 7.9

Female (n=21)
mean -7 -10 111 31 50 -39 66 -54 51

SD 7.1 5.7 5.6 5.5 5.8 8.3 6.4 5.1 5.5

Caucasoid (n=17)
mean -5 -10 111 31 49 -37 68 -53 53

SD 6.3 5.5 6.2 5.5 5.5 7.2 6.0 5.7 6.6

Negroid (n=8)
mean -4 -9 112 33 53 -37 69 -54 54

SD 5.4 5.7 5.6 4.7 5.6 7.5 2.9 8.0 7.3

Mongoloid (n=19)
mean -7 -10 111 30 49 -40 65 -55 51

SD 7.9 5.1 5.4 5.8 6.0 7.5 5.3 4.9 7.8

Adult (n=50)
mean -6 -10 111 31 49 -39 67 -54 52

min -23 -24 100 21 37 -57 56 -68 40
max 9 1 126 43 61 -21 87 -42 74

SD 7.0 5.4 5.6 5.7 6.0 7.5 6.1 5.5 6.9

Fetal
24 wks 2 -2 121 32 50 -24 - -39 45
32 wks ■4 -15 113 25 45 -34 - -53 40

Infant (n=6)
mean -6 -9 109 29 49 -39 - -59 48

SD 10.0 10.7 9.4 9.5 7.0 9.8 - 8.0 3.5

and the anterior and posterior canal dimensions 
and are statistically significant (r= 0.45, 0.38, 0.37 
and 0.44 for ASCh, ASCw, PSCh and PSCw respec
tively).

The transverse angles of the labyrinth to the 
midsagittal orientation are all correlated, as are the 
sagittal ones to ba-na (Tables 5-13 and 5-14), and 
the intralabyrinthine angles in the transverse and 
sagittal plane show a similar pattern (correlation 
coefficients not listed). Transverse angles of laby
rinthine structures to the midsagittal orientation 
are not correlated with sagittal labyrinthine angles 
to ba-na. However, regarding intralabyrinthine 
angles some weak but statistically significant cor
relations occur between angles in the transverse 
and the sagittal plane: i.e. between the torsions of 
the anterior and lateral canals (V<ASCs with 
LSCmcLSCl: r=0.29) and between the sagittal ori
entation of the vestibulo-cochlear line and the 
transverse cochlear orientation (LSCm<VC with 
VcCOt: r=0.31).

Correlation coefficients between the dimen
sions and the orientations reveal that the torsion 
of the anterior canal tends to increase with the 
height of the canal (V<ASCs with ASCh: r=0.33), 
but such a relationship is not found for the other 
two canals.

Regarding the relationship between the laby
rinth and other parts of the petrous pyramid, the 
orientations of labyrinthine structures are corre
lated with those of the facial canal (Table 5-13: FC2; 
Table 5-14: FC3), but not with the orientation of the 
carotid canal (Table 5-13: CC). In the transverse 
plane only the orientations of lateral canal axis 
and the cochlea are correlated with those of the 
petrosal surface (Table 5-13: LSCt and COt with 
PPsp or PPip). In the sagittal plane, on the other 
hand, all labyrinthine orientations, except that of 
the lateral canal, are correlated with the petrosal 
surface orientation (Table 5-14: all, except LSCm, 
with PPa or PPp).
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Table 5-7. The sagittal angles in degrees between the orientations of the lateral semicircular canal (LSCm), the facial canal (FC3), the 
endocranial petrosal surface (PPa, PPp), and s-na, s-fc, ba-s, the clivus, and o-ba for the groups of the sample based on sex, 
geographical origin and age. The number of specimens (n) is indicated for the individual measurements. Abbreviations of the 
measurements are listed on the fold-out sheet at the end of this dissertation. Statistically significant differences between the means 
are indicated by *: P<0.05 and **: P<0.01. c: caucasoid, m: mongoloid, n: negroid, a: adult and f: fetal groups.

LSCm<
FC3

LSCm<
PPa

LSCm<
PPp

s-na<
LSCm

s-fc<
LSCm

ba-s<
LSCm

cliv<
LSCm

o-ba<
LSCm

Male n 26 26 26 25 25 25 25 25
mean 78 136 62 9 4 -39 -44 9
SD 6.7 8.0 8.3 6.2 6.5 6.3 6.3 7.7

Female n 22 22 22 19 19 19 19 21
mean 76 136 61 8 3 -40 -43 10
SD 7.4 6.8 7.7 5.7 5.4 6.4 6.8 8.7

Caucasoid n 17 17 17 17 17 17 17 17
mean 78 137 62 10 4 ^0 -45 8
SD 8.1 6.5 8.4 5.6 6.3 5.6 4.9 8.5

Negroid n 8 8 8 7 7 7 8 8
mean 78 135 64 11 7 -39 -43 15
SD 5.9 7.6 7.2 5.6 4.8 6.6 6.6 7.6

Mongoloid n 21 22 22 18 18 18 19 19
mean 75 134 60 7 2 -37 -41 10
SD 6.1 8.2 8.6 5.8 5.7 4.9 5.5 7.7

Adult n 52 53 53 48 48 48 50 50
mean 77 136 62 8 3 -39 ^3 10
min 58 119 42 -5 -10 -60 -63 -11
max 90 155 80 20 15 -27 -31 32
SD 6.8 7.4 7.9 5.7 5.9 6.1 6.2 7.9

Fetal 24 wks _ 143 47 12 _ -25 -27 32
30 wks - - - - - - - -

32 wks - 141 54 -4 - -36 - 26

Infant n _ 5 5 6 6 6 6 6
mean - 131 58 6 2 -36 -40 6
SD - 8.0 13.4 10.0 10.7 11.2 11.58 12.2

Differences between means

c-m
a-f

5.4 DISCUSSION

5.4.1 Comparisons with the literature.
The morphometric description of the human 

labyrinth obtained in this study may be compared 
with labyrinthine measurements given in previ
ous studies. Previous analyses were made on the 
basis of cast, sectioned or dissected labyrinths, and 
consequently the measurements differ from those 
in this study, for example by having landmarks on 
the labyrinthine wall rather than in the centre of 
the lumen. Moreover, these studies exclusively 
analyzed material of European origin, and there
fore in the comparisons the CT measurements of 
the caucasoid group as well as the total sample 
were considered. In the event, both comparisons 
result in similar conclusions, and in the following 
section the total CT sample is referred to unless 
mentioned otherwise.

5.4.1a Labyrinthine dimensions. The dimensions 
of the semicircular canals can be compared to 
measurements taken by Sato (1903) from 34 adult, 
neonatal and fetal cast labyrinths. By combining 
the measurements of the areas enclosed by the 
semicircular canals with those of their lumina the 
mean dimensions taken from the centre of the 
canals could be estimated (Table 5-15). The values 
of Sato's total sample (age differences will be dis
cussed below) are in good correspondence with 
those of the CT sample, especially if only the 
caucasoid group is considered.

Schönemann (1906) lists the height and width 
of the semicircular canals of 60 cast labyrinths (30 
adult individuals), but as the methods of taking 
the measurements are not precisely described, yet
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Table 5-8. (Basi)cranial angles and dimensions given in degrees and millimeters respectively for the groups of the sample based on 
sex, geographical origin and age. The number of specimens (n) is indicated in brackets or for the individual measurements. 
Abbreviations of the measurements are listed on the fold-out sheet at the end of this dissertation. Statistically significant differences 
between the means are indicated by *: P<0.05, **: P<0.01 and "“i P<0.001. ma: male, fe: female, c: caucasoid, m: mongoloid, n: negroid, 
a: adult, f: fetal and i: infant groups

ba-s-na ba-s-fc o-ba-s na-op na-ba ra-ra sm-sm
Male (n=25)

mean 132 137 131 182 102 125 84
SD 5.1 5.1 5.9 6.7 4.8 6.2 5.8

Female n 19 19 19 19 20 20 19
mean 132 137 130 171 97 118 80
SD 4.9 4.4 7.1 6.6 4.6 4.5 3.4

Caucasoid n 17 17 17 16 17 17 16
mean 130 136 132 178 98 122 83
SD 3.2 3.9 6.1 5.7 3.5 5.5 4.8

Negroid n 7 7 7 8 8 8 8
mean 130 134 125 179 99 118 79
SD 5.7 6.5 4.3 10.9 4.5 5.9 3.8

Mongoloid (n=18)
mean 136 140 132 177 101 125 84
SD 3.9 3.7 6.4 10.3 5.9 5.9 5.5

Adult n 48 48 48 48 49 49 48
mean 132 137 131 177 100 122 82
min 121 125 119 154 90 110 71
max 143 147 144 197 114 136 95
SD 4.9 4.9 6.4 8.9 5.1 6.2 5.1

Fetus 24 wks 143 _ 123
32 wks 148 - 118

Infant (n=6)
mean 138 141 137
SD 1.8 2.4 7.9

Differences between means
ma-fe *** ** *** **
c-n *
c-m *** **
n-m ** ** ** ** *
a-f *** ***
a-i ** *

are evidently different from those used in this 
study, these can only be used for comparison of 
aspects such as patterns of variation and correla
tions.

Curthoys et al. (1977a) dissected 20 labyrinths, 
and rather than measuring the height and width 
of the semicircular canals they directly estimated 
the radius of curvature. The average radii given 
for the anterior, posterior and lateral canal (3.2,3.1 
and 2.3 mm respectively) are close to the values 
obtained in the present study when the radius of 
curvature is calculated as half the average of the 
canal's height and width (3.3, 2.9 and 2.2 mm 
respectively).

Lang and Hack (1985a) sectioned 53 temporal 
bones in the transverse plane and measured a 
number of labyrinthine dimensions from which 
the mean widths of the anterior and lateral canals 
and the mean height of the posterior canal as

defined in this study (ASCw, LSCw, PSCh) could 
be calculated. The values of 6.9, 5.0 and 6.8 mm 
respectively correspond well to those of the total 
CT sample, and are very similar if only the cauca
soid crania are considered (Table 5.3: 7.0, 4.9 and 
6.9 mm respectively).

Muren and colleagues, who measured the 
inner and outer widths of the semicircular canals 
from 100 cast labyrinths of Swedish origin (Muren 
et al, 1986), kindly provided the raw data of their 
study. The centre to centre widths of the lateral 
and posterior semicircular canals, calculated from 
the raw data, are very similar to those of the CT 
sample, but that of the anterior canal is signifi
cantly smaller (Table 5-15), not only when com
pared with the CT sample, but also with the 
samples of Sato (1903) and Lang and Hack (1985a). 
Bearing in mind that the definitions of the anterior 
canal width are similar in the compared studies.
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Table 5-9. D2 values between geographical groups (n: negroid, 
m. mongoloid, c: Caucasoid), and age groups (a: adult, f: fetal, 
i: infant). *: D2 significant atP<0.05 (Hotelling test). Under each 
matrix significant differences between D2 values tested by the 
Steememan test (P<0.05) are given. For example: a-i<a-f means 
that the distance between adults and infants is significantly 
smaller than that between adults and fetuses. The number of 
principal components, used to estimate the D2 values is given 
in brackets.

Data set Geograph, groups Age groups

A n 0.2 f 31.6*
dimensions m 0.8* 0.9 i 3.2 33.1*
+angles (2) c n (19) a f

a-ka-f, a-ki-f

B n 0.2 f 6.8*
dimensions m 0.8* 0.2 i 0.4 4.7

(2) c n (5) a f

C n 0.4 f 20.2*
angles m 0.4 1.5* P 1.8 23.8*

(2) c n (12) a f
a-ka-f

D n 0.2 f 23.7*
angles to m 0.8* 0.2 i 2.0 27.6*
cranium (2) c n (12) a f

a-i<a-f, a-i<i-f

and that the sample sizes involved are large, the 
observed difference are interpreted as local varia
tion of Muren's specific population.

The degree of variation of the dimensions of 
the semicircular canals, expressed by the coeffi
cients of variation (CV), is similar for the CT sam
ple (CV 7-11), and the measurements taken by 
Schönemann (1906: CV 8-12), and Muren (CV 7- 
11) (coefficients of variation could not be obtained 
for the other studies mentioned in the compari
sons).

Dimensions of the cochlea are given by 
Schönemann (1906) and Dimopoulos and Muren 
(1990), but as their definitions differ from the ones 
used here comparison is not useful. The coeffi
cients of variation of the cochlear dimensions in 
the CT sample (CV 7-8) fall in the range of those 
obtained in these studies (Schönemann: CV 11, 
Dimopoulos and Muren: CV 5-10).

5.4.1b Labyrinthine orientations. Previous stud
ies describing the orientation of the labyrinthine 
structures give the angles between the estimated 
average planes of the semicircular canals (Hyrtl, 
1845; Siebenmann, 1890; Sato, 1903; Gray, 1907; 
Turkewitsch, 1930; Blanks et al, 1975; Caix & Out- 
requin, 1979), and in most cases the common crus 
is excluded when considering the anterior and 
posterior canals. Consequently, the in-

Table 5-10. Absolute differences between the left and right 
labyrinths of three crania for data sets B to D listed in Table 5-2. 
Dimensions in millimeters, angles in degrees.

dimensions
(B)

angles
(C)

angles to 
cranium (D)

n 21 31 36
mean 0.14 3.0 2.6
min 0.0 1 0
max 0.3 7 8
SD 0.13 1.77 1.97

Table 5-11. The squared Mahalanobis distances (D2) between 
the left and right labyrinths of two crania (intra-indiv.) and 
those between the labyrinths of all adult crania (inter-indiv.) 
for the four sets of measurements listed in Table 5-2.

dimensions 
+angles (A)

dimensions
(B)

angles
(Q

angles to 
cranium (D)

D2 (intra-indiv.)
pair 1 21.2 1.3 7.6 15.8
pair 2 17.8 2.6 11.5 12.3

D2 (inter-indiv.)
n 1378 1378 1378 1225

mean 39.9 16.0 23.9 28.0
min 9.4 1.8 4.5 5.7
max 75.6 49.7 52.1 57.5

SD 10.3 8.1 8.6 8.9

tralabyrinthine angles used in this study, each of 
which relates to specific parts of the canals, are not 
directly comparable. For example, the average 
angle of 95 degrees between the anterior and pos
terior semicircular canal given by Sato (1903) and 
Schönemann (1906) shows only superficial simi
larity to the angles between these canals measured 
in the CT sample.

Delattre and Fenart (1961) give an angle of 156 
degrees between the lateral semicircular canal and 
the vesdbulo-cochlear line (LSCm<VC), and Fen
art and Deblock (1983) list values of 121 and 36 
degrees for the angles of the lateral semicircular 
canal to the common crus (LSCm<CCR) and the 
ampullar line (LSCm<APA) respectively. These 
values are close or identical to the means observed 
in this study, but statistically they cannot be inter
preted because in neither study are sample sizes 
and standard deviations given. Moreover, it not 
clear whether the ampullar line measured by Fen
art and Deblock (1983) connects the anterior and 
posterior ampullae, as is mentioned in their text 
(p.63), or the lateral and posterior ampullae as is 
shown in their Figure 38.

Concerning the orientation of the labyrinth in 
the cranium, the transverse angle between the

55



CHAPTER 5

Table 5-12. Product-moment correlation coefficients between the labyrinthine dimensions. *: significant at P<0.05. The abbreviations 
of the measurements are listed on the fold-out sheet at the end of this dissertation.

ASCh ASCw LSCh LSCw PSCh PSCw COh

ASCw 0.81* X

LSCh 0.49* 0.39* X

LSCw 0.39* 0.45* 0.73* X

PSCh 0.61* 0.60* 0.39* 0.19 X

PSCw 0.59* 0.70* 0.28* 0.20 0.78* X

COh 0.29* 0.36* 0.12 0.12 0.28* 0.30* X

COw 0.25 0.24 0.10 0.11 0.25 0.13 0.55*

Table 5-13. Product-moment correlation coefficients between transverse angles to the midsagittal orientation (SG). *: significant at 
P<0.05. The abbreviations of the measurements are listed on the fold-out sheet at the end of this dissertahon.

SG< ASCs ASCm V LSCt PSCs PSCm PSCi cot CC FC2 PPsp

ASCm 0.86* X

V 0.51* 0.67* X

LSCt 0.31* 0.31* 0.35* X

PSCs 0.60* 0.59* 0.53* 0.30* X

PSCm 0.48* 0.51* 0.48* 0.57* 0.65* X

PSCi 0.45* 0.51* 0.44* 0.48* 0.64* 0.74’ X

cot 0.40* 0.44* 0.43* 0.36* 0.36* 0.51* 0.37* X

CC 0.19 0.12 0.17 0.26 0.04 0.06 0.21 0.17 X

FC2 0.43* 0.40* 0.52’ 0.33’ 0.36* 0.44* 0.17 0.34’ 0.15 X

PPsp 0.27 0.16 0.21 0.34* 0.07 0.25 0.21 0.42* 0.54* 0.40* X

PPip 0.16 0.18 0.26 0.27 0.05 0.18 0.12 0.52* 0.42* 0.09 0.57*

Table 5-14. Product-moment correlation coefficients between sagittal angles to ba-na. *: significant at P<0.05. The abbreviations of 
the measurements are listed on the fold-out sheet at the end of this dissertation.

ba-na< LSC1 LSCm CCR APA VC COs FC3 PPa

LSCm 0.84* X

CCR 0.66* 0.75* X

APA 0.63* 0.65’ 0.66* X

VC 0.68* 0.60’ 0.65* 0.50* X

COs 0.55’ 0.65* 0.62* 0.65* 0.44* X

FC3 0.38* 0.30’ 0.27 0.41* 0.31* 0.29* X

PPa 0.20 0.13 0.26 0.22 0.36* 0.20 0.18 X

PPp 0.28’ 0.25 0.37* 0.33* 0.31* 0.43* 0.29* 0.52*

superior part of the anterior semicircular canal 
and the midsagittal plane measured by 
Schönemann (1906: mean 45 degrees, SD 6.5) is not 
significantly different from that in the CT sample 
(Table 5-5: SG<ASCs).

Pellerin (1983) measured the sagittal angles 
between the orientation of the lateral semicircular 
canal (LSCm) and s-na, o-ba and the surface of the 
clivus in nine populations comprising a total of 
339 crania (Table 5-16). The angles to s-na and the

clivus are similar to those in the CT sample, but 
the angle to o-ba shows a statistically significant 
difference of 5 degrees. However, the latter angle 
measured by Perez (1922) in a sample of 50 skulls 
of mixed geographical origin is identical to that of 
the CT sample (Table 5-16). The angle between the 
orientation of the lateral canal and the clivus mea
sured by Hafferl (1937: 45 degrees for 69 Swiss 
crania), is also similar to that of the CT sample.
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Table 5-15. Comparison between the semicircular canal dimensions of the total CT sample, the caucasoid group of the CT sample 
and the dimensions calculated from measurements given by Sato (1903) and Muren et al. (1986). ***: significant difference from the 
CT sample at P<0.001.

CT all CT cauc
Sato
total

Sato
adult

Sato
neonate

Sato
fetal

Muren
adult

n 53 17 34 14 8 12 92-100

ASCh mean 6.0 6.2 6.1 6.6 6.1 5.7 -

ASCw mean 6.9 7.0 6.8 7.0 6.8 6.7 6.5”*
SD 0.49 0.40 0.45

PSCh mean 6.5 6.9 6.9 7.2 6.9 6.6 -

PSCw mean 6.1 6.3 6.4 6.8 6.4 6.0 6.0
SD 0.58 0.56 0.62

LSCh mean 4.2 4.4 4.4 4.4 4.3 4.4 -

LSCw mean 4.8 4.9 4.6 4.5 4.6 4.8 4.8
SD 0.44 0.39 0.47

Table 5-16. Comparison of the sagittal angles between the 
lateral semicircular canal (LSCm) and s-na, the clivus and o-ba 
after Perez (1922) and Pellerin (1983) for the adults and Cousin 
(1969) for the non-adults. The differences between the means 
of the CT samples (Table 5-7) and the literature samples are 
given, and their significance is indicated by *: P<0.05, 
P<0.01, **’: P<0.001. The caucasoids consist of the 'Gallo- 
Romains' and the 'Adultes jeunes du Nord de la France', the 
negroids of the 'Noirs d'Afrique'(Senegal), and the mongol- 
oids of the 'Japonais' and the 'Amerindien'(Peru) listed by 
PeUerin (1983).

<LSCm Pellerin/Cousin

s-na clivus o-ba o-ba
caucasoid

n 98 95 96 28
mean 10 -43 14 9

SD 4.6 5.3 5.3
negroid

n 53 53 53 8
mean 10 -41 17 13

SD 6.2 7.0 7.4
mongoloid

n 89 89 89 10
mean 7 -42 13 10

SD 5.8 6.1 6.1
all adults

n 342 339 339 50
mean 9 -43 15 10

SD 5.0 5.7 6.0
fetal

n 6 6 6
mean 8 -31 21

SD 3.3 1.8 4.5
infant

n 16 16 16
mean 10 -33 17

SD 4.4 4.7 8.8

Differences between Pellerin/Cousin/Perez and CT
all adults 1 0 5*** 0
caucasoid 0 2* 6” 1

negroid -1 2 2 -2
mongoloid 0 -1 3 0

fetal 4 4 -8
infant 4 7 11*

The standard deviations of the labyrinthine 
angles given by Schönemann (1906) and Pellerin 
(1983) are not statistically significantly different 
from those of the equivalent angles in the CT 
sample.

Finally, it is worth mentioning that the trans
verse angles of the facial and carotid canals to the 
midsagittal plane, given by Schönemann (1906; 
SG<FC2: mean 144 degrees, SD: 10.1) and Lang 
and Hack (1985b; SGcCC mean 124 degrees), are 
very similar to the values of the CT sample.

In conclusion, those dimensions and angles of 
the CT sample that can be compared are generally 
in agreement with the measurements obtained in 
previous studies.

5.4.2 Intralabyrinthine correlations.
The vestibular apparatus is a hydrodynami- 

cally and neurologically integrated system; flow 
of endolymph in one part of the system influences 
that in other parts (Muller and Verhagen 1988a,b), 
and the afferent responses of individual receptor 
areas result in a combined perception of move
ment. The sensitivity for detecting angular accel
eration and velocity is biophysically related to the 
radii of the curvature and lumen of the membra
nous semicircular ducts, and the planes of opti
mum sensitivity are determined by their 
orientations in the cranium. The measurements of 
the surrounding bony canals provide an approxi
mation of two of these parameters, the radius of 
curvature and the orientation, and bearing in 
mind the integrated nature of the vestibular sys
tem, the correlations between the dimensions and 
the orientations of the canals are likely to be 
stronger than those between the canals and the

57



CHAPTER 5

Table 5-17. Product-moment correlation coefficients calculated between the height and width of the anterior, lateral and posterior 
semicircular canals (ASC, LSC, PSC respectively) and the cochlea (CO) given by Schönemann (1906). The definitions of the 
dimensions are different from those used in the present study. *: significant at P<0.05.

ASC
height

ASC
width

LSC
height

LSC
width

PSC
height

PSC
width

ASC width 0.79* X

LSC height 0.35 0.27 X

LSC width 0.46* 0.52* 0.51* X

PSC height 0.66* 0.76’ 0.47* 0.48* X

PSC width 0.57* 0.72* 0.49* 0.61’ 0.80* X

CO height 0.31 0.30 0.16 0.54* 0.40* 0.35

cochlea (which presumably has no functional re
lationship with the vestibular system). This corre
lation pattern is shown by the labyrinthine 
dimensions within the present study (Table 5-12), 
as well as by those given in Schönemann (1906) 
(Table 5-17), and, though to a lesser extent, also by 
the labyrinthine orientations (Table 5-13).

In the samples of Schönemann (1906) and the 
present study the dimensions of the anterior and 
posterior semicircular canal are more strongly cor
related with each other than either of them is to 
the lateral canal (Table 5-12, 5-17), and a similar 
pattern was observed by Curthoys et al. (1977a) for 
the radii of curvature of the canals. The closer 
relationship between the two vertical canals is 
understandable if it is realized that each anterior 
canal forms a functional unit as a 'push-pull pair' 
with the contralateral posterior canal, whereas the 
two lateral canals form such a pair between them
selves (Graf, 1988).

5.4.3 The labyrintho-basicranial correla
tions.

The morphological relationship between the 
labyrinth and the basicranium has been assessed 
by considering the orientations of the petrous pyr
amids and midsagittal structures such as the basi- 
occipital and the foramen magnum, as well as 
some overall cranial dimensions.

5.4.3a Orientations. Many of the labyrinthine ori
entations are correlated with the petrous pyramid 
orientation in the cranium, but their (statistically 
significant) correlation coefficients, which range 
between 0.28 and 0.52 (Tables 5-13 and 5-14), indi
cate that the relationship between the labyrinth 
and the petrous pyramid is not very strong. Inter
estingly, the labyrinthine orientations that are not 
correlated with the petrous pyramid are those that 
describe the planes of the semicircular canals (i.e. 
the orientations directly related to function).

In comparative morphological studies of the 
mammalian labyrinth Delattre (1951) and Delattre 
and Fenart (1961; 1962) argued that the morphol
ogy of the labyrinth is correlated with the basicra
nial flexion and the orientation of the foramen 
magnum. The significance of their observations is 
difficult to assess because although reference is 
made to specific sagittal intralabyrinthine angles 
(i.e. LSCm<CCR, LSC<APA, LSCm<VC), no sup
porting quantitative data are provided.

To assess whether the labyrintho-basicranial 
relationships described by Delattre and Fenart (op 
cit.) occur intraspecifically in humans, correlation 
coefficients were calculated between the sagittal 
intralabyrinthine angles (given in Table 5-4) and 
the angles of the lateral canal orientation to s-na, 
s-fc, ba-s and o-ba (given in Table 5-7). Table 5-18 
shows that coefficients concerning the anterior 
cranial base (s-na, s-fc) do not reach statistical 
significance, but the orientations of the common 
crus, the ampullar line, the cochlear basal turn and 
the vestibulo-cochlear line (CCR, APA, COs and 
VC respectively) are significantly correlated with 
the midsagittal orientations of the basioccipital 
(s-ba) and the foramen magnum (o-ba) (Table 5-18; 
Fig. 5-2). Moreover, the angle between the lateral 
canal and the common crus (LSCmcCCR) is 
weakly correlated with both the internal and ex
ternal basicranial angles (ba-s-fc, r: -0.36 and ba-s- 
na, r: -0.29 respectively), implying that crania with 
a more flexed base tend to have a more posteri
orly-tilted common crus.

In the present study the orientations of the 
labyrinth and the petrous pyramids are not corre
lated with the cranial dimensions. Similar inde
pendence from cranial length and breadth was 
found by Sarai (1904) for the orientation of the 
labyrinth in the transverse plane, and the angle of 
the anterior canal to the midsagittal plane 
(SG<ASCs) and several cranial dimensions listed 
in Schönemann (1906) are also not correlated.
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Table 5-18. Correlation coefficients between sagittal intralabyrinthine angles (given in Table 5-4) and the sagittal angles of s-na, s-fc, 
ba-s and o-ba to the lateral semicircular canal (given in Table 5-7).

LSCm<
LSC1

LSCm<
CCR

LSCm<
APA

LSCm<
COs

LSCm<
VC

s-na<LSCm 0.21 -0.25 -0.21 -0.18 -0.13
s-fc<LSCm 0.17 -0.18 -0.17 -0.19 -0.14
ba-s<LSCm 0.14 -0.47* -0.39* -0.32* -0.20
o-bacLSCm -0.01 -0.37* -0.34* -0.18 -0.33*
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ró
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LSCmcCCR

Figure 5-2. Bivariate plot showing the statistically significant correlation (r = -0.47) between the orientations of the common crus 
(CCR) and the basioccipital (ba-s) in the sagittal plane. Both orientations are given as angles to the orientation of the lateral canal 
(LSCm).

In summary, the results of the present study 
suggest that aspects of the labyrinthine morphol
ogy are weakly correlated with the orientations of 
the petrous pyramids, the basioccipital and the 
foramen magnum. Variation in brain growth and 
development is the most likely factor to influence 
both the otic capsule and other parts of the en- 
docranial surface, thus causing the observed 
labyrintho-basicranial correlations. The fact that 
these correlations are not very strong is under
standable considering that the labyrinth is fully 
developed long before other parts of the cranial 
base obtain their adult morphology (Bast, 1930). 
The apparent independence of the planar orienta
tions of the semicircular canals from the surround

ing cranial morphology is perhaps related to the 
functional importance of these orientations for the 
vestibular apparatus.

5.4.3b Dimensions. In the present study labyrin
thine dimensions are only correlated with the 
interlabyrinthine distance. In contrast, the laby
rinthine dimensions given by Schönemann (1906) 
are correlated with cranial length and breadth 
(Table 5-19), and Curthoys et al. (1977a) found a 
significant correlation between the radii of the 
lateral and posterior canals and the greatest cra
nial breadth. However, whereas the correlation 
coefficients calculated from the data of 
Schönemann (1906) and the present study are pos-
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Table 5-19. Product-moment correlation coefficients calculated between the cranial dimensions and the height and width of the 
anterior, lateral and posterior semicircular canals (ASC, LSC, PSC respectively) and the cochlea (CO) given by Schönemann (1906). 
The definitions of the dimensions are different from those used in the present study. *: significant at P<0.05. ASC-ASC: the 
interlabyrinthine distance between both anterior semicircular canals.

ASC
height

ASC
width

LSC
height

LSC
width

PSC
height

PSC
width

CO
height

glabella-opisthocranion 0.47* 0.46* -0.10 0.21 0.29 0.31 -0.04
basion-nasion 0.48 0.52* 0.06 0.36 0.53’ 0.56’ 0.08
biauricular width 0.21 0.61* -0.04 0.42* 0.39* 0.49’ 0.22
distance ASC-ASC 0.35 0.43* -0.16 0.34 0.24 0.18 0.36*

itive, those given by Curthoys et al. (1977a) are 
negative (i.e. broad crania tend to have small ca
nals). Thus, while all studies indicate some degree 
of correlation between labyrinthine and cranial 
dimensions, the details are contradictory.

5.4.4 Left right symmetry.
The degree of bilateral symmetry of the bony 

labyrinth has been a point of discussion from the 
earliest studies onwards. Hyrtl (1845) mentioned 
that the length, curvature and luminal diameter of 
the semicircular canals vary strongly between in
dividuals, but the left and right labyrinth of an 
individual are very similar, and also refers to sim
ilar observations made earlier by Scarpa (1789- 
1792) and Meckel (1827). Sato (1903) observed no 
significant differences between the dimensions of 
the left and right labyrinths of 20 non-adult spec
imen, and for the angles between the planes of the 
semicircular canals he measured an average dif
ference of two to three degrees only. Blanks et al. 
(1975) measured the angles between the semicir
cular canals and standard stereotaxic planes of ten 
specimens, and found a mean difference of only 
one to two degrees between the corresponding 
canals on the right and left sides. Concerning the 
radii of the semicircular canals Curthoys et al. 
(1977a) found "quite a high degree of bilateral 
symmetry between the canals" (op. cit. p.10) and 
calculated a correlation coefficient of 0.78 between 
the pairs (a method not used here, because of the 
small sample size). Caix and Outrequin (1979) 
made a mainly qualitative comparison between 
the orientation of the left and right semicircular 
canals in 25 skulls, and emphasized that the sym
metry is not perfect, as is shown by the average 
difference of seven degrees they measured be
tween the planar orientations of the left and right 
lateral canals. Fenart and Canal (1987) studied the 
orientation and position of the lateral semicircular 
canals in 30 skulls, and found no statistically sig
nificant bilateral differences for the sample, but 
acknowledge differences in individual specimens.

By far the most extensive set of labyrinthine 
measurements of antimeres is given by 
Schönemann (1906). The degree of bilateral sym
metry of the 30 pairs of labyrinths was not explic
itly discussed in Schönemann's study, but can 
nevertheless be assessed because all individual 
measurements are listed. The 190 pairs of labyrin
thine dimensions differ on average by 0.04 mm 
(SD 0.19), the angle between the anterior and pos
terior canal planes differ on average by one degree 
(SD 2.8), and the transverse angle of the anterior 
canal to the midsagittal plane shows a mean dif
ference of two degrees (SD 4.4).

The differences between the left and right lab
yrinths measured in this study, with mean values 
of 0.1 mm and three degrees for the dimensions 
and angles respectively (Table 5-10), are generally 
in good accordance with the results of the cited 
studies. Both in Schönemann (1906) and the pres
ent study the left-right (intra-individual) differ
ences are small compared with the level of 
(inter-individual) variation.

Comparison of intra- and inter-individual dif
ferences, simultaneously considering sets of vari
ables, is made by calculating the squared 
Mahalanobis distances between corresponding 
left and right labyrinths and those between each 
of the labyrinths in the CT sample (Table 5-11). All 
intra-individual D2 values are considerably 
smaller than the mean inter-individual values but, 
with one exception for the dimensions data set (B), 
they are within the range of the inter-individual 
values. Hence, the two left-right pairs studied here 
are on average more similar than the labyrinths in 
two individuals, but there are also labyrinths in 
separate individuals that are more similar than 
these pairs. The results also suggest that the di
mensions show somewhat more bilateral symme
try than the angles.

In conclusion, the present analysis and previ
ous studies indicate the occurrence of a consider
able degree of bilateral labyrinthine symmetry 
compared with inter-individual differences.
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5.4.5 Sex differences.
The results of this study unambiguously indi

cate the absence of significant differences between 
the male and female labyrinth, either in dimen
sions or spatial orientations.

In contrast, the mean height and width of the 
anterior semicircular canal in Schönemann (1906) 
are significantly larger for the 19 males than for the 
11 females (difference 0.8 mm and 0.7 mm, respec
tively). Turkewitsch (1930) measured the semicir
cular canal lengths of 22 male and 15 female 
labyrinths, ranging in age from eight months 
intra-uterine to elderly. The anterior, posterior and 
lateral canal of the males are on average 0.2 mm, 
0.5 mm and 0.3 mm longer than those of the fe
males, but the statistical significance of these dif
ferences cannot be assessed as no standard 
deviations are given. Moreover, Turkewitsch's 
measurements are taken from the outer surface of 
the otic capsule, not from the bony labyrinth itself, 
and may therefore be biased by natural differences 
in capsule thickness and by the dissection process. 
Cousin et al. (1981) compared the angles of the 
lateral semicircular canal (LSCm) to the cranial 
base (i.e. those listed in Table 5-16), in 33 male and 
19 female French adults and found no significant 
statistical differences. Sato et al. (1991) measured 
nine male labyrinths and found them to average 
0.43 mm longer in the length of the cochlear turns 
than nine female labyrinths (statistical significant 
at P<0.01).

Sexual dimorphism may be due to differences 
in size rather than to difference in sex per se (i.e. 
this is the case when differences between males 
and females equal those between two samples of 
similar sex but of different average body size). For 
example, in Schönemann (1906) the cranial and 
basicranial lengths (glabella-opisthocranion, ba- 
sion-nasion) of the males are significantly larger 
than those of the females, and as the anterior canal 
size is correlated with these cranial dimensions 
(Table 5-19) the apparent sexual dimorphism of 
the anterior canal may be related to the difference 
in cranial size only.

5.4.6 Geographical variation.
The major differences observed between the 

three geographical groups are that the mongol- 
oids have smaller labyrinthine dimensions than 
the caucasoids, with the negroids being interme
diate. These differences are not related to overall 
cranial size, because the mongoloid cranial di
mensions are not significantly smaller than those 
of the caucasoid group (Table 5-8).

Differences observed for the angles of the lat
eral canal orientation to those of the basioccipital 
and the foramen magnum (Table 5-7) reflect dif

ferences of the latter basicranial parts rather than 
of labyrinthine orientation in the cranium. The 
external and internal basicranial angle (ba-s-na, 
ba-s-fc) is relatively flat in the mongoloids and in 
the negroids the foramen magnum (o-ba-s) faces 
more posteriorly than in mongoloids and cauca
soids (Table 5-8).

It can be concluded that although statistically 
significant, the differences observed between the 
geographical groups are small compared with the 
level of inter-individual variation.

5.4.7 Age differences.
Like bilateral symmetry, ontogenetic changes 

of the labyrinthine morphology have been given 
considerable attention in previous studies.

5.4.7a Labyrinthine size and shape. On the basis 
of casts of labyrinths Hyrtl (1845) concluded that 
the canals show a constant increase in length, even 
in later periods of adult life. On the other hand, 
Siebenmann (1890) and Schönemann (1906) ob
served no change in size and shape of the canals, 
cochlea and vestibule subsequent to birth, a con
clusion supported by the results of the present 
study. Likewise, Sato (1903) considered the differ
ences he observed between the canal lengths of 
fetal, neonatal and adult specimens as insignifi
cant, notwithstanding differences of 0.9 and 0.8 
mm for the height of the anterior canal and width 
of the posterior semicircular canal respectively 
(Table 5-15). These differences cannot be statisti
cally tested because no standard deviation are 
given, and it is striking that in general, the mean 
dimensions obtaining from the far larger adult 
samples of the present study and of Muren et al. 
(1986) are closer to the mean values of the total 
sample of Sato than to those of the adults alone.

The only ontogenetic trend considered to be 
relevant by Sato (1903) is an average 13 degrees 
increase of the transverse angle between the pos
terior limb of the lateral canal and the plane of the 
posterior canal when comparing fetal and adult 
specimens. He correlates this laterad movement of 
the lateral semicircular canal with the growth of 
external acoustic meatus and mastoid process. Of 
all labyrinthine measurements introduced in 
Chapter 4 this phenomenon should best be ex
pressed by the transverse labyrinthine index (see 
fold-out diagram c: TLI). However, in the sample 
of the present study this index shows no clear 
difference between the three age groups (mean 
values 42 in the adults and 39 in both the infants 
and the fetuses).

Turkewitsch (1930) compared the labyrinth of 
20 fetuses, 19 neonates, 19 children (five months 
to 16 years) and three adults and found no change
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in size or orientation of the semicircular canals and 
cochlea.

Sercer (1958) observed ontogenetic changes of 
the angle between the lateral canal and the axis 
through the centres of the oval and round window 
('Tangle thyridien" of Saban [1952]), and also 
pointed out that, compared with the newborn 
labyrinth, the adult semicircular canals are more 
deformed (i.e. show more torsion) and that the 
basal turn of cochlea is more Tolled up'. Moreover, 
Sercer and Krmpotic (1958) explicitly state that the 
labyrinth changes continuously from fetus until 
after adolescence, and that these ontogenetic 
changes of the otic capsule are a recapitulation of 
a similar phylogenetic transformation. Although 
Sercer and Krmpotic (1958) mention that both 
studies were made using a collection of 263 mac
erated embryonic crania their observations are not 
supported by quantitative data. In the present 
study there is no indication for more 'deformed' 
semicircular canals in the adults, as the degree of 
torsion of the three canals are not significantly 
different among the three age groups (Table 5-4: 
V<ASCs, LSCmcLSCl and, not listed, 
PSCs<PSCi). Sato et al. (1991) found no changes in 
the length of the cochlear turns of 18 individuals 
ranging in postnatal age from one day to 76 years.

5.4.7b Labyrinthine orientation in the cranium.
Bossy and Gaillard de Collogny (1965) studied 
ontogenetic changes of the labyrinth in the trans
verse plane by measuring the orientations of the 
anterior semicircular canal (similarly defined as 
ASCm), the modiolus of the cochlea and a general 
longitudinal labyrinthine axis to the midsagittal 
orientation in 12 fetuses of between 11 weeks (57 
mm Crown-Rump length: CRL) and neonate (345 
mm CRL). Assuming that the orientations ob
served in this sample represent subsequent stages 
of ontogenetic movements they conclude that the 
entire labyrinth turns 15 degrees in a coronal di
rection and thereafter stabilizes at around 5.5 
months (210mm CRL). At the same time the orien
tations of the anterior canal and the cochlea rotate 
ten degrees in the opposite direction, and stabilize 
at 4.25 months (141 mm CRL). Thus, according to 
these results the orientation of the labyrinth is 
stabilized when the ossification of the otic capsule 
is completed. The differences observed between 
the fetal and postnatal specimens in the present 
study confirm the described rotations of the laby
rinthine axis and the cochlea, but suggest that 
these movements may continue after the 24 weeks 
stage (Table 5-4: VcCOt; Table 5-5).

Cousin (1969) measured the sagittal angles be
tween the lateral semicircular canal orientation

(LSCm) and s-na, the chvus and o-ba in 96 non
adult European crania (partly published in 
Cousin et al. [1981]), including six fetuses and 16 
infant specimens similar in age to the ones ana
lyzed in the present study. The angle to s-na in 
these two samples is not significantly different 
from that in the adult specimens measured by 
Pellerin (1983), or from the equivalent age groups 
in the present CT sample (Table 5-16), demonstrat
ing the stable orientation of the labyrinth relative 
to the anterior cranial base in ontogeny. The angles 
to ba-s, the chvus and o-ba are different in adults 
and non-adults (Table 5-7,5-16) due to ontogenetic 
changes of the basicranium, whereby the basioc- 
cipital bone becomes more vertically oriented 
(Table 5-8: ba-s-na) and the foramen magnum be
comes less posteriorly facing (Table 5-8: o-ba-s).

The sagittal angle between the orientations of 
the lateral canal and o-ba in the infant groups of 
Cousin (1969) and the present study are signifi
cantly different (Table 5-16). However, estimates 
of the orientation of the basioccipital and the fora
men magnum in fetuses and young infants should 
be considered with caution, because these struc
tures are prone to post-mortem deformation, es
pecially in dry skulls. Other measurements of fetal 
morphology, including those of the labyrinth, 
should also be treated circumspectly because 
these specimens are usually obtained from clinical 
practice and abortion may have been induced by 
abnormal development or pathology not neces
sarily revealed by the external appearance of the 
fetus.

In summary the results of the present study 
and the majority of previous analyses indicate that 
the dimensions of the bony labyrinth do not show 
significant ontogenetic changes. This is in accor
dance with the conclusion of Bast (1930) that "os
sification in any part of the (otic) capsule does not 
begin until the part of the internal ear covered by 
said portion of the capsule has attained its maxi
mum size" {ibid., p.80; "otic" added to the citation). 
Ontogenetic changes of intralabyrinthine angles 
after ossification of the otic capsule are suggested 
for the cochlea by the present study , and for the 
lateral and posterior canal by Sato (1903), but in 
both cases the sample sizes are small and neither 
change is confirmed by other studies. In the trans
verse plane the fetal labyrinth rotates in a coronal 
direction, but in the sagittal plane it has a stable 
orientation relative to the anterior part of the cra
nial base, at least after ossification of the otic cap
sule is completed.
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5.5 CONCLUSIONS

The results of the morphometric analysis of the
human labyrinth can be summarized as follows.
1. The values for labyrinthine dimensions and 

angles obtained in this study are generally in 
good correspondence with measurements given 
in previous studies.

2. The observed variation is considerable, with, for 
example, orientations varying between twenty 
and thirty degrees, which implies that the func
tional limits imposed by the auditory and ves
tibular apparatus on the size and shape of the 
bony labyrinth are not very narrow. This result 
also confirms the conclusion in Section 4.6 that 
the morphometric method based on CT is suffi
ciently accurate because the maximum errors of 
±0.1 mm and ±4 degrees for the dimensions and 
the angles respectively are small compared with 
the species or population variation.

3. The dimensions as well as the orientations of the 
labyrinth are correlated with each other, and in 
this respect the correlations between the semi
circular canals tend to be stronger than those 
between the canals and the cochlea.

4. Whereas the planar orientations of the semicir
cular canals are not related with the surround
ing cranial morphology, other aspects of the 
labyrinth are weakly correlated with the orien
tations of the petrous pyramids, the basioccipi- 
tal and the foramen magnum.

5. The preliminary assessment of differences be
tween left and right labyrinths suggests a con
siderable degree of bilateral symmetry if 
compared to inter-individual variation.

6. No significant differences occur between the 
labyrinthine morphology in males and females.

7. Comparison of the three major geographical 
groups in the sample reveals only a few differ
ences, most clearly regarding labyrinthine size, 
that are small compared with inter-individual 
variation.

8. The labyrinth in young infants is similar to that 
of adults, which confirms the observations 
made in previous studies that the labyrinthine 
morphology does not significantly alter subse
quent to birth. The morphology of the fetal lab
yrinths strongly suggests that no changes in size 
occur after the ossification of the otic capsule at 
approximately the 24th week, whereas there are 
some indications for marginal changes in shape.

9. On the basis of these observations it can be 
concluded that if a sample of human labyrinths 
is selected for comparative purposes, for exam
ple in physiological, primatological or clinical 
studies, the sex ratio and age profile of the sam
ple are not very important, whereas the geo
graphical origin may have some relevance if 
specific aspects of the morphology are assessed 
in detail.
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Appendix 5-1. The specimens used in this study, giving their collection code and number, country or geographical region of origin, 
age (non-adults only), sex, scanned side (s: left, d: right) and geographical group (n: negroid, c: caucasoid, m: mongoloid). Collection 
codes, BA: Dept, of Anatomy, University of Leiden, CFS: collection of the author, DAG: Dept, of Anatomy, University of Groningen, 
DRU: Dept, of Radiology, Utrecht University Hospital, PMS: Philips Medical Systems, Best.

No. Origin/Age Sex Side Geogr. Remarks

ADULT SPECIMENS
DAG 69 Angola m d n
DAG 89 Angola - d n
BAZOO Arabia m d c
BA 1465 Arizona f d m
BA 1471 Australia m d -

BA 1469 Australia m d -

BA 1395 Borneo m d m
BA 610 Canton f d m
BA 696 Ceylon f d -

DAG 38 Circassia m d c
DAG 65 Congo f d n
Savaan 1 Curacao - d m 1000 y BP (Van Klinken, 1991), no cranial base
BA 794 Easter Island f d m
DAG 73 Egypt f d c
BA 534 England m d c
DAG 104 Ethiopia f d n
Liang Momer Flores m d m Mesolithic (Jacob, 1967), no cranial base
Liang Toge Flores f s m Mesolithic (Jacob, 1967), no cranial base
DAG 15 France m d c
DAG 40 Georgia - d c
DAG 66 Gold Coast f d n
DAG 75 Greenland m d m
PMS India f s+d c d: transverse only
DAG 19 Italy m d c
BA 670 Japan m d m
DAG 80 Kalmuck m d m
DAG 98 Labrador - d m
DAG 96 Labrador f d m
BA 579 Lappland m d c
BA 1484 Liberia f d n no sella
DAG 91 Madagascar f d -
DAG 81 Mongolia m d m
DAG 71 Mozambique m d n
DAG- Netherlands f s+d c
CFS Netherlands m d c
CFS Netherlands f s+d c
BA 1971 New Guinea m d -

BA 1564 New Zealand m d m
BA 1338 Philipines f d m
DAG 10 Portugal m d c
DAG 24 Prussia f d c
DAG 34 Russia (Moscow) m d c
BA 604 Siberia m d m
BA 708 Sumatra f d m
Th4 Surinam f d m 1000 y BP (Tacoma and Van Vark, 1991)
DAG 72 S-Africa, Bantu - d n
DAG 95 S-Africa, Khoi f d -

BA 796 Tahiti m d m
BA 672 Thailand m d m
DAG 74 Tunesia f d c
DAG 36 Turkey m d c
DAG 77 W-Indies m d m
BA 2785 W-Virginia f d m no sella

FETAL SPECIMENS
DAG 24 wks f d soft tissue
Veillon 30 wks - d - soft tissue, transverse only
DAG 32 wks m d - soft tissue

INFANT SPECIMENS
BA 321 neonate d dry skull
Veillon neonate - d - soft tissue, transverse only
DAG, K48 3 mths m d c soft tissue
DRU 3 mths f s c in vivo, transverse only
BA 322 0-6 mths - d - dry skull
BA 148 6-12 mths - d - dry skull
BA 130 6-12 mths - d - dry skull
BA 128 12 mths - d ■ dry skull
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CHAPTER 6. THE COMPARATIVE MORPHOLOGY OF THE 
HUMAN BONY LABYRINTH

Abstract. The bony labyrinth of humans is compared with that of the great apes and 15 
other primate species, and an assessment is made of the extent to which the unique 
locomotor behaviour and basicranial shape of humans are reflected in the labyrinthine 
morphology. The human bony labyrinth consistently differs from that in other primates 
with respect to the dimensions and spatial orientations of the semicircular canals and 
the cochlea. However, the planar orientations of the semicircular canals in humans are 
not significantly different from those in the African great apes. The evidence from 
comparative morphological and biophysical studies regarding the relationship between 
semicircular canal size and locomotor behaviour is reviewed, and it is concluded that 
the human canal proportions are likely to be related to habitual bipedal locomotion. In 
humans the characteristic orientations of parts of the labyrinth correspond with specific 
features of the cranial base such as the coronally oriented petrous pyramids and the 
strong sagittal flexion, and it is found that many of these labyrinthine and basicranial 
characters are correlated among primate species. Patterns of brain development that 
may underlie the characteristic shape of the human labyrinth, as well as the interspecific 
labyrintho-basicranial correlations, are discussed.

6.1 INTRODUCTION

Habitual terrestrial bipedalism as employed 
by humans constitutes a unique locomotor 
behaviour among extant primates. Whereas this 
mode of locomotion is clearly reflected in 
postcranial morphology, it is not known to what 
extent it is expressed in the morphology of the 
human vestibular apparatus, the sense organ for 
the perception of movement and spatial orienta
tion housed in the bony labyrinth.

Biophysical considerations (Jones and Spell, 
1963; Ten Kate, 1970; Oman et al, 1987; Muller and 
Verhagen, 1988) and neurophysiological studies 
(Blanks et al, 1975; 1985; Goldberg and Fernandez, 
1971) suggest that, among other factors, the radii 
of curvature of the membranous semicircular 
ducts determine the sensitivity for the perception 
of angular acceleration and velocity. Furthermore, 
comparative studies concerning the labyrinth of 
birds (Turkewitsch, 1934; Hadziselimovic and 
Savkovic, 1964) and prosimians (Matano et al., 
1985; 1986) indicate that the radii of curvature of 
the bony semicircular canals surrounding the 
membranous ducts may be correlated with loco
motor behaviour. Hence, in humans a relationship 
between the morphology of the semicircular ca
nals and bipedal locomotion seems to be a realistic 
possibility warranting further investigation.

For the part of the vestibular apparatus dealing 
with linear acceleration (i.e., the maculae of the 
saccule and utricle) the relationship between mor
phology, sensitivity and repertoire of movements

is less obvious, and histological serial sections of 
the vestibular region of the chimpanzee, the orang 
utan and humans do not reveal relevant differ
ences (Altmann, 1933). For the auditory appara
tus, the other sense organ housed in the bony 
labyrinth, functionally related differences be
tween humans and other primates are expected to 
be small compared with those for the vestibular 
apparatus, as both the range of sound perception, 
and morphological aspects such as the number of 
fibres of the cochlear nerve and the length of the 
basilar membrane do not vary widely across pri
mate species (see Newman, 1988 for a review of 
primate hearing).

In the previous chapter it has been shown that 
both orientations and dimensions of the human 
labyrinth are correlated with aspects of the basi
cranial morphology, including the endocranial 
surface orientation of the petrous pyramids and 
the basioccipital. When considering these correla
tions it is feasible that the distinctive human basi
cranial morphology, apparently related to the 
large brain size or upright posture (see Ross and 
Ravosa, [1993] for a review), is reflected in the 
human labyrinth, and such interrelationship has 
been suggested in comparative morphological 
studies dealing with the phylogenetic develop
ment of the mammalian cranium (Werner, 1933; 
Villemin and Beauvieux, 1934; Delattre, 1951; 
Saban, 1952; Delattre and Fenart, 1960; 1961; 1962). 
Hence, a study was made with the purpose of
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Table 6-1. The sample analyzed in this study, (a) species CT scanned for this study, (b) species for which dimensions were derived 
from the literature. The species codes used in the figures and tables, the number of specimens (n), the average species body weight 
in grams (M, after Fleagle [1988], except the lower value for Me after Jüngers [1978]) and the source (literature specimens only) are 
given. The full list of CT-scanned specimens is given in Appendix 6-1, except for the human sample, which is listed in Appendix 
5-1.

(a) CT-SCANNED

Code Species n M (g)

Hs Homo sapiens 53 61,500
Ft Pan troglodytes 7 45,900
PP Pan paniscus 6 39,100
Gg Gorilla gorilla 6 120,000
Po Pongo pygmaeus 7 59,000
Hy Hylobates symphalangus 2 10,750
Hm Hylobates moloch 1 5,700
Hp Hylobates pileatus 1 5,700
Mf Macaco fascicularis 3 4,030
Ml Nasalis larvatus 1 20,300
Pu Papio ursinus 1 17,160
Tg Theropithecus gelada 1 19,000
Ms Mandrillus sphinx 1 26,900
Di Dinopithecus ingens 1 77,000
LI Lagothrix lagothricha 1 7,255
A1 Alouatta seniculus 1 7,880
Ss Saimiri sciureus 1 875
Pd Propithecus diadema 1 6,500
li Indri indri 1 10,000
Me Megaladapis edwardsi 1 140,000 (52,000)

(b) LITERATURE

Code Species n M(g) Source

Hs' Homo sapiens 20 61,500 Curthoys et al. (1977a)
Pt' Pan troglodytes 1 45,900 Berg (1903)
Gg' Gorilla gorilla 1 120,000 Berg (1903)
Po' Pongo pygmaeus 1 59,000 Berg (1903)
Mm Macaco mulatto. 15 6,470 Blanks et al. (1985)
Mn Macaco nemestrina 1 8,280 Berg (1903)
Mi Macaca nigra 1 - Gray (1908)
Ca Cercopithecus aethiops 1 4,365 Gray (1908)
Cn Cercopithecus nictitans 1 5,250 Gray (1908)
Cm Cercopithecus morn 1 - Berg (1903)
Pc Papio cynocephalus 1 17,575 Gray (1908)
Ph Papio hamadryas 1 16,650 Berg (1903)
Ce Cebussp. 1 2,820 Ramprashad et al. (1984)
Ss' Saimiri sciureus 7 875 Ramprashad et al. (1984)

" " 10 " Blanks et al. (1985)
As' Alouatta seniculus 1 6,690 Berg (1903)
At Aotus trivirgatus 1 1,120 Ramprashad et al. (1984)
Cj Callithrix jacchus 1 310 Gray (1908)
Tb Tarsius bancanus 1 130 Matano et al. (1985)
La Lemur macaco 1 2,401 Berg (1903)
Lo Lemur mongoz 1 2,025 Gray (1908)
Nc Nycticebus coucang 1 1,060 Gray (1908),

1 Matano et al. (1985)
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comparing the human labyrinth with that of other 
primates to assess whether its morphology shows 
unique (derived) features, in particular in relation 
to the characteristic locomotor behaviour and 
basicranium of humans.

The first comparative observations with re
spect to the bony labyrinth of humans and other 
primate species are given in the pioneering work 
on the mammalian middle and inner ear by Hyrtl 
(1845), and concern aspects such as the lumen size 
and spatial orientation of the semicircular canals. 
The labyrinthine morphology of a number of pri
mate species, including old world and new world 
monkeys, prosimians and all great apes except 
Pan paniscus, have subsequently been discussed 
by Denker (1899a,b), Berg (1903) and Gray (1907), 
but these studies merely describe the individual 
species without systematic comparison.

More recent studies concentrate on morpho
metric aspects of specific parts of the primate lab
yrinth such as the semicircular canals (Fenart and

Deblock, 1972; Igarishi, 1981; Ramprashad et al, 
1984; Blanks et al, 1985; Matano et al, 1985; 1986) 
and the orientation of the round and oval win
dows (Saban, 1952; Delattre and Fenart, 1960; 
1961).

In the present study the labyrinthine morphol
ogy in humans is both qualitatively and quantita
tively compared with that in 19 other primate 
species, and correlations between the labyrinth, 
basicranium and body size are analyzed. The em
phasis in the comparison is on the great apes, as 
these species are most closely related to humans, 
as well as most similar in body size. Other primate 
species are included to obtain an overview of pri
mate labyrinthine morphology rather than to 
study the individual species. Whereas previous 
studies were made by casting or dissecting the 
inner ear region, the present study uses the non- 
invasive technique of computed tomography 
(CT).

6.2 MATERIALS AND METHODS

6.2.1 Specimens.
All material analyzed in this study is summa

rized in Table 6-1, the non-human specimens are 
listed in detail in Appendix 6-1, and the human 
sample is listed in Appendix 5-1. In addition to 42 
crania representing 17 extant non-human primate 
species the sample also includes a male partial 
cranium of Dinopithecus ingens (SK 599, described 
in Freedman, 1957), a large baboon from the early 
Pleistocene site Swartkrans in South Africa, and a 
cranium of Megaladapis edwarsi (BMNH M 13898, 
listed in Jenkins, 1987), one of the largest subfossil 
lemur species from Madagascar. The extant mate
rial consists of dry skulls, as well as three speci
mens including soft tissues (two chimpanzees and 
one macaque).

6.2.2 Scanning procedure
The methods of visualizing the labyrinth and 

taking the measurements are similar to the ones 
described in Section 5.2, and therefore only the 
aspects that are different will be mentioned here. 
The CT scans were made using a Philips 
Tomoscan 310/350 at University College Hospi
tal, London (Megaladapis cranium M 1398), the 
Rosebank Clinic, Johannesburg (Dinopithecus cra
nium SK 599) and the Utrecht University Hospital 
(all other specimens). Scans in the transverse and 
sagittal planes were made of one of the petrous 
pyramids and an overview scan was made in the

midsagittal plane. The transverse plane aims to 
visualize the full extent of the lateral semicircular 
canal in a single scan (Section 4.2.1), and this could 
be achieved by scanning in the nasion-biporionic 
plane of all specimens except the crania of Indri 
and Megaladapis. In the latter two the planar ori
entation of the lateral canals was measured from 
sagittal scans and this information was used to 
orient the cranium in the appropriate plane for the 
transverse scans. In both specimens the plane of 
the lateral canal is more inclined than the nasion- 
biporionic plane. The hominoid specimens, the 
baboons and Nasalis have sufficiently large laby
rinthine dimensions to be scanned following the 
protocol used for the human crania (Section 5.2.2). 
The other specimens have a smaller labyrinthine 
lumen, and were therefore scanned with overlap
ping slices (slice increment 0.75 mm) and the scans 
were reconstructed with the MacroView algo
rithm to improve the spatial resolution and the 
accuracy of the measurements taken (see Chapter 
3). The Saimiri cranium, which has the smallest 
labyrinth in the sample, was scanned with a slice 
increment of 0.4 mm.

6.2.3 Qualitative analysis
Overall three-dimensional images of the bony 

labyrinth were obtained by drawing the appropri
ate contours that appear in each CT scan on the 
monitor screen, and copying the combined image
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Figure 6-1. Transverse CT scans of primate temporal bones at the level of the left lateral semicircular canal (structures as labelled 
in Fig 4-lf). a. Homo sapiens, b. Pan paniscus, c. Gorilla gorilla, d. Pongo pygmaeus, f. Hylobates symphalangus, g.Papio ursinus. A: anterior, 
M: medial. Scale is 10 mm.

onto translucent paper. In this way the superior or 
inferior aspect of the labyrinth can be recon
structed from transverse scans and the lateral or 
medial aspect can be reconstructed from sagittal 
scans (the diagrams on the fold-out sheet at the 
end of this dissertation show reconstructions with 
some of the contours indicated).

In qualitative comparisons of the labyrinth and 
aspects of the cranial base the terms 'vertical' or 
'upright' are used for orientations in the sagittal 
plane, with the broad meaning of being approxi
mately perpendicular to any transverse plane (e.g. 
the Frankfurter horizontal or nasion-biporionic 
plane). Likewise, the term 'coronally-oriented' is 
used for structures in the transverse plane with the 
meaning of being oriented towards the intersec
tion of the coronal and transverse planes. An ex
ample of these informal terms is "In the human 
cranium the clivus is more vertically oriented, and 
the petrous pyramids are more coronally oriented 
than in other primates".

6.2.4 Quantitative analysis.
The dimensions, orientations and indices of 

the labyrinth and other parts of the petrous pyra
mid taken from the CT scans are defined in Section
4.3 and Figure 4-4, and shown in diagrams on the 
fold-out sheet at the end of this dissertation. This 
sheet also lists the species codes and the abbrevi
ations of the measurements used in the tables and 
the figures. The midsagittal basicranial landmarks 
are shown in Figure 5-1. Orientations of surfaces 
(i.e. of the petrous pyramid or the clivus) concern 
the cross-sectional orientation of these surfaces in 
transverse or sagittal scans.

All angles are projected onto the transverse or 
the sagittal plane, and are referred to as transverse 
and sagittal angles respectively. In the text and the 
tables angles are indicated by giving the abbrevi
ations of the two orientations on which they are 
based, separated by the "<" symbol. Which angle 
between two orientations is listed in the tables is 
shown in fold-out diagrams g and h and described 
their caption.
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Figure 6-2. Sagittal CT scans of primate temporal bones at the level of the common crus (structures as labelled in Fig. 4-2e). Species 
as in Figure 6-1. Scans aligned according to the orientation of the lateral semicircular canal (Fold-out diagram f: LSCm). A: anterior, 
S: superior. Scale is 10 mm.

No measurements of the lumina of the laby
rinth are defined, as such measurements cannot be 
taken from the CT scans with sufficient accuracy 
(see Section 4.5 for a detailed account of the accu
racy and the precision of the measurements). All 
studied labyrinths were intact, but in a few cases 
the orientation of parts of the semicircular canals 
could not be measured due to the limitations of 
the spatial resolution. This is the case when a very 
small canal lumen is separated from the endocran- 
ial cavity by only a thin layer of bone.

F-tests and t-tests were used to investigate the 
statistical significance of differences between vari
ances and between means. In those comparisons 
where the F-test indicated dissimilarity of the vari
ances the equality of the means was tested using 
the alternative for the t-test given by Sokal and 
Rohlf (1969: Box 13.3).

Interspecific morphological relationships be
tween the labyrinthine structures and between the 
labyrinth, body size and the cranial base were 
investigated by calculating product-moment cor
relation coefficients using the mean values for

primate species represented by multiple speci
mens. The significance of the correlation coeffi
cients was not tested because a t-test cannot be 
used in this situation (species means of measure
ments obtained for an arbitrary selection of spe
cies are unlikely to be normally distributed), and 
the sample size is too small for rank correlation 
tests to be useful.

Bivariate plots were prepared to assess 
whether correlation coefficients indicate a biolog
ically relevant interrelationship between two vari
ables, or have an artificially high value caused by, 
for example, the combination of two separate clus
ters that individually show no correlation. In the 
bivariate plots no regression lines are given be
cause in the context of the present study they do 
not aid in the interpretation of the interrelation
ship between the two variables.

Using the multivariate statistical methods ap
plied in the analyses of the human sample (Chap
ter 5) for the morphological comparisons of the 
primate labyrinths assumes that the covariance 
matrices calculated from the adult human speci-
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L

Figure 6-3. Superior aspect of the left bony labyrinths of primates, a. Homo sapiens, b. Pan troglodytes, c. Pan paniscus, d. Gorilla gorilla, 
e. Pongo pygmaeus, f. Hylobates symphalangus, g. Papio ursinus, h. Macaca fascicularis, i. Lagothrix lagotricha, j. Saimiri sciureus, k. 
Propithecus diadema and 1. Megaladapis edwardsi. Labyrinths aligned according to their orientation to the midsagittal plane. A: anterior, 
L: lateral. Scale is 10 mm.
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Figure 6-4. Lateral view of the left bony labyrinths of primates, a. Homo sapiens, b. Pan troglodytes, c. Pan paniscus, d. Gorilla gorilla, 
e. Pongo pygmaeus, f. Hylobates symphalangus, g. Papio ursinus, h. Macaca fascicularis, i. Lagothrix lagotricha, j. Saimiri stiureus, k. 
Propithecus diadema and 1. Megaladapis edwardsi. Labyrinths aligned according to the orientation of the lateral semicircular canal 
(Fold-out diagram f: LSCm). A: anterior, S: superior. Scale is 10 mm.
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mens (the only sample large enough for this pur
pose) are representative for the variation in other 
primate species. To investigate the intraspecific 
variation the squared Mahalanobis distances (D2) 
between the individual specimens were calcu
lated for the human sample and for each of the 
great ape species, using the human covariance 
matrices. D2 values obtained for the great ape 
species are strikingly higher than those for the 
human sample, which strongly suggests that the 
great apes are more variable than humans (an 
example for one of the data sets used in Chapter 5 
is given in Table 6-2). Considering the likely in
equality of the covariance matrices the multivari
ate methods were not used for the comparisons of 
the primate labyrinths.

Table 6-2. Inter-individual squared Mahalanobis distances (D2) 
for the human and great ape samples for a data set comprising 
labyrinthine dimensions and angles (Table 5-3: data set A). Er 
values calculated using the covariance matrix of the human 
sample and the maximum number of principal components 
(20).

n mean min max SD

Homo sapiens 1378 40 9 76 10.4
Pan troglodytes 21 75 28 135 31.0
Pan paniscus 15 73 38 116 26.1
Gorilla gorilla 15 67 29 111 25.4
Pongo pygmaeus 15 71 49 126 20.6

6.3 DESCRIPTIONS AND COMPARISONS

A selection of transverse and sagittal CT scans 
of primate temporal bones at the level of the lateral 
semicircular canal and the common crus is given 
in Figure 6-1 and 6-2 respectively. Reconstructions 
of the superior and lateral aspects of the bony 
labyrinths of humans, all great ape species and a 
selection of other primates are shown in Figures
6-3 and 6-4 respectively.

Labyrinthine dimensions, angles and indices 
are summarized in tables by giving the means for 
the species represented by more than one speci
men, and the statistical significance of the differ
ence between the means of the human and great 
ape samples is indicated. The full statistics for the 
species represented by multiple specimens are 
listed in appendices referred to in the captions of 
the tables.

6.3.1 Labyrinthine dimensions.
The absolute sizes of the three semicircular 

canals and the cochlea are considered on the basis 
of their height (h) and width (w), as well as the 
estimated radius of curvature (R, calculated as 
[h+w]/4) (Table 6-3). For the semicircular canals 
the latter dimension is an important parameter in 
biophysical models of the vestibular function, and 
for both the canals and the cochlea it provides a 
convenient single value expressing their size. The 
basic shape of each structure is expressed by giv
ing the height as a percentage of the width (h/w 
x 100) (Table 6-4). It is recalled that the height of a 
semicircular canal is always defined as the largest 
distance of the arc from the vestibule, and its 
width perpendicular to the height, irrespective of

the orientation of the canal in the cranium (Fold- 
out diagrams a, b).

The anterior semicircular canal of the human 
labyrinth is large and particularly high if com
pared with the great apes, but not unlike the ante
rior canals of some of the other primates (Table 6-3, 
6-4; Fig. 6-4). The posterior semicircular canal of 
humans equals that of Gorilla in size, and on aver
age both are larger than in the other species (Table 
6-3). The human lateral semicircular canal has on 
average the smallest dimensions among the hom- 
inoids, but the differences from Pan paniscus and 
Pongo are statistically not significant (Table 6-3). 
The height-width proportions of the human pos
terior and lateral canals corresponds to those in 
great ape species as well as many of the other 
primates (Table 6-1). The human cochlea is larger 
than that of other species, especially so in its width 
(Table 6-3, 6-4).

The relative sizes of the semicircular canals are 
considered by giving the radius of curvature of 
each of the canals as a percentage of the sum of the 
three radii (Table 6-4: %R). The human labyrinth 
is characterized by a relatively small lateral canal 
(only matched by Lagothrix), a relatively large pos
terior canal and, if compared to the great apes 
only, by a relatively large anterior canal.

No accurate measurements of the labyrinthine 
lumina can be taken from the CT scans, but the 
images strongly suggest that the diameter of the 
lumen approximately correlates with body size,
i.e. it is largest in hominoids and smallest in 
Saimiri. However, the lumen in the extant prosim
ians (Indri and Propithecus) is smaller than that in 
anthropoids of similar body size, and most rele-
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Table 6-3. The mean values of the height (h), the width (w) and the radius of curvature (R) of the semicircular canals (ASQ PSC, 
LSC) and the cochlea (CO) given in millimeters. See the fold-out sheet at the end of this dissertation for the species and measurement 
codes. R is calculated as (h+w)/4. The statistical significance of the difference between the means of humans and the great apes is 
indicated by *: P<0.05, **: PcO.Ol and ***: PcO.OOl. If the great ape value is larger than the human value this is indicated by if it 
is smaller by '<'. The full sample statistics of species represented by multiple specimen are given in Appendix 6-2.

ASC
h

ASC
w

ASC
R

PSC
h

PSC
w

PSC
R

LSC
h

LSC
w

LSC
R

CO
h

CO
w

CO
R

Hs 6.0 6.9 3.2 6.5 6.1 3.1 4.2 4.8 2.3 5.2 3.8 2.3
Ft 4.9 6.1 2.7 5.6 5.5 2.8 4.7 5.1 2.5 4.9 3.3 2.0
Pp 4.6 5.7 2.6 4.9 5.2 2.5 4.4 5.1 2.4 4.8 3.4 2.0
Gg 4.8 6.8 2.9 6.4 5.8 3.0 6.1 6.1 3.0 4.9 3.4 2.1
Po 4.5 6.3 2.7 5.2 5.0 2.5 4.5 5.1 2.4 4.9 3.5 2.1
Hy 5.6 6.5 3.0 5.8 5.5 2.8 5.1 5.3 2.6 4.3 2.8 1.8
Hm 5.2 5.7 2.7 5.1 4.8 2.5 4.9 5.2 2.5 4.1 2.9 1.8
Hp 4.7 5.9 2.7 5.6 4.8 2.6 4.9 5.2 2.5 4.0 2.6 1.7

Mf 4.4 5.1 2.4 4.4 4.6 2.2 4.0 4.4 2.1 3.5 2.3 1.5
N1 5.9 6.0 3.0 5.5 4.9 2.6 5.2 5.6 2.7 4.5 3.2 1.9
Pu 5.2 6.2 2.9 5.5 5.0 2.6 5.5 5.2 2.7 3.8 2.7 1.6
Tg 5.6 6.0 2.9 5.6 5.0 2.7 4.7 5.0 2.4 3.8 2.7 1.6
Ms 5.2 6.1 2.8 5.9 5.4 2.8 5.1 5.3 2.6 4.4 2.8 1.8
Di 6.5 6.8 3.3 5.7 5.1 2.7 5.3 4.8 2.5 4.4 2.3 1.7

LI 7.0 5.5 3.1 4.8 5.7 2.6 4.0 3.8 2.0 3.5 2.4 1.5
As 5.7 6.2 3.0 4.4 4.9 2.3 4.1 5.0 2.3 3.6 2.6 1.6
Ss 4.2 4.2 2.1 3.7 4.0 1.9 3.1 4.0 1.8 3.2 2.4 1.4

Pd 7.0 5.9 3.2 5.2 6.0 2.8 4.8 5.2 2.5 3.4 2.1 1.4
li 5.2 5.9 2.8 4.3 4.4 2.2 4.3 4.6 2.2 3.2 2.3 1.4
Me 4.6 5.2 2.5 4.3 4.8 2.3 4.0 4.1 2.0 4.8 3.0 2.0

Hs-Pt ***< *< *> *< ***c
Hs-Pp ***< *•’< ***<
Hs-Gg ***< ***> «*> **< ***<
Hs-Po ***< **< ***< ***< *< *<

vant here, humans clearly have the widest lumen 
of all investigated species (Fig. 6-3,6-4).

6.3.2 The labyrinth relative to body size
When comparing the size of morphological 

structures in primate species ranging from the 
squirrel monkey to the gorilla it is important to 
take the body size into account, and the labyrin
thine dimensions are therefore considered relative 
to cranial size and body weight. The correlation 
coefficients between the radii of curvature of the 
semicircular canals and the cochlea, four cranial 
dimensions (na-op, na-ba, ra-ra, sm-sm) and the 
estimated average body weight are given in Table 
6-5 (estimated body weights and cranial dimen
sions listed in Tables 6-1 and 6-12 respectively).

The coefficients for relationships involving 
body weights are calculated from the logarithms 
of the values to obtain a linear relationship when 
comparing linear dimensions with weight (i.e. the 
equivalent of volume). These coefficients were cal
culated while omitting Dinopithecus and 
Megaladapis from the sample (fossil species with 
less reliable body weight estimates), but both spe
cies are shown in the bivariate plots.

Body weight estimates for Megaladapis vary 
widely from 52 Kg after Jüngers (1978), based on 
trunk length in extant prosimians, to 140 Kg after 
Fleagle (1988), based on dental dimensions. Both 
estimates are shown in the plots. Brain (1981: p. 
154) describes Dinopithecus as "probably like an 
exceptionally large chacma baboon, with adult 
males weighing more than 45 Kg", wheras Fleagle 
(1988) gives a significantly higher body weight of 
77 Kg on the basis of dental dimensions. In the 
bivariate plots the latter estimate is shown, but 
using a value of 50 Kg does not result in different 
conclusions.

The correlation coefficients between the laby
rinthine dimensions and the estimated body 
weight do not differ much from those concerning 
the cranial dimensions. This is the consequence of 
the strong correlations between the cranial dimen
sions and body weight (Table 6-5: r = 0.95-0.96), 
despite the fact that the former are measured from 
the specimens used in this study, and the latter are 
estimated species averages obtained from the lit
erature.

In the following analysis the labyrinthine di
mensions will be discussed in relation to the esti
mated body weight rather than the cranial
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Table 6-4. The mean values for the shape indices (h/w x 100) of the semicircular canals and the cochlea (ASC, PSC, LSC, CO), the 
relative sizes of the semicircular canals (%R: the radius of curvature of each canal given as a percentage of the sum of the three 
radii), and the transverse and sagittal labyrinthine indices (TLI and SLI). See the fold-out sheet at the end of this dissertation for 
the species and measurement codes. The full sample statistics of species represented by multiple specimen are given in Appendix 
6-3.

ASC
h/w

PSC
h/w

LSC
h/w

CO
h/w

ASC
%R

PSC
%R

LSC
%R TLI SLI

Hs 87 107 89 136 37 36 26 42 51
Ft 80 102 92 151 34 35 31 27 44
PP 81 93 87 145 35 34 32 17 36
Gg 71 109 101 143 32 34 34 23 48
Po 73 104 89 139 35 33 31 26 35
Hy 86 106 96 154 36 33 31 24 42
Hm 91 106 94 141 35 32 33 20 48
Hp 80 117 94 154 34 33 32 26 44

Mf 87 95 92 149 35 33 31 19 43
N1 98 112 93 141 36 31 33 21 62
Pu 84 110 106 141 35 32 33 17 46
Tg 93 112 94 141 36 33 30 26 56
Ms 85 109 96 157 34 34 32 23 51
Di 96 112 110 191 39 32 30 25 44

LI 127 84 105 146 41 34 25 30 31
As 92 90 82 138 39 31 30 25 27
Ss 100 93 78 133 36 33 31 19 39

Pd 119 87 92 162 38 33 29 10 26
li 88 98 93 139 39 30 31 7 31
Me 88 90 98 160 36 34 30 11 16

Table 6-5. The correlation coefficients between labyrinthine 
dimensions, four cranial dimensions (given in Table 6-12) and 
the estimated body weight (Table 6-1: M) for the CT sample. 
Coefficients of pairs involving the body weight are calculated 
from the logarithms (logio) of the values (fossil species not 
included in the sample).

ASC
R

PSC
R

LSC
R

CO
R M

na-op 0.32 0.76 0.47 0.87 0.95
na-ba 0.41 0.72 0.61 0.79 0.97
ra-ra 0.30 0.72 0.53 0.88 0.95
sm-sm 0.39 0.76 0.52 0.90 0.95
M 0.46 0.74 0.62 0.83 X

dimensions, because, as far as the semicircular 
canals are concerned, this allows for the incorpo
ration of dimensions given in the literature, and it 
is the correlation to body weight that is considered 
in comparative studies of the vestibular apparatus 
(Jones and Spell, 1963; Jones, 1974; Matano, 1985, 
1986).

The comparative sample has been supple
mented with measurements of the radii of curva
ture of the semicircular canals given in previous 
studies (Table 6-6). In most cases measurements 
were combined to obtain the radii as defined in

Table 6-6. The mean values for the radii of curvature of the 
semicircular canals in millimetres and their relative size (%R: 
the radius of curvature of each canal given as a percentage of 
the sum of the three radii) for primate species given in the 
literature (sources listed in Table 1). Species codes in Table 6-1 
and the fold-out sheet at the end of this dissertation.

ASC
R

PSC
R

LSC
R

ASC
%R

PSC
%R

LSC
%R

Hs' 3.3 2.9 2.2 39 35 26
Pt' 2.6 2.6 2.4 34 34 32
Gg' 3.1 3.3 3.1 33 34 33
Po' 2.6 3.1 2.4 32 38 30

Mm 2.7 2.5 2.4 36 33 32
Mn 2.7 2.7 2.1 36 36 28
Mi 2.4 2.0 1.8 39 32 29
Ca 2.5 2.5 2.3 35 34 31
Cn 2.3 2.1 2.3 35 31 34
Cm 2.3 2.3 2.3 34 33 33
Pc 2.8 2.5 2.6 35 32 33
Ph 2.9 2.7 2.6 35 33 32

Ce 2.3 2.0 2.0 36 31 32
Ss' 2.2 1.8 1.8 38 31 31
As' 2.7 2.5 1.8 39 36 25
At 2.3 2.0 1.8 38 32 30
Cj 1.3 1.6 1.4 31 37 32

Tb 1.9 1.7 1.8 35 32 33
La 2.4 2.4 2.0 36 35 30
Lo 2.4 2.4 2.0 35 35 30
Nc 1.9 1.5 1.4 40 31 29
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Figure 6-5. Bivariate double logarithmic plot between the estimated body weight (M) in grams and the average radius of curvature 
of the semicircular canals (R) in millimeters in primates. Labelled species are those measured in both the present and previous 
studies, as well as those with the relatively largest and smallest semicircular canals in the sample. Species codes given in Table 6-1 
(Me' represents the body weight after Jüngers [1978]). r = 0.86, reduced major axis: logio R = 0.11 logio M + 0.90 (fossil species omitted; 
CT and literature samples combined).

this study (i.e. taken from the centre of the canal's 
lumen). The relative sizes of the radii of curvature 
calculated for the literature specimens generally 
correspond well with those obtained for the same 
species in the present study. An exception is the 
Alomtta specimen measured by Berg (1903) which 
has a smaller lateral canal than the one examined 
with CT. In the bivariate plots the samples of this 
and previous studies are combined, but to demon
strate the degree of correspondence they are given 
separately in one example (Fig. 6-5).

The bivariate plot between the body weight 
and the average radius of curvature of the three 
semicircular canals shows that the extreme canal 
sizes occur among prosimians; Propithecus and 
Tarsius have the largest and Megaladapis the small
est canals compared to their body size (Fig. 6-5).

If the semicircular canals are individually con
sidered the bivariate plot for the anterior canal 
shows that humans are consistent with the trend 
in most species (Fig. 6-6a). On the other hand, the 
great apes, Callithrix and Megaladapis have smaller, 
and Propithecus, Lagothrix and Tarsius larger ca
nals. Considering the height and width of the 
canal (only available for the specimens of the pres
ent study) shows that it is the height that is widely 
different between these groups (Fig. 6-6b),

whereas the width is well-correlated with the 
body weight throughout the sample (Fig. 6-6c).

The bivariate plot for the radius of the poste
rior canal reveals a cluster that is more dispersed 
than that of the anterior canal, but with less pro- 
nounced extremes (Fig. 6-7). In humans the canal 
is larger than in the great apes, and its size follows 
the trend in the other species. Relative to body 
weight the lateral canal of humans is considerably 
smaller than that of most species, but only slightly 
smaller compared with Pan, Pongo, and Dinopithe- 
cus (Fig. 6-8).

The size of the cochlea, represented by the 
average radius of its basal turn, shows higher 
correlation coefficients with body weight and the 
cranial dimensions than the semicircular canal 
sizes (Table 6-5). Relative to body weight the coch
lea is perhaps slightly larger in humans than in 
other species, but the pattern is not conclusive 
(Fig. 6-9). Interestingly, the relation between the 
cochlear size and body weight in Megaladapis is far 
more consistent with that in other primates than 
was observed for the semicircular canals. Consid
ering the height and width of the cochlea or the 
posterior and lateral canals instead of their radii 
of curvature does not result in different conclu-
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Figure 6-6. Bivariate double logarithmic plots between the estimated body weight (M) in grams and dimensions of the anterior 
semicircular canal in millimeters, a. the radius of curvature (R): r = 0.78, reduced major axis: logio R = 0.12 logio M + 0.91, b. the 
height (ASCh): r = 0.02 and c. the width (ASCw): r = 0.80 (fossil species omitted). Species codes listed on the fold-out sheet at the 
end of this dissertation (Me' represents the body weight after Jüngers [1978]).
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Figure 6-7. Bivariate double logarithmic plot between the estimated body weight (M) in grams and the radius of curvature of the 
posterior semicircular canal (R) in millimeters. Species codes listed on the fold-out sheet at the end of this dissertation (Me' represents 
the body weight after Jüngers [1978]). r = 0.85, reduced major axis: logio R = 0.12 logio M + 0.85 (fossil species omitted).
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Figure 6-8. Bivariate double logarithmic plot between the estimated body weight (M) in grams and the radius of curvature of the 
lateral semicircular canal (R) in millimeters. Species codes listed on the fold-out sheet at the end of this dissertation (Me' represents 
the body weight after Jüngers [1978]). r = 0.80, reduced major axis: logic R = 0.12 logic M + 0.77 (fossil species omitted).
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Figure 6-9. Bivariate double logarithmic plot between the estimated body weight (M) in grams and the radius of curvature of the 
basal turn of the cochlea (R) in millimeters. Species codes listed at the end of this dissertation (Me' represents the body weight after 
Jüngers [1978]). r = 0.83, reduced major axis: logic R = 0.14 logic M + 0.47 (fossil species omitted).
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Table 6-7. The mean values of labyrinthine angles in the transverse plane given in degrees. +: PSCs less coronal than PSCi is given 
as positive value, more coronal as negative value. See Table 6-3 and the fold-out sheet at the end of this dissertation for the 
explanation of the abbreviations and symbols. The full sample statistics of species represented by multiple specimen are given in 
Appendix 6-4. +: PSCs less coronally oriented than PSCi given as positive values, more coronally oriented as negative values

SG<
ASCm

SG<
PSCm

ASCm<
PSCm

SG<
COt

SG<
LSCt

PSCm<
LSCt

SG<
PSCs

PSCs<
PSCi(+)

Hs 36 139 104 113 110 30 127 -9
Pt 37 139 102 117 128 11 137 7
PP 38 142 104 118 125 17 137 6
Gg 39 139 101 115 126 13 134 2
Po 42 147 107 121 130 18 141 8
Hy 41 143 103 120 128 15 137 -8
Hm 34 139 105 112 121 18 139 1
Hp 38 142 104 105 119 23 146 7

Mf 42 143 101 119 127 16 142 2
N1 40 143 103 116 127 17 135 -5
Pu 41 142 101 120 130 12 130 -3
Tg 45 146 101 130 131 15 138 -9
Ms 34 135 101 111 129 6 131 -3
Di 38 138 100 126 125 13 131 -8

LI 49 152 103 135 122 30 142 4
As 44 152 108 118 119 33 136 -10
Ss 41 145 103 131 127 18 - -

Pd 43 135 93 94 122 13 _ .

li 36 134 98 107 120 14 131 1
Me 32 123 91 124 113 10 120 4

Hs-Pt ***> «*< ***■> ***>
Hs-Pp ***> ***>
Hs-Gg ***> •**< **> «*>

Hs-Po **> **> **> *»< ***> »**> ***>

sions, and therefore these dimensions are not dis
cussed separately.

In conclusion, the present analysis of the laby
rinthine dimensions indicates that, if body size 
(weight) is taken into account, the human laby
rinth is characterized by large anterior and poste
rior canals and a slightly smaller lateral canal if 
compared with the great apes, and by a particu
larly small lateral canal if compared with the other 
primate species.

6.3.3 Labyrinthine shape in superior view.
The orientations of the anterior and posterior 

semicircular canals and the cochlea in the trans
verse plane are not significantly different in hu
mans and the African great apes (Fig. 6-3; Table 
6-7: SG<ASCm, SG<PSCm, SG<COt), and the 
angle between the two vertical canals is constant 
in the anthropoid species (Table 6-7: 
ASCm<PSCm).

In contrast, the human lateral canal is not only 
relatively small, but in comparison with other 
primates, hominoids and cercopithecoids in par
ticular, the vertex of the canal (point furthest from 
the vestibule) is directed more laterally than pos
teriorly (Fig. 6-3). Hence, the central axis of the

human lateral canal in the transverse plane (LSCt) 
is more coronally oriented, as is shown by the 
small angle of the axis to the midsagittal plane 
(Table 6-7: SGcLSCt). Considering the angles be
tween the labyrinthine structures ('intralabyrinth
ine angles') this phenomenon is most clearly 
expressed by the large angle between the posterior 
canal orientation and the lateral canal axis in hu
mans (Table 6-7: PSCmcLSCt). The relatively 
small size and more coronal orientation of the 
human lateral canal are simultaneously expressed 
in the uniquely high value of the transverse laby
rinthine index if compared with all other primates 
(Table 6-4: TLI, also see Fold-out diagram c).

Another aspect that distinguishes the human 
labyrinth from that of the great apes and most 
other primates is the relatively coronal orientation 
of the superior limb of the human posterior semi
circular canal (Table 6-7: SG<PSCs). When hu
mans are compared with the great apes this 
difference is clearly shown by the torsion of the 
posterior semicircular canal (Table 6-7: 
PSCs<PSCi): in humans the superior limb is more 
coronally oriented than the inferior limb (Fig. 6- 
3a), whereas the great apes show a reverse config
uration (Fig. 6-3b to e). However, in other species
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Table 6-8. The mean values for labyrinthine angles in the sagittal plane given in degrees. See Table 6-3 and the fold-out sheet at the 
end of this dissertation for the explanation of the abbreviations and symbols. The full sample statistics of species represented by 
multiple specimen are given in Appendix 6-5.

LSCm<
CCR

LSCm<
APA

LSCm<
COs

LSCm<
VC

ba-na<
LSCm

ba-na<
CCR

ba-na<
APA

ba-na<
COs

ba-na<
VC

Hs 121 41 59 151 -10 111 31 49 -39
Ft 106 35 39 142 -6 100 29 32 -45
PP 111 31 35 141 -10 101 21 25 -49
Gg 106 33 42 136 -10 96 23 32 -52
Po 104 27 33 135 -2 102 25 31 -47
Hy 111 30 34 144 1 112 31 36 -35
Hm 111 35 42 143 -3 108 32 40 -39
Hp 112 31 32 148 5 117 36 37 -27

Mf 102 34 38 144 -3 97 32 35 -39
N1 117 43 61 147 -5 112 38 56 -38
Pu 115 38 44 150 -20 95 17 24 -50
Tg 119 45 51 146 -17 102 27 33 -51
Ms 118 40 47 146 -13 106 27 34 -46
Di 113 35 51 140 -13 100 21 38 -54

LI 105 31 26 143 5 109 35 31 -33
As 109 26 30 135 15 124 41 45 -30
Ss 108 33 42 145 -5 103 28 37 -39

Pd 107 34 40 136 7 114 41 47 -38
li 105 30 27 134 6 112 36 33 ^0
Me 104 23 38 120 9 113 32 47 -52

Hs-Pt ***< **< ***< ***< ***< ***<
Hs-Pp ***< ***< X-X-X-^ ***< ***< *»< **<
Hs-Gg ***<- X-X-X-^ x-x-x-^ ***c «*< ***<
Hs-Po *«< **»< x-x-x-^ X-X-X'^ M> x-x-x^ *< ***< *<

the degree of torsion is variable, but in most it is 
more similar to the human than the great ape 
pattern.

In the human labyrinth the superior limb of the 
posterior canal and the lateral canal axis share a 
characteristically coronal orientation, but these 
two orientations are not clearly interrelated 
among the other primate species (SG<PSCs with 
SG<LSCt: r = 0.25).

Finally, the superior view shows the diversity 
of lateral canal shapes in the primates (Fig. 6-1, 
6-3). The canal of humans. Pan, Hylobates, Macaca, 
Saimiri and the prosimians is round or slightly 
oval, whereas that of Gorilla, Nasalis and the ba
boons is oval and parabolically shaped. All seven 
specimens of Pongo have an asymmetrical lateral 
canal with a characteristic straight segment bor
dering the tympanic cavity between the ampulla 
and the vertex (Fig. 6-ld, 6-3e).

6.3.4 Labyrinthine shape in lateral view.
The lateral view shows a number of character

istic features of the human morphology with re
spect to the cochlea and the two vertical canals 
(Fig. 6-4). Relative to the level and orientation of 
the lateral canal the human cochlea has a more 
superior position than in most other primates and 
its apex faces more anteriorly, aspects quantified

Table 6-9. Correlation coefficients between intialabyrinthine 
angles in the sagittal plane, the sagittal labyrinthine index (SLI) 
and the torsion of the posterior semicircular canal (PSCs<PSCi) 
in the transverse plane for the non-human primate sample. See 
the fold-out sheet at the end of this dissertation for the abbre
viations of the measurements.

LSCm<
CCR

LSCm<
APA

LSCm<
COs

LSCm<
VC SLI

LSCm<APA 0.72 X

LSCm<COs 0.66 0.78 X

LSCm<VC 0.58 0.69 0.33 X

SLI 0.68 0.86 0.71 0.76 X

PSCs<PSCi -0.59 -0.39 -0.45 -0.21 -0.32

by the intralabyrinthine angles describing the ori
entation of the vestibulo-cochlear axis (VC) and 
the basal turn of the cochlea (COs) respectively. 
Hence, in humans these angles differ significantly 
from those in most other primates, and only in 
Nasalis are both close to the means of the human 
sample (Table 6-8: LSCm<VC, LSCm<COs). Also, 
relative to the lateral canal orientation the com
mon crus (CCR) of the human labyrinth is more 
posteriorly-tilted and the ampullar line (APA), 
connecting the anterior and posterior ampullae, is 
more inclined than in non-human primates other
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Figure 6-10. Bivariate plot between the orientations of the common crus and the basal turn of the cochlea to that of the lateral 
semicircular canal in the sagittal plane (LSCmcCCR & LSCm<COs; r = 0.66 for the non-human species). Species codes listed and 
measurements shown on the fold-out sheet at the end of this dissertation.

than the baboons and Nasalis (Table 6-8: 
LSCmcCCR, LSCmcAPA).

When the labyrinthine structures are consid
ered relative to the basicranial reference orienta
tion (ba-na), the lateral semicircular canal (LSCm) 
has a similar orientation in humans and the Afri
can great apes, and the orientations of the other 
structures (CCR, APA, COs, VC) differ in accor
dance with the pattern observed for the in- 
tralabyrinthine angles (Table 6-8). Interpretation 
of the values obtained for these angles in other 
species is difficult because they are strongly influ
enced by the diverse basicranial morphology.

The four sagittal intralabyrinthine angles that 
characterize the human labyrinth (i.e. those be
tween LSCm and CCR, APA, COs and VC) are 
correlated in the non-human primates (Table 6-9), 
and the human morphology is consistent with 
these correlation patterns (Fig. 6-10 shows the bi
variate plot between LSCm<CCR and LSCm<COs 
as an example). Interestingly, the two angles that 
describe cochlear position and orientation have by 
far the lowest correlation coefficient (Table 6-9: 
LSCm<VC with LSCmcCOs). One of two angles 
in the transverse plane that distinguish humans 
and great apes, the torsion of the posterior canal, 
is correlated with the degree of tilt of the common

crus (Table 6-9: LSCmcCCR with PSCscPSCi). 
This interrelationship is understandable from a 
spatial point of view as the common crus is part 
of the three-quarter of a circle described by the 
posterior canal (compare Fig. 6-3a with Fig. 6-3b 
to 6-3e).

The sagittal labyrinthine index describes the 
position of the arc of the posterior semicircular 
canal in the sagittal plane relative to the level of 
the lateral semicircular canal (SLI, see Fold-out 
diagram d). In the human labyrinth the plane of 
the lateral canal divides the arc of the posterior 
canal in about equal halves (Fig. 6-4a), thus giving 
a mean SLI of 51 (Table 6-3). In Pan paniscus, Pongo, 
ceboids and prosimians the lateral canal divides 
the arc of the posterior canal in a larger superior 
and a smaller inferior part, giving significantly 
lower SLI values. The SLI is well-correlated with 
sagittal intralabyrinthine angles (Table 6-9).

Concerning non-quantitative aspects of the 
labyrinth, the posterior canal of the great apes is 
characterized by a more upright orientation of its 
inferior limb than occurs in other species (Fig. 6-4). 
Pongo not only has a characteristic lateral canal 
shape, but all specimens also have a very short 
common crus with a wide lumen, as is shown both
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Figure 6-11. Superior (a, b) and lateral (c, d) views of the left bony labyrinth of Pan troglodytes (a, c) and Homo sapiens (b, d), showing 
the major differences between the morphology in humans and great apes. The six differences in orientation of labyrinthine structures 
are indicated by single-headed arrows, and the large size of the anterior and posterior semicircular canal are indicated by 
double-headed arrows. Orientations listed and shown on the fold-out sheet at the end of this dissertation.

in the reconstructions and the CT scans (Fig. 6-2d, 
6-4e).

In conclusion, the human labyrinth consis
tently differs from that of the great apes with 
respect to six intralabyrinthine angles as well as 
the relative size of the semicircular canals (features 
summarized in Figure 6-11 and Table 6-10). To a 
variable degree these characters also distinguish 
the human labyrinth from that of primate species 
other than the great apes. Five of the six discrimi
nating angles are interrelated and the differences 
in these angles between primate species express a 
rotatory deformation of the labyrinthine morphol
ogy in the sagittal plane which affects the cochlea 
and parts of both vertical canals, but not the ves
tibule and the lateral canal (Fig. 6-11: clockwise 
rotation when viewing the lateral side of the left 
labyrinth). This rotatory change of morphology, 
which is also shown by the sagittal labyrinthine 
index, is not related to the sixth discriminating 
angle, which concerns the relatively coronal orien

tation of the human lateral canal axis in the trans
verse plane.

6.3.5 The labyrinth and the basicranial 
shape.

Before exploring the relationship between the 
labyrinthine and basicranial morphology the dif
ferences between the cranial base in humans and 
other primates will shortly be reviewed as far as 
this is relevant in the context of this study.

6.3.5a Comparative morphometry of the human 
basicranium. In the transverse plane the posterior 
endocranial surface of the petrous pyramids is 
more coronally oriented in humans than in any 
other primate (Table 6-11: SG<PPsp, SG<PPip). 
Ranking the surface orientation at the level of the 
internal acoustic meatus (PPip) from most sagittal 
to most coronal approximately follows the group
ing 'prosimians - ceboids/cercopithecoids - Asian 
apes - African apes - humans'.
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Table 6-10. Summary of features characterizing the human bony labyrinth and basicranium in comparison with the great ape 
morphology. For the orientations the abbreviation of the measurement expressing the feature is given in brackets. Symbols (* and 
#) indicate the features that are correlated in the non-human primate sample following a pattern consistent with the human 
morphology.

BONY LABYRINTH BASICRANIUM

DIMENSIONS - Larger anterior and posterior # Relatively wide and short
semicircular canals

- Smaller lateral semicircular canal

- Anterior semicircular canal tall 
relative to width (ASC h/w xlOO)

(ra-ra/ba-na x 100)

ORIENTATIONS More coronally oriented: More coronally oriented:
N TRANSVERSE
PLANE - central axis of the lateral # posterior surface of the

semicircular canal (LSCt) petrous pyramid (PPsp, PPip)

* superior limb of the posterior 
semicircular canal (PSCs)

- petrous part of carotid canal (CC)

- second part of fadal canal (FC2)

ORIENTATIONS Relative to the orientation and level of Relative to the anterior part
IN SAGITTAL the lateral semicircular canal (LSCm): cranial base:
PLANE

* posteriorly tilted common crus (CCR)

* more indined ampullar line (APA)

* more inclined third part of 
the fadal canal (FC3)

* more inclined posterior surface
* more indined cochlear basal turn (COs) of the petrous pyramid (PPp)

* more superiorly positioned cochlea (VC)

* more inferiorly positioned posterior

* more inclined basiocdpital 
(ba-s, cliv)

semicircular canal (SLI) (not compared * more inferiorly facing foramen
with Gorilla) magnum (o-ba)

In the sagittal plane the posterior petrosal sur
face, measured at the level of the common crus, is 
more vertically oriented in humans than in virtu
ally all other primates (Table 6-11: ba-na<PPp). 
Only in Dinopithecus is the angle to ba-na close to 
the mean value in humans, and angles in Nasalis 
and Propithecus are just within the human range. 
On the other hand, the sagittal orientation of the 
anterior petrosal surface in humans is not consis
tently different from that in other primates (Table 
6-11: ba-na<PPa).

In the human temporal bone the second (tym
panic) part of the facial canal and the petrous part 
of the carotid canal are more coronally oriented in 
the transverse plane, and the third (mastoid) part 
of the facial canal is more vertically oriented in the 
sagittal plane than in most other primates (Table 
6-11: SG<FC2, SG<CC, ba-na<FC3). However, for 
all three angles values for species represented by 
a single specimen are within the human range, 
and, for example, the orientation of the second 
part of the facial canal is not statistically different 
between humans and Gorilla.

The human cranial base is more flexed than 
that of other primates, shown by the significantly 
smaller external and internal basicranial angles 
(Table 6-12: ba-s-na, ba-s-fc). The midsagittal 
angle between the plane of the foramen magnum 
and the basioccipital is larger in humans than in 
the great apes when the basioccipital is measured 
as ba-s, but similar when the orientation of the 
clivus is used (Table 6-12: o-ba-s, o-ba-cliv). The 
combination of the four angles quantifies what 
can be described as the more vertically oriented 
basioccipital (and clivus) and more inferiorly fac
ing foramen magnum in humans compared with 
other primates.

Finally, the human cranial base is relatively 
short and wide, as is shown by the index giving 
the basicranial breadth as a percentage of the ba
sicranial length (Table 6-12: ra-ra/na-ba x 100).

The familiar image of the short and flexed 
human cranial base with petrous pyramids char
acterized by a coronally and vertically oriented 
posterior surface might easily lead to the intuitive 
assumption that in the primates these aspects of 
the basicranium are interrelated according to the
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Table 6-11. The mean values in degrees for the orientations of the facial and carotid canals and the petrosal surface in the transverse 
and the sagittal plane of the cranium (relative to SG and ba-na respectively). See Table 6-3 and the fold-out sheet at the end of this 
dissertation for the explanation of the abbreviations and symbols. The full sample statistics of species represented by multiple 
specimen are given in Appendix 6-6.

SG<
CC

SG<
FC2

SG<
PPsp

SG<
PPip

ba-na<
FC3

ba-na<
PPa

ba-na<
PPp

Hs 123 147 128 125 67 -54 52
Ft 140 156 135 132 48 -51 28
PP 130 154 140 137 47 -58 26
Gg 141 150 141 138 59 -47 28
Po 142 157 147 146 49 -64 21
Hy 140 159 148 148 45 -61 21
Hm 136 153 151 144 60 -54 29
Hp 135 150 143 138 68 -41 18

Mf 127 161 154 151 39 -64 36
N1 132 159 157 160 52 -52 43
Pu 129 158 133 161 55 -82 23
Tg 141 158 165 159 51 -61 38
Ms 139 162 160 167 63 -60 35
Di 135 153 163 170 42 -60 48

LI 130 164 151 163 44 -53 31
As 138 147 148 169 42 -53 36
Ss 129 167 166 167 48 -68 23

Pd _ _ 146 181 _ -59 40
li - 155 - 172 - -60 35
Me - - - - - - -

Hs-Pt ***■> ***> **•> «> ***<
Hs-Pp ***> ***> *♦*<
Hs-Gg ***> ***> **< **>
Hs-Po ***> ***> ***> ***< ***<c

human pattem. That this is not the case can be 
demonstrated by considering the transverse and 
sagittal orientations of the posterior petrosal sur
face in a bivariate plot (Fig. 6-12: SG<PPip with 
ba-na<PPp). Among the non-human primates the 
hominoids are characterized by a more coronally 
but less vertically oriented petrosal surface than 
the other species, and humans take a unique posi
tion combining coronal and vertical orientations 
of the posterior surface.

The characteristic orientations of the posterior 
petrosal surface, the facial and carotid canals, the 
basioccipital and the foramen magnum in the 
human cranium are also shown when considering 
their angles to the planar orientations of the semi
circular canals (Table 6-13).

The features that distinguish the human cra
nial base from that in other primates are summa
rized in Table 6-10, together with those described 
for the human labyrinth. Regarding the spatial 
orientations this combined list demonstrates the 
similarity between the features that characterize 
the human labyrinth and those that characterize 
the human cranial base.

In the transverse plane aspects of the labyrinth 
as well as the cranial base are more coronally

oriented in humans than in other primate species. 
The orientations involved concern the central axis 
of the lateral semicircular canal, the superior limb 
of the posterior semicircular canal, the petrous 
part of the carotid canal, the second part of the 
facial canal and the posterior surface of the pe
trous pyramid.

In the sagittal plane, posterior parts of the 
human basicranium show a 'rotated' morphology 
relative to the anterior cranial base, which is sim
ilar in character to the rotated shape described for 
parts of the human labyrinth (Fig. 6-11: clockwise 
rotated when viewing the left lateral aspect of the 
cranium or labyrinth). The basicranial morphol
ogy concerned includes the third part of the facial 
canal, the posterior surface of the petrous pyra
mid, the basioccipital and the foramen magnum.

The next section addresses the question of 
whether these similarities between the human lab
yrinthine and basicranial morphology can be as
sociated with equivalent interspecific correlations 
in the non-human primate sample.

6.3.5b Labyrintho-basicranial correlations. 
Among the non-human primates some degree of 
correlation occurs between the transverse orienta
tions of the lateral semicircular canal axis and the
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Table 6-12. The mean values for basicranial angles (in degrees), cranial dimensions (in millimeters) and the relative cranial breadth 
(ra-ra/ba-na x 100). See Table 6-3 and the fold-out sheet at the end of this dissertation for the explanation of the abbreviations and 
symbols. The full sample statistics of species represented by multiple specimen are given in Appendix 6-7.

ba-s-na ba-s-fc o-ba-s o-ba-cliv na-op na-ba ra-ra sm-sm
ra-ra/
na-ba

Hs 132 137 131 126 177 100 122 82 123
Pt 159 154 123 125 133 97 115 64 119
PP 158 148 119 122 123 91 107 60 117
Gg 170 154 118 120 166 120 130 78 108
Po 175 159 122 125 131 98 121 73 123
Hy 175 173 127 128 96 77 77 48 100
Hm 170 170 124 124 82 61 66 46 107
Hp 160 166 123 126 82 61 64 44 105

Mf 176 173 132 133 81 58 59 35 102
N1 169 170 130 127 93 73 72 49 99
Pu 158 152 114 118 111 71 76 45 107
Tg 156 156 113 116 104 78 82 50 105
Ms 170 162 122 121 122 90 96 60 107
Di - - - 121 - 92 110 64 120

LI 174 175 130 129 82 60 57 39 95
As 190 185 115 115 86 77 56 43 73
Ss 169 169 125 138 58 39 33 24 84

Pd 174 185 113 112 77 67 56 39 83
li 169 173 116 116 78 69 48 36 70
Me 190 186 105 100 187 165 102 66 62

Hs-Pt ***> ***-> **< ***< *< «»<

Hs-Pp ***< ***< *”<
Hs-Gg ***> ***> ***< **< **>
Hs-Po ***> ***> ”*< »»<
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Figure 6-12. Bivariate plot between the orientations of the posterior petrosal surface in the transverse and the sagittal plane of the 
cranium (SG<PPip & ba-na<PPp; r = 0.52 for the non-human species). Species codes listed and measurements shown on the fold-out 
sheet at the end of this dissertation.
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Table 6-13. The mean values in degrees for the orientations of the facial and carotid canals (FC2, FC3, CC), the posterior petrosal 
surface (PPip, PPp), the basioccipital (ba-s, cliv) and the foramen magnum (o-ba) to planar orientations of the semicircular canals 
(transverse plane: ASCm, sagittal plane: LSCm). See Table 6-3 and the fold-out sheet at the end of this dissertation for the explanation 
of the abbreviations and symbols. The full sample statistics of species represented by multiple specimen are given in Appendix 6-8.

ASCm<
CC

ASCm<
FC2

ASCm<
PPip

LSCm<
FC3

LSCm<
PPp

ba-s<
LSCm

cliv<
LSCm

o-ba<
LSCm

Hs 87 112 90 77 62 -39 -43 10
Pt 103 119 95 56 34 -19 -17 39
PP 93 117 99 56 36 -23 -21 37
Gg 102 111 100 68 37 -16 -13 46
Po 103 116 104 50 23 -5 -2 53
Hy 99 118 107 43 20 -2 -0 52
Hm 101 119 110 63 32 -10 -10 47
Hp 97 112 100 63 13 -9 -5 49

Mf 85 119 109 43 39 -5 -5 43
N1 92 119 120 57 48 -12 -14 39
Pu 88 117 119 75 43 -34 -31 31
Tg 96 113 114 69 56 -35 -32 33
Ms 105 128 133 76 48 -18 -19 40
Di 97 115 132 55 61 -20 39

LI 81 115 114 40 26 2 1 52
As 94 103 125 27 22 20 20 85
Ss 88 125 126 53 28 -12 1 44

Pd _ _ 139 _ 34 3 2 70
li - 120 137 - 28 0 0 64
Me - - - - - 16 10 91

Hs-Pt ***> ***> *> ***< ***> «*> ***>
Hs-Pp *> **> **> ***< ***< ***> »**> ***>
Hs-Gg ***> ***•> **< ***<• ***•> **»> ,»*>

Hs-Po ***> *> ***> ***<• ***> *“> **>

facial canal (SG<LSCt with SG<FC2: r = 0.47), but 
the human lateral canal axis is more coronally 
oriented than would be expected on the basis of 
this correlation pattern (plot not shown).

In the non-human primate sample the orienta
tion of lateral canal axis is also correlated with the 
basicranial shape (as expressed by the index ra- 
ra/ba-na x 100). This correlation indicates that the 
lateral canal axis is less coronally oriented in pri
mate species with a relatively short and wide 
basicranium, which is exactly the opposite of the 
pattern shown by the human morphology (Fig. 
6-13a). On the other hand, the human morphology 
is consistent with the correlation in non-human 
primates between the petrous pyramid orienta
tion in the transverse plane and the basicranial 
shape (Fig. 6-13b: the posterior petrosal surface 
tends to be more coronally oriented in species with 
a relatively short and wide cranial base).

The interrelationship between the labyrinthine 
and basicranial morphology in the sagittal plane 
can be investigated on the basis of the angles to the 
basicranial reference orientation (ba-na), as given 
in Tables 6-8 and 6-11. However, correlation coef
ficients calculated between such angles provide a 
biased representation of the relationship because 
of the influence of interspecific variation of the

basicranial orientation (i.e. unlike SG, the midsag- 
ittal orientation in the transverse plane, the orien
tation of ba-na is not 'morphologically neutral').

As an alternative approach, interspecific corre
lation coefficients were calculated between sagit
tal labyrinthine and basicranial angles using the 
orientation of the lateral semicircular canal as ref
erence (Table 6-14). The correlation coefficients 
indicate that among the non-human primates the 
orientations of the common crus (CCR), the am
pullar line (APA), and the basal turn of the cochlea 
(COs) are correlated with those of the facial canal 
(FC3), the posterior petrosal surface (PPp), the 
basioccipital (ba-s, cliv) and the foramen magnum 
(o-ba). The orientation of the vestibulo-cochlear 
line (VC) shows similar correlations, except with 
the posterior petrosal surface orientation, and the 
sagittal labyrinthine index is also correlated with 
the basicranial orientations (Table 6-14: SLI). In all 
cases the human morphology is consistent with 
these correlations, as is, for example, shown by 
bivariate plots between the sagittal orientations of 
the cochlear basal turn, the posterior petrosal sur
face and the clivus (Fig. 6-14a,b). Note that Nasalis 
is an outlier in both graphs as its cochlear angle is 
similar to that in humans and different from that 
in all other primates (Table 6-8: LSCm<COs).
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Figure 6-13. Bivariate plot between the relative basicranial breadth (ra-ra/ba-na x 100) and the orientations in the transverse plane 
of (a) the central axis of the lateral semicircular canal (SG<LSCt; r = 0.68 for the non-human species), and (b) the posterior petrosal 
surface (SG<PPip; r = -0.65 for the non-human species). Species codes listed and measurements shown on the fold-out sheet at the 
end of this dissertation.
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Figure 6-14. Bivariate plot between the sagittal angles to the lateral canal orientation of the cochlea (LSCm<COs) and (a) the posterior 
petrosal surface (LSCm<PPp; r = 0.79 for the non-human species), and (b) the clivus (cliv<LSCm; r = -0.59 for the non-human 
species). Species codes listed and measurements shown on the fold-out sheet at the end of this dissertation.
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Table 6-14. Correlation coefficients for the non-human primate sample between labyrinthine angles and the sagittal labyrinthine 
index (SLI) on the one hand, and the angles of the facial canal (FC3), the posterior petrosal surface (PPp), the basioccipital (ba-s, 
cliv) and o-ba on the other. See the fold-out sheet at the end of this dissertation for the explanation of the abbreviations of the 
measurements.

LSCm<
CCR

LSCm<
APA

LSCm<
COs

LSCm<
VC SLI

SG<
PSCs

LSCm<FC3 0.60 0.65 0.54 0.50 0.69 -0.36
LSCm<PPp 0.53 0.77 0.79 0.21 0.58 -0.55
ba-s<LSCm -0.57 -0.74 -0.52 -0.68 -0.73 -0.17
cliv<LSCm -0.63 -0.77 -0.59 -0.59 -0.74 0.03
o-ba<LSCm -0.52 -0.74 -0.50 -0.81 -0.83 -0.38
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Figure 6-15. Bivariate plot between the orientations of the posterior petrosal surface in the sagittal plane and the superior limb of 
the posterior semicircular canal in the transverse plane (LSCm<PPp & SG<PSCs; r = -0.55 for the non-humnan species). Species 
codes listed and measurements shown on the fold-out sheet at the end of this dissertation.

Whereas the transverse orientations of the su
perior limb of the posterior semicircular canal 
(PSCs) and the posterior petrosal surface (PPsp or 
PPip) are not interrelated among the non-human 
primates, the canal orientation is correlated with 
the orientation of the posterior petrosal surface in 
the sagittal plane (Table 6-14: SG<PSCs with 
LSCm<PPp). This link implies that a more coron- 
ally oriented canal in the transverse plane (and 
thus the human-like posterior canal torsion) tends 
to coincide with a more vertically oriented poste
rior petrosal surface, and the corresponding bivar- 
iate plot demonstrates that the human

morphology is fully consistent with this correla
tion (Fig. 6-15).

In summary, in humans a number of labyrin
thine and basicranial structures show a marked 
coronal orientation in the transverse plane, but 
this correspondence cannot be associated with 
any significant correlation between these orienta
tions in the non-human primate sample. On the 
other hand, the orientations of labyrinthine and 
basicranial structures in the sagittal plane, which 
in humans can be described as typically 'rotated', 
are generally correlated among the non-human
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primates, and the human morphology is consis- posterior semicircular canal is correlated with the 
tent with these correlations. The torsion of the group of 'sagitally rotated' structures.

6.4 DISCUSSION

This study set out to investigate the morpho
logical differences between the bony labyrinth of 
humans and that of other primates, and to analyze 
the extent to which such differences can be related 
to human locomotor behaviour and basicranial 
shape. The morphometric comparisons have 
shown that the human labyrinth consistently dif
fers from the morphology in other primate species 
with respect to absolute and relative dimensions, 
and to the orientation of labyrinthine structures 
(summary in Table 6-10 and Fig. 6-11). Correlation 
analyses show that the labyrinth is interrelated 
both with body size and basicranial morphology.

On the basis of these results two main topics 
will be discussed. Regarding the labyrinthine di
mensions the question will be addressed in what 
way, if at all, semicircular canal morphology is 
related to locomotor behaviour, and to what ex
tent habitual terrestrial bipedalism is reflected in 
the human canal dimensions. The second part of 
the discussion will consider the biological basis 
for the interrelations observed between labyrin
thine and basicranial orientations in humans and 
in the primate sample in general. In this context 
the apparent stability of the planar orientations of 
the semicircular canals in the cranium will be 
discussed as well.

First, however, the labyrinthine angles ob
tained in this study will be compared with equiv
alent measurements given in the literature (the 
consistency of labyrinthine dimensions with liter
ature measurements was discussed in Section 
6.3.2).

6.4.1 Primate labyrinthine angles in the liter
ature.

Few angular measurements of the labyrinth 
given in the literature are compatible with those 
defined in this study, because they are taken from 
casts or dissections rather than cross-sectional 
views such as CT scans (Hyrtl, 1845; Berg, 1903; 
Matano et al., 1985; 1986). Fenart and Deblock 
(1973) give the sagittal intralabyrinthine angles 
between the lateral canal and both the common 
crus (LSCmcCCR) and the ampullar line 
(LSCm<APA) for Pan troglodytes (111 and 26 de
grees respectively). Pan paniscus (106 and 21 de
grees respectively), and humans (121 and 36 
respectively). These values are consistent with the

Table 6-15. The mean and standard deviation of sagittal angles 
between the lateral semicircular canal (LSCm) and s-na, the 
surface of the clivus (cliv) and o-ba for Pan troglodytes and Pan 
paniscus after Cousin et al. (1981) and for the samples in the 
present study (n: number of specimens measured).

Pan troglodytes Pan paniscus
LSCm< s-na cliv o-ba s-na cliv o-ba
Cousin et al.

n 42 42 42 59 59 59
mean 5 -15 42 -2 -19 37

SD 5.1 5.7 6.3 5.0 5.6 5.4

CT (n=6)
mean 2 -17 39 -1 -21 37

SD 5.1 4.9 5.1 7.3 5.1 8.1

differences between humans and the great apes 
observed in the present study, but as the number 
of specimens measured and the standard devia
tions are not given, no statistical comparison can 
be made. The values for the angle of the ampullar 
line are smaller than observed in the present study, 
but it is possible that Fenart and Deblock used the 
ampulla of the lateral rather than the anterior 
canal as anterior landmark for this measurement 
(see also Section 5.4.1b).

Fenart and Deblock (1973) also give the sagittal 
angles between the lateral canal and the foramen 
magnum, the clivus and s-na for the two chimpan
zee species (Table 6-15), angles also published in 
Deblock et al (1981). Statistical comparison with 
the equivalent angles in the present study shows 
no significant differences.

Hasegawa (1969) (cited in Matano et al, 1985) 
gives the angles between the anterior semicircular 
canal and the midsagittal plane (SG<ASCm) for 
Macaca (41 degrees) and Hylobates (37 degrees), 
and both values are only one degree from the 
average obtained for these genera in the present 
study. In conclusion, the angles measured in the 
present study that can be compared with those in 
the literature are in good correspondence.

6.4.2 The labyrinth and locomotor behavi
our.

Before discussing the characteristic dimen
sions of the human semicircular canals with re-
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Figure 6-16. Bivariate double logarithmic plot showing the relationship between the estimated body weight in grams and the 
average radius of curvature of the semicircular canals in millimeters as shown in Figure 6-5, but with those species labelled that 
are discussed in section 6.4.2a. Species codes listed on the fold-out sheet at the end of this dissertation (Me' represents the body 
weight after Jüngers [1978]).

speet to bipedal locomotion, the more general as
pects of the relationship between semicircular 
canal size and locomotion will be reviewed. This 
relationship can be investigated by comparing the 
labyrinthine morphology in animals with a 
known repertoire of movements, and empirically 
deducing correlation patterns, as well as by a more 
theoretical approach of considering the biophysi
cal aspects of the form and function of the canal 
system. Both approaches will be explored in the 
next sections. In addition, a completely different 
factor that is possibly related to semicircular canal 
size, the presence and development of a subarcu- 
ate fossa, will be briefly considered.

6.4.2a Comparative evidence. Comparative mor
phological studies of the bony labyrinth in birds 
indicate that the semicircular canals in good flying 
species are thin and long, whereas they are short 
and thick in poor fliers (Turkewitsch, 1934; 
Hadziselimovic and Savkovic, 1964). Matano et al. 
(1985, 1986) compared the semicircular canals in 
Tarsius, a rapid leaper, and Nycticebus, a slow 
climber, and found that relative to body weight 
those of the former are significantly larger than 
those of the latter. Hence, these few studies sug

gest that semicircular canal size can be associated 
with the overall agility of locomotor behaviour. In 
a review of the comparative morphology of the 
vertebrate labyrinth Gray (1951) makes a similar 
statement, but warns that the correlation between 
long canals and agility cannot go beyond a gener
alization.

When considering the average canal size such 
a relationship is also observed in this study (Fig. 
6-16). The observation by Matano ef a/. (1985,1986) 
with respect to Tarsius and Nycticebus is con
firmed, and a similarly contrasting morphology 
occurs in two other prosimians; Propithecus, a 
leaper with large canals, and Megaladapis, a slow 
vertical climber and clinger (Walker, 1974; 
Jüngers, 1978) with extraordinarily small canals. 
Among the hominoids the canals of the 
hylobatids, swift brachiators, are large compared 
with those of the large-bodied species (including 
humans) performing less agile quadrupedal 
climbing or terrestrial locomotion. Inconsistent in 
this respect are the different canal sizes in Indri and 
Propithecus, two species with rather similar loco
motor behaviour, and the small canal size of 
Callithrix, a species whose locomotor repertoire 
includes running as well as leaping (Fleagle, 1988).
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Figure 6-17. Bivariate double logarithmic plot showing the relationship between the estimated body weight (M) in grams and the 
radius of curvature of the semicircular canals in millimeters measured to their outermost wall (R'). Species codes listed on the 
fold-out sheet at the end of this dissertation.
a. The anterior canal, r = 0.90, reduced major axis logic R' = 0.11 logic M + 1.02.
b. The posterior canal, r = 0.93, reduced major axis logic R' = 0.13 logic M + 0.87.
c. The lateral canal, r = 0.91, reduced major axis logic R' = 0.12 logic M + 0.84.
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However, most non-hominoid species are repre
sented by one specimen only, and therefore com
parisons between individual specimens should be 
considered with caution as indicative rather than 
conclusive.

An important aspect of the comparative obser
vations suggesting a link between canal size and 
agility is that they are based on the bony semicir
cular canals, whereas the functionally relevant 
dimensions are those of the membranous duct 
inside the canal. The size relationship between the 
lumina of the canal and the duct varies in primates 
from prosimians with virtually no perilymphatic 
space surrounding the duct to humans where it 
takes more than 90% of the canal lumen (Hyrtl, 
1845; Gray, 1907; Curthoys et al, 1977b; 
Ramprashad et al, 1984). The pattern of relative 
canal sizes therefore does not necessarily corre
spond to that of the functionally more important 
duct sizes. Correction factors transforming the ra
dius of curvature of the bony canal into that of the 
duct can only be obtained for humans and very 
few other primates (Curthoys et al, 1977a; 
Ramprashad et al, 1984), and are not available for 
the great apes. Hence, the best alternative would 
be taking the dimensions from the outermost wall 
of the bony canals, as this appears to be the con
sistent location of the duct (Gray, 1907; Curthoys 
et al, 1977a; Ramprashad et al, 1984). However, 
such measurements were not taken from the CT 
scans because the phantom studies described in

Chapter 3 indicate that using landmarks on the 
canal's wall gives less accurate results than land
marks in the centre of the lumen. When con
fronted with this limitation of the CT method it 
should be kept in mind that without this non-de
structive imaging technique an extensive survey 
of the primate labyrinth would not be possible at 
ah.

To investigate the extent to which the pattern 
of the duct sizes differs from that of the bony 
canals, the radii of curvature to the outer wall of 
the canal are considered for species for which 
these dimensions can be obtained on the basis of 
the literature. Moreover, for the human semicircu
lar canals the CT dimensions were transformed 
using the lumen diameters measured by Muren et 
al. (1986) from 88-95 specimens, and for the great 
apes the lumen measurements given by Hyrtl 
(1845) and Berg (1903) were used.

The bivariate plots thus prepared show a pat
tern slightly different from that in the plots for the 
radii of curvature to the canal's centre (compare 
Fig. 6-17 with Fig. 6-6 to 6-8). The differences 
predominantly concern the great apes and partic
ularly humans because their canal lumina are 
much wider than in other primates. The graphs 
strongly suggest that, compared with the great 
apes, humans have significantly larger anterior 
and posterior ducts, but a similarly sized lateral 
duct (Fig. 6-17).
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Since the canal radii to the outer wall give a 
somewhat different pattem from those to the cen
tre of the lumen, and the former dimensions sup
posedly have more biophysical relevance, it may 
be worthwhile in future analyses based on CT to 
include dimensions with landmarks on the outer 
canal wall, despite their expected lower accuracy 
compared with measurements using landmarks 
in the centre of the lumen.

6.4.2b Biophysical models. Biophysical studies of 
the vestibular system do not specifically consider 
the relationship between semicircular canal size 
and locomotor behaviour, but are nevertheless 
important in the context of this study. The mathe
matical models developed in such studies predict 
how aspects of the system, such as sensitivity and 
response time, depend on the canal dimensions, 
and it is these aspects that must be 'tuned' to the 
locomotion repertoire of an animal.

The traditional model of the semicircular canal 
system, proposed by Steinhausen (1933) and fur
ther developed by Van Egmond et al. (1949), as
sumes that the system behaves as a heavily 
damped torsion pendulum, and considers the 
cupula as a watertight swinging door. In this 
model the endolymph and cupular motion are 
characterized by a short and a long time constant, 
which describe the response time for the cupula to 
attain its maximum deviation and the elastic res
toration time of the cupula respectively. As far as 
semicircular duct dimensions are concerned the 
short time constant only depends on the radius of 
the lumen squared (rz), whereas the long time 
constant is governed by the ratio R2/r2, where R 
is the radius of curvature of the duct.

Jones and Spell (1963) discuss the relationship 
between body size and the dimensions of the 
semicircular ducts on the basis of allometric con
siderations, i.e. larger animals make more slug
gish head movements and therefore require a 
more sensitive canal system. Using the torsion 
pendulum model they propose that this is 
achieved by increasing both r and R of the ducts, 
and derive theoretical relationships between body 
mass and the two dimensions, which approxi
mately correspond with correlations empirically 
determined from the photographs of labyrinths in 
Gray (1907). Interestingly, the slope of the best-fit 
line for the relationship between body weight and 
the average R of 0.116 found by Jones and Spell for 
mammals in general is very similar to the equiva
lent value for the primate sample (slope of 0.118 
for the average R measured to the outer canal 
wall).

Subsequent biophysical studies either extend 
the torsion pendulum model or invoke alternative

concepts, but in all cases the sensitivity of the 
semicircular canal system is proportional to R of 
the duct (e.g. Ten Kate etal, 1970; Oman et al, 1987; 
Muller and Verhagen, 1988). This relationship is 
supported by preliminary experimental evidence, 
based on measurements of peripheral afferent 
nerve responses, which suggests that within a 
labyrinth the largest canal is the most sensitive one 
(Blanks et al, 1975; Goldberg and Fernandez, 
1971). Applying this correlation to the different 
canal sizes observed for the primates, and without 
taking other factors into account, this would 
imply that the more agile species are more sensi
tive to angular motions than slow moving species. 
This is in striking contrast to the concept of Jones 
and Spell (1963), that more sluggish movements 
require increased sensitivity.

6.4.2c Expected properties of the system. A third 
approach to the relationship between the semicir
cular canal system and locomotion patterns is to 
consider the expected functional demands for 
monitoring different types of body (head) move
ments. Locomotion of rapid leapers is character
ized by strong acceleration and deceleration and 
frequent change of direction. Hence, the system 
cannot be too sensitive as this would lead to over- 
stimulation, but response times must be short to 
keep track of the changing movements. The ves- 
tibulo-ocular reflexes are very important in this 
type of locomotor behaviour, as these allow for the 
stabilization of the eyes during rapid head move
ments, a prerequisite for successfully coordinating 
swift locomotion in three dimensional space. In 
slow quadrupedal climbers the threshold of per
ception must be lower than in agile species, but 
response times are less crucial. Human bipedal 
locomotion again has different requirements to 
assist in maintaining the upright posture. The ad
equate perception of weak impulses and short 
response times are important for continuous sens
ing of small movements that potentially bring the 
body out of balance. Correction of such move
ments by the spinal and lower limb muscles in
volves the vestibulo-spinal reflexes, which are 
therefore particularly important in bipedal loco
motion.

The dimensions of the semicircular ducts can 
potentially play a role in the tuning of the system 
by their influence on the sensitivity and time con
stants as described in biophysical models. How
ever, as far as the observed R values are concerned 
the predictions of the models (agile species have 
more sensitive canals than slow ones) conflict with 
the expected system properties (agile specimens 
need less sensitive canals to avoid overstimula
tion). This raises the question whether the sensi
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tivity and time constants defined in the biophysi
cal models are, in practice, relevant quantities. It 
is interesting to note in this respect that Oman et 
al. (1987) indicate that the short time constants 
obtained so far for a limited number of species are 
too small to have physiological significance, and, 
similarly, Muller (1990) questions the relevance of 
the long time constant.

Grounds for the observed discrepancies may 
be related to the unavoidable simplification of the 
vestibular system in the models, and to uncer
tainty over some fundamental aspects of the sys
tem, such as the nature of cupular movement (see 
discussions in e.g. Landolt et al., 1974; Muller, 
1990). On the other hand, the comparative mor
phological evidence considered here only con
cerns the bony canal size (i.e. R) as an 
approximation to the membranous duct size, 
whereas the sensitivity and time constants also 
depend on factors such as the lumen sizes (r) of 
the ducts, the ampullae and the utricle, the viscos
ity and density of the endolymph, and the physi
cal properties of the cupula, which cannot be 
deduced from the bony labyrinth. However, ex
tensive comparative data concerning the membra
nous labyrinth of primates, and particularly the 
hominoids, are not available, and therefore the 
analysis is perforce limited to the canal sizes.

6.4.2d The subarcuate fossa. A factor that possibly 
influences the semicircular canal size in primates 
is the presence and development of a subarcuate 
fossa. This structure is a depression of the poste
rior endocranial surface of the petrous pyramid, 
which houses the petrosal lobule of the cerebellar 
paraflocculus (see Girard and Didier [1921], 
Straus [1960] and Garmon etal. [1988] for reviews). 
The fossa extends through the arc of the anterior 
semicircular canal, and if it is well-developed it is 
interiorly and posteriorly bordered by the otic 
capsule of the lateral and posterior canal. Hence, 
the arc of the anterior canal forms the ostium of 
the fossa and the sizes of the two are closely re
lated.

Among extant primates the subarcuate fossa is 
absent in adult great apes and humans, and these 
species also lack a developed petrosal lobule of the 
cerebellar paraflocculus (Larsell, 1963). A fossa
like depression containing connective tissue, oc
curs in fetal and early infant stages of these 
species, but this obliterates and forms the 
petromastoid canal.

In view of the close spatial relationship it is 
feasible that the distinct grouping observed for the 
size and particularly the height of the anterior 
canal (Fig. 6-6b) is associated with the develop
ment of the subarcuate fossa and the petrosal lob

ule rather than with specific locomotor behaviour. 
In the great apes, which have a small and particu
larly low anterior canal, the fossa is absent, 
whereas in Propithecus and Lagothrix the canal is 
large and high, and the fossa is extensive (Gannon 
etal., 1988).

Additional evidence for a close link comes 
from Megaladapis which has very small canals and, 
unlike extant prosimians, no fossa (also observed 
by Saban, 1975). That the absence of the fossa is 
not merely a consequence of large body size is 
shown by the large baboon Dinopithecus which has 
a fossa and a relatively large anterior canal (Table 
6-4, Fig. 6-6).

Although the sizes of the petrosal lobule of the 
cerebellum and the subarcuate fossa are correlated 
to a certain degree, the character of this relation
ship, in terms of cause and effect, is not clear, 
because the ontogenetic development of the lob
ule in primates is not sufficiently known. How
ever, even if the development of the petrosal 
lobule is a dominant factor influencing anterior 
canal size in primates, this offers no explanation 
for the larger anterior canal in humans than in the 
great apes, because a lobule bearing fossa is absent 
altogether in all large-bodied hominoids.

6.4.2e The human semicircular canals and loco
motion. Considering the evidence from compara
tive morphological and biophysical studies, it is 
most likely that semicircular canal size is related 
to locomotor behaviour, but as many more factors 
influence the perception pattern of angular accel
eration or velocity, this relationship is complex. 
Consequently, the question concerning the link 
between the human labyrinthine morphology and 
bipedal locomotor behaviour can at present only 
be addressed by considering the available circum
stantial evidence.

Compared with humans, all four great ape 
species share a labyrinthine morphology charac
terized by smaller anterior and posterior semicir
cular canals and ducts, and therefore it is feasible 
that this also represents the character state of the 
common ancestor of humans and the (African) 
great apes. If this assumption is correct the large 
vertical canals of the human labyrinth must have 
developed in the course of hominid evolution, 
and a relationship with the transition from qua
drupedal to bipedal locomotion seems to be a 
likely possibility.

A crucial adaptation required for habitual bi
pedal locomotion is the ability to keep the upright 
body in balance by adjustments to the musculo
skeletal system produced by neural control mech
anisms involving vestibulo-spinal reflexes, as well 
as visual and proprioceptive input. With respect
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to the vestibular apparatus this concerns the effec
tive monitoring of movements predominantly in 
vertical planes, which perhaps explains why the 
differences between bipedal humans and quadru
pedal great apes concern the anterior and poste
rior canals (and ducts).

According to the biophysical models and ex
perimental evidence increased duct size would 
result in higher sensitivity, a feasible implication 
in this context, but the association with agility, 
suggested by the comparative evidence, seems 
less plausible. A factor that might be relevant to an 
understanding of the functional characteristics of 
the human vestibular system is the wide peri
lymph space compared with other primates 
(Hyrtl, 1845; Gray, 1907; Ramprashad et ai, 1984). 
It is interesting in this respect that some biophys
ical studies have proposed that the perilymph 
plays a significant role in semicircular canal me
chanics (Rejtoe, 1939; Anliker and Van Buskirk, 
1971; but see Dohlman and Kuehn, 1973 and Mc
Cabe and Ryu, 1973 for a contrary view).

In conclusion, a relationship between the large 
anterior and posterior semicircular canals in hu
mans and habitual bipedal locomotor behaviour 
seems likely, but the underlying functional mech
anism of such a link is not fully understood. The 
relationship between bipedal locomotion and the 
labyrinthine morphology will be further investi
gated in Chapter 7 by studying the semicircular 
canal morphology in early hominid fossils in rela
tion to the evidence on the emergence of bipedal 
behaviour provided by the postcranial fossil re
cord.

6.4.3 The labyrintho-basicranial relation
ship.

The correspondence between the 'rotated' lab
yrinthine shape in the sagittal plane and the flexed 
cranial base that characterize the human morphol
ogy has been noted in comparative studies deal
ing with the mammalian labyrinth (Villemin and 
Beauvieux, 1934; Delattre, 1951; Delattre and Fen- 
art, 1960; 1961; 1962). As far as primates are con
cerned, the results of the present correlation 
analyses confirm the labyrintho-basicranial rela
tionships proposed in these studies (e.g. those 
between the sagittal orientations of the foramen 
magnum and the cochlea, the common crus and 
the ampullar line). In contrast, the correspondence 
between aspects of the human labyrinth and 
basicramum concerning a characteristically coro
nal orientation in the transverse plane has not 
been mentioned in any of the comparative works 
referred to in this dissertation.

The endocranial aspects of the basicranium are 
strongly influenced by brain growth and develop

ment (Dabelow, 1931; Dean, 1988), and bearing in 
mind the position of the otic capsule in between 
the developing cerebrum and cerebellum, it is 
likely that the mechanisms underlying the inter
relations between the labyrinthine and the basi
cranial orientations must be sought in the 
ontogeny of the brain. However, the influence of 
brain development on the labyrinthine shape and 
on parts of the basicranium such as the petrosal 
surface or the clivus should not be considered as 
a synchronous process. The human labyrinth at
tains its adult morphology between the 23 and 26 
week of fetal development, when the ossification 
of the otic capsule is completed (Bast, 1930; Anson 
and Donaldson, 1981), whereas the endocranial 
aspects of the cranial base only obtain the fully 
mature shape after birth.

6.4.3a Relationship in the sagittal plane. Two 
aspects of human brain development seem to be 
particularly important when considering the cor
responding 'rotated' morphology of parts of the 
human labyrinth and basicranium in the sagittal 
plane. Firstly, in the period before the otic capsule 
is completely ossified the tentorium cerebelli ro
tates backward and downward over 90 degrees 
due to the expansions of the cerebral hemispheres 
(Dabelow, 1931; Hochstetter, 1939; Moss et ah, 
1956). Secondly, the posterior part of the cranial 
base grows more slowly than the brain, and there
fore the mechanical force of brain expansion 
causes a flattening of the cranial base (Ford, 1956), 
and compression of the posterior petrosal surface 
by the cerebellum (Dean, 1988). However, the su
perior petrosal margin is attached to the back
wards rotating tentorium, and the combined 
action of these processes may result in a rotatory, 
deforming, force on the otic capsule before its 
ossification is completed. In later fetal and early 
postnatal stages similar forces are probably re
sponsible for the vertically oriented posterior pe
trosal surface (op. cit.). Cerebellar and cerebral 
expansion has also been proposed as the major 
factor causing the strongly flexed basicranium of 
humans that results in the relatively vertically 
oriented basioccipital and horizontally oriented 
foramen magnum (Dabelow, 1929; 1931; Biegert, 
1957; 1964; see Ross and Ravosa [1993] for a re
view).

Correlations of labyrinthine and basicranial 
orientations in the sagittal plane occur both intra- 
specifically in humans (Section 5.4.3a) and inter- 
specifically among primates (with the human 
morphology fully consistent with the non-human 
correlation patterns, see Section 6.3.5.b). This im
plies that the rotated morphology in humans is 
not a 'unique' and isolated phenomenon, but

98



THE COMPARATIVE MORPHOLOGY

rather the consequence of a general pattern of 
cranial development in primates. Moreover, the 
mechanism causing labyrintho-basicranial corre
lations works both on individual and species 
level, i.e. variations in, for example, cerebral or 
cerebellar growth between species as well as be
tween individuals are reflected simultaneously in 
the labyrinthine and basicranial morphology.

It is interesting to recall that, as far as sagittal 
orientations of the labyrinth and the petrous pyr
amid are concerned, humans are closer to the 
larger cercopithecoids (Nasalis and the baboons) 
than to their closest relatives the African great 
apes. Perhaps aspects of brain morphology that 
relate to the more rotated labyrinthine morphol
ogy and more vertically oriented posterior petro
sal surface in these cercopithecoids than in the 
non-human hominoids can be identified in future 
research.

6.4.3b Relationship in the transverse plane. Re
garding the characteristically coronal orientation 
of human labyrinthine and basicranial structures 
in the transverse plane, the most likely factor to 
influence both the otic capsule and other parts of 
the petrous pyramid is the developing cerebellum 
enclosed in the posterior cranial fossa under the 
tentorium. Dean (1988) proposed that the short 
posterior cranial base in humans forces the cere
bellum to expand laterally, which results in coro
nal reorientation of the petrous pyramids, a 
change also described by Schmidt and Dahm 
(1977a). This link between the basicranial propor
tions and the transverse petrous pyramid orienta
tion is supported by the interspecific correlation 
between the two observed among the primates 
(Fig. 6-13b).

Reorientation of the developing petrous pyra
mid obviously also affects the otic capsule, and 
Bossy and Gaillard de Collogny (1965) found that 
in the fetal stages before the human otic capsule is 
ossified it turns approximately 15 degrees in the 
transverse plane in coronal direction, but simulta
neously the cochlea and the anterior canal rotate 
in opposite direction. It is feasible that as a net 
effect of this complicated process the human lat
eral canal axis turns in a coronal direction with the 
surrounding petrous pyramid (including the fa
cial and carotid canals), whereas other parts of the 
labyrinth tend to keep a more stable orientation. 
However, the orientations of the lateral and pos
terior canals were not investigated by Bossy and 
Gaillard de Collogny (ibid.), and more extensive 
research is required to unravel the nature of onto
genetic movements of the cartilaginous otic cap
sule.

In contrast to the labyrinthine and basicranial 
orientations characterizing the human morphol
ogy in the sagittal plane, those in the transverse 
plane are not interspecifically correlated among 
primates. Hence, any underlying mechanism 
causing the shared coronal orientation is 'unique' 
for human development, for example as the con
sequence of a different timing of otic capsule ossi
fication or (lateral) cerebellar expansion. Perhaps 
the marked increase in lateral growth rate of the 
human cerebellum at the end of the forth month 
(Noback and Moss, 1956) is part of such a mecha
nism, but it remains to be seen whether this pat
tern is typical for human brain development only.

The fact that the biological basis of the 
labyrintho-basicranial correlations can only be 
discussed on the basis of indirect and sparse evi
dence demonstrates how little is known about the 
ontogeny of the primate cranial base. Postnatal 
basicranial development is relatively well docu
mented with respect to midsagittal structures (e.g. 
Angst, 1967; Fenart and Deblock, 1973; Swindler 
et al, 1973; Dmoch, 1976; Cramer, 1977; Sirianni 
and Van Ness, 1978; Cousin et al, 1981; Lestrel and 
Roche 1986; Masters, 1990; Lestrel et al, 1993), or 
the development in planes other than the midsag
ittal (e.g. Ford, 1956; Moss et al, 1956; Dutterloo 
and Enlow, 1970; Schmidt and Dahm, 1977a,b, 
Dean and Wood, 1984), but only a few studies 
have dealt with the prenatal period (Hofer, 1963a; 
Levihn, 1967; Cousin, 1969; Sirianni and Newell- 
Morris, 1980). Moreover, whereas these studies 
consider skeletal morphology only, the interpreta
tion of the observed labyrintho-basicranial corre
lations requires an understanding of the direct 
interaction between the development of the brain 
and the basicranium, both on individual and spe
cies levels. Examples of this integrated approach 
can be found in a few preliminary studies 
(Dabelow, 1931; Hofer, 1963b), which lack, how
ever, the quantitative and systematic, longitudinal 
elements to be conclusive.

6.4.4 Planar stability of the semicircular ca
nals.

From the available evidence it seems likely that 
the characteristic shape of the human labyrinth is, 
at least in part, the consequence of the neuro-de- 
velopmental processes that result in the uniquely 
expanded brain of humans. The hypothesis that 
phylogenetical changes in brain morphology re
sult in the deformation of specific aspects of the 
labyrinth has been proposed by Werner (1933) 
with respect to orientations in the sagittal plane. 
Using the name 'mechanische Dislokations
theorie' Werner describes the tilted or rotated ori
entations of labyrinthine structures relative to the
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plane of the lateral canal in fishes and birds, and 
briefly refers to the influence of cerebral expansion 
on the primate labyrinth.

Werner (ibid.) also refers to a crucial aspect of 
the phenomenon that the labyrinth seems to de
form rather than simply move (e.g rotate) under 
the influence of external forces: the contrast be
tween parts that change in orientation or shape 
and parts that tend to preserve a more stable ori
entation in the cranium. The latter category con
cerns the planar orientations of the semicircular 
canals, and in the present study their stability is 
striking when comparing humans and the African 
apes (Table 6-7,6-8: the mean values of SG< ASCm, 
SG<PSCm, and ba-na<LSCm in these species dif
fer not more than four degrees).

If the differences in labyrinthine shape be
tween humans and the African apes are brought 
about by a diverse pattem of brain development 
prior to ossification of the otic capsule, this effect 
is apparently compensated for with respect to the 
planar orientations of the canals. That such com
pensatory mechanisms actually exist in humans is 
suggested by the ontogenetic movements of the 
human otic capsule in the transverse plane 
whereby an overall rotation of the labyrinth is 
counteracted by a rotation of the anterior canal in 
opposite direction (Bossy and Gaillard de Col- 
logny, 1965). In the same study a compensatory 
movement was found for the cochlea as well, and, 
interestingly, the angle concerned is not signifi
cantly different in adult humans and African great 
apes (Table 6-7: SG<COt).

From a biophysical point of view it is clear that 
the planar orientation of a semicircular canal is 
related to function (i.e. it determines the plane of 
optimum sensitivity), but it is less obvious why 
particular canal orientations in the cranium 
should be maintained. One can argue that as long 
as the three canals of each labyrinth have an ap
proximately perpendicular orientation among 
each other all possible angular head movements 
can be perceived, no matter what the orientation 
of the total vestibular organ in the cranium is.

Regarding the anterior and posterior semicir
cular canals, a possible cause of planar stability 
may be the relationship between each anterior 
canal and the contralateral posterior canal work

ing as a functional neurological unit (a push-pull 
pair). Drastic changes in planar orientation of the 
canals would disturb the interplay between the 
left and right vestibular organs, and therefore se
lective pressure may possibly result in stability.

Regarding the planar stability of the lateral 
semicircular canals, an extensive number of stud
ies have promoted a direct relationship with the 
natural head posture, and this concept forms the 
basis of 'the vestibular orientation method', which 
uses the plane of the lateral canal as the reference 
orientation in craniometric analyses (see Fenart 
and Pellerin [1988] for a review of this concept and 
the craniometric method). However, as yet there 
appears to be no experimental evidence, compar
ative behavioural observations or physiological 
reasons that unambiguously support a funda
mental link between the lateral canal orientation 
and head posture. Moreover, the functional anal
ysis of such a link is complicated by the fact that 
the physiological plane of maximum sensitivity of 
a canal differs from its anatomical plane (Estes et 
al, 1975; Blanks et al., 1985; Reisine et ai, 1988), due 
to hydrodynamical interaction between the three 
canals (Muller and Verhagen, 1988).

Planar stability of the semicircular canals is a 
biologically important phenomenon, but its func
tional significance should not be exaggerated, be
cause, for example, intraspecific variations of the 
planar orientations in humans of up to 30 degrees 
demonstrate that the functional limits imposed by 
the vestibular system are not very narrow (Section 
5.5). Moreover planar stabihty is predominantly 
observed between closely related species such as 
humans and African great apes, whereas in spe
cies with a more diverse cranial 'Bauplan' such as 
Pongo (Shea, 1985), and more clearly ceboids such 
as Alomtta, the planar orientations differ signifi
cantly (Table 6-7,6-8).

Finally, it should be noted that from a func
tional point of view the cochlear stabihty in the 
transverse plane observed between humans and 
the great apes is not understood, especially when 
it is realized that in the sagittal plane both the 
orientation and position of the cochlea show 
marked differences correlated with aspects of the 
basicranium.
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6.5 CONCLUSIONS

The results of the comparative morphological 
analysis of the human bony labyrinth lead to the 
following conclusions:
1. The dimensions of the primate labyrinth are 

correlated with body weight. If this effect is 
taken into account, humans are characterized by 
larger anterior and posterior semicircular canals 
and a somewhat smaller lateral canal than the 
great apes, and by a particular small lateral canal 
in comparison with other primate species. 
Moreover, the CT scans suggest that the lumen 
of the canals is especially wide in humans.

2. Estimates of the functionally more relevant di
mensions of the membranous ducts indicate 
that humans differ from the phylogenetically 
closest species, the African great apes, by having 
larger anterior and posterior ducts. These par
ticular duct sizes of humans may be related to 
the ability to balance the upright body in habit
ual bipedal locomotion through mechanisms 
such as the vestibulo-spinal reflexes.

3. With respect to spatial orientation of the laby
rinthine structures, humans are characterized 
by a lateral semicircular canal with a coronally 
oriented central axis in the transverse plane, and 
by aspects of the anterior and posterior canals 
and the cochlea that have a rotated orientation 
in the sagittal plane relative to the vestibule and 
the orientation of the lateral canal (clockwise 
rotation if viewing the lateral side of the left

labyrinth). In contrast, the planar orientations of 
the semicircular canals are not significantly dif
ferent in humans and the African great apes.

4. In the sagittal plane posterior parts of the 
human basicranium (i.e. the third part of the 
facial canal, the posterior petrosal surface, the 
basioccipital and the foramen magnum) show a 
'rotated' morphology relative to the anterior 
part of the cranial base, which is similar in char
acter to the rotated shape of parts of the human 
labyrinth. In the primate sample these labyrin
thine and basicranial orientations are correlated, 
and the human morphology is consistent with 
these correlations. The labyrintho-basicranial 
interrelations are most probably the result of the 
influence of the developing brain on both the 
otic capsule and the other aspects of the cranial 
base.

5. In the transverse plane the second part of the 
facial canal, the petrous part of the carotid canal 
and the posterior petrosal surface have a more 
coronal orientation in humans than in other pri
mates, a difference similar to the one observed 
for the lateral canal axis. The shared coronal 
orientation of the labyrinthine and basicranial 
structures may be the consequence of increased 
lateral expansion of the human cerebellum, but, 
as they are not interspecifically correlated, this 
mechanism would be specific for human ontog
eny.
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Appendix 6-1. The non-human primate specimens used in this study, giving their collection code and number, sex (ma: male, fe: 
female), and origin (w: wild range, z: zoo). BMNH: British Museum of Natural History, CFS: research collection of the author, DAA: 
Department of Anatomy, University of Amsterdam, DAG: Department of Anatomy, University of Groningen, HK: collection of Mr. 
H. Kemperman, MT: Museum voor Midden Afrika, Tervuren. RMNH: Rijksmuseum van Natuurlijke Historie, Leiden, RUU: 
University Museum of Utrecht (former collection of the Institute of Human Biology), ZA: Department of Anatomy and Human 
Biology, University of the Witwatersrand Medical School, Johannesburg.

Species number sex origin remarks

Pan troglodytes RMNH 1802/7 ma w
RUUA8 ma w
ZA1071 ma ?
DAG fe z soft tissue
CFS fe z soft tissue
RUU A32 fe w
HK ? z

Pan paniscus MT 27005 ma w
MT 26939 ma w
MT 15295 ma w
MT 13201 fe w
MT 26991 fe w
MT 27012 fe w

Gorilla gorilla DAG ma w
RUUA1 ma w
DAA 1891-7 ma w
RMNH 1802/17 fe w
RUUA6 fe w
DAA 1919-46 fe w

Pongo pygmaeus DAG ma ?
RMNH 288.3 ma w
RMNH 285 ma w
DAA 1914-21 fe w
RMNH 1787 fe w
RMNH 288.9 fe w
ZA93 fe ?

Hylobates symphalangus RMNH 4617 ma w
RMNH 4675 fe w

H.moloch RMNH Buett 14 ma w
H.pileatus RMNH 962 fe w
Macaca fascicularis CFS (cryo) ma z soft tissue

CFS ma z
CFS fe w

Nasalis larvatus RMNH cat.a ma w
Papio ursinus CFS fe w
Theropithecus gelada RMNH cat.a ma w
Mandrillus sphinx RMNH 629 ma w
Dinopithecus ingens SK599 ma w fossil

Lagothrix lagothricha CFS ? z
Alouatta seniculus RMNH 12520 ma w
Saimiri sciureus CFS ? z

Propithecus diadema RMNH cat.g ma w
Indri indri RMNH cat.g ma w
Megaladapis edwardsi BMNH M13898 ? w subfossil
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Appendix 6-2. The labyrinthine dimensions in millimeters of species represented by multiple specimen (n). See the fold-out sheet 
at the end of this dissertation for the species codes and the abbreviations of the measurements. The radius of curvature R is calculated 
as (h+w)/4.

ASC ASC
h w

ASC
R

PSC
h

PSC
w

PSC
R

LSC
h

LSC
w

LSC
R

CO
h

CO
w

CO
R

Homo sapiens (n=53)
mean 6.0 6.9 3.2 6.5 6.1 3.1 4.2 4.8 2.3 5.2 3.8 2.3

SD 0.54 0.49 0.24 0.72 0.58 0.31 0.47 0.44 0.21 0.31 0.28 0.13

Pan troglodytes (n=7)
mean 4.9 6.1 2.7 5.6 5.5 2.8 4.7 5.1 2.5 4.9 3.3 2.0

SD 0.42 0.43 0.20 0.71 0.38 0.25 0.45 0.61 0.25 0.39 0.45 0.20

Pan paniscus (n=6)
mean 4.6 5.7 2.6 4.9 5.2 2.5 4.4 5.1 2.4 4.8 3.4 2.0

SD 0.32 0.46 0.19 0.31 0.40 0.16 0.44 0.34 0.18 0.31 0.39 0.17

Gorilla gorilla (n=6)
mean 4.8 6.8 2.9 6.4 5.8 3.0 6.1 6.1 3.0 4.9 3.4 2.1

SD 0.36 0.41 0.15 0.55 0.60 0.28 0.62 0.41 0.25 0.67 0.32 0.24

Pongo pygrmeus (n=7)
mean 4.5 6.3 2.7 5.2 5.0 2.5 4.5 5.1 2.4 4.9 3.5 2.1

SD 0.51 0.66 0.25 0.47 0.42 0.21 0.34 0.25 0.11 0.51 0.40 0.21

Hylobates symphalangus (n=2) 
mean 5.6 6.5 3.0 5.8 5.5 2.8 5.1 5.3 2.6 4.3 2.8 1.8

SD 0.00 0.14 0.04 0.35 0.07 0.07 0.14 0.28 0.11 0.14 0.00 0.04

Macaca fasdcularis (n=3)
mean 4.4 5.1 2.4 4.4 4.6 2.2 4.0 4.4 2.1 3.5 2.3 1.5

SD 0.29 0.44 0.16 0.40 0.26 0.17 0.49 0.30 0.19 0.15 0.15 0.07

Appendix 6-3. The shape indices (h/w x 100) of the semicircular canals and the cochlea, the relative sizes of the semicircular canals 
(%R: the radius of curvature of each canal given as a percentage of the sum of the three radii), and the transverse and sagittal 
labyrinthine indices (TLI and SLI) for species represented by multiple specimens (n). See the fold-out sheet at the end of this 
dissertation for the species codes and the abbreviations of the measurements.

ASC
h/w

PSC
h/w

LSC
h/w

CO
h/w

ASC
%R

PSC
%R

LSC
%R TLI SLI

Homo sapiens mean 87 107 89 136 37 36 26 42 51
(n=53) SD 4.6 7.6 7.0 8.6 1.3 1.9 1.9 5.2 7.1

Pan troglodytes mean 80 102 92 151 34 35 31 27 44
(n=7) SD 4.5 10.5 5.1 12.2 1.7 1.2 2.0 5.3 4.6

Pan paniscus mean 81 93 87 145 35 34 32 17 36
(n=6) SD 3.8 5.8 6.1 9.7 1.4 0.6 1.4 3.5 3.4

Gorilla gorilla mean 71 109 101 143 32 34 34 23 48
(n=6) SD 5.9 4.8 6.2 12.3 1.1 1.5 1.2 4.2 5.7

Pongo pygmaeus mean 73 104 89 139 35 33 31 26 35
(n=7) SD 8.8 7.2 7.7 12.5 2.2 1.4 1.7 2.3 10.0

Hylobates symphalangus mean 86 106 96 154 36 33 31 24 42
(n=2) SD 1.9 7.9 2.5 5.1 0.5 0.0 0.5 2.7 5.3

Macaca fasdcularis mean 87 95 92 149 35 33 31 19 43
(n=3) SD 6.1 3.6 7.0 4.2 1.2 0.8 0.6 1.3 6.8
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Appendix 6-4. Labyrinthine angles in the transverse plane given in degrees for species represented by multiple specimen (n). +: 
PSCs less coronal than PSCi is given as positive value, more coronal as negative value. See the fold-out sheet at the end of this 
dissertation for the species codes and the abbreviations of the measurements.

SG<
ASCm

SG<
PSCm

ASCm<
PSCm

SG<
COt

SG<
LSCt

PSCm<
LSCt

SG<
PSCs

PSCs<
PSCi(+)

Homo sapiens n 50 50 53 50 50 53 50 53
mean 36 139 104 113 110 30 127 -9

SD 4.9 5.4 5.19 5.4 5.7 4.98 5.7 4.5

Pan troglodytes mean 37 139 102 117 128 11.1 137 7
(n=7) SD 2.4 3.5 3.9 9.0 4.4 4.1 4.3 3.9

Pan paniscus mean 38 142 104 118 125 16.8 137 6
(n=6) SD 5.5 6.0 4.5 10.2 4.9 3.1 4.2 2.9

Gorilla gorilla mean 39 139 101 115 126 13.1 134 2
(n=6) SD 3.5 7.3 9.2 4.4 5.9 3.9 5.0 1.1

Pongo pygmaeus n 6 6 7 6 6 7 6 7
mean 42 147 107 121 130 17.5 141 8

SD 3.5 5.6 5.2 8.0 4.2 3.2 7.2 5.1

Hylobates symphalangus mean 41 143 103 120 128 15.4 137 -8
(n=2) SD 0.1 2.0 1.9 2.1 0.9 1.1 1.2 0.5

Macaca fascicularis mean 42 143 101 119 127 16 142 2
(n=3) SD 4.0 4.2 1.4 4.3 4.9 0.9 8.8 1.8

Appendix 6-5. Labyrinthine angles in the sagittal plane given in degrees for species represented by multiple specimen (n). See the 
fold-out sheet at the end of this dissertation for the species codes and the abbreviations of the measurements.

LSCm< LSCm< LSCm< LSCm< ba-na< ba-na< ba-na< ba-na< ba-na<
CCR APA COs VC LSCm CCR APA COs VC

Homo sapiens
n 53 53 53 53 50 50 50 50 50

mean 121 41 59 151 -10 111 31 49 -39
SD 4.0 4.7 5.1 6.1 5.4 5.6 5.7 6.0 7.5

Pan troglodytes 
n 7 7 7 7 6 6 6 6 6

mean 106 35 39 142 -6 100 29 32 -45
SD 1.6 2.2 6.2 5.9 4.0 4.7 5.6 6.5 3.3

Pan paniscus (n=6) 
mean 111 31 35 141 -10 101 21 25 -49

SD 2.6 1.8 2.3 3.2 5.4 4.7 5.9 5.0 4.9

Gorilla gorilla
n 6 6 6 6 5 5 5 5 5

mean 106 33 42 136 -10 96 23 32 -52
SD 3.4 2.5 1.6 6.0 4.3 3.2 5.5 4.7 5.3

Pongo pygmaeus 
n 7 7 7 7 6 6 6 6 6

mean 104 27 33 135 -2 102 25 31 -47
SD 4.1 5.6 6.7 4.7 8.3 7.2 5.9 5.0 6.8

Hylobates symphalangus (n=2) 
mean 111 30 34 144 1 112 31 36 -35

SD 8.3 3.2 2.1 0.3 1.3 9.5 1.9 0.8 0.9

Macaca fascicularis 
n 3 3 3 3 2 2 2 2 2

mean 102 34 38 144 -3 97 32 35 -39
SD 3.0 1.7 3.4 1.8 4.0 2.9 6.3 8.2 6.5
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Appendix 6-6. The orientations in degrees of the facial and carotid canals and the petrosal surface in the transverse and the sagittal 
plane of the cranium (relative to SG and ba-na respectively) for species represented by multiple specimen (n). See the fold-out sheet 
at the end of this dissertation for the species codes and the abbreviations of the measurements.

SG<
CC

SG<
FC2

SG<
PPsp

SG<
PPip

ba-na<
FC3

ba-na < 
PPa

ba-na<
PPp

Homo sapiens mean 123 147 128 125 67 -54 52
(n=50) SD 4.8 4.2 5.3 4.4 6.1 5.5 6.9

Pan troglodytes n 7 7 7 7 6 6 6
mean 140 156 135 132 48 -51 28

SD 3.9 5.7 4.8 5.2 10.6 6.8 8.0

Pan paniscus mean 130 154 140 137 47 -58 26
(n=6) SD 4.9 3.7 7.2 7.4 9.3 4.2 4.9

Gorilla gorilla n 6 6 6 6 5 5 5
mean 141 150 141 138 59 -47 28

SD 4.9 4.1 9.5 6.7 9.5 3.5 7.2

Pongo pygmaeus n 5 6 6 6 6 6 6
mean 142 157 147 146 49 -64 21

SD 6.1 6.2 5.0 4.1 8.6 2.7 5.2

Hylobates symphalangus mean 140 159 148 148 45 -61 21
(n=2) SD 6.5 3.5 3.7 0.7 3.1 0.3 1.9

Macaca fascicularis n 3 3 1 3 2 2 2
mean 127 161 154 151 39 -64 36

SD 2.2 2.8 9.8 15.4 5.9 7.2

Appendix 6-7. Basicranial angles (in degrees), cranial dimensions (in millimeters) and the relative cranial breadth (ra-ra/ba-na x 
100) for species represented by multiple specimen (n). See the fold-out sheet at the end of this dissertation for the species codes and 
the abbreviations of the measurements.

ra-ra/
ba-s-na ba-s-fc o-ba-s o-ba-cliv na-op na-ba ra-ra sm-sm na-ba

Homo sapiens
n 48 48 48 50 48 49 49 48 49

mean 132 137 131 126 177 100 122 82 123
SD 4.9 4.9 6.4 6.25 8.9 5.1 6.2 5.1 7.0

Pan troglodytes
n 7 7 7 7 5 5 5 5 5

mean 159 154 123 125 133 97 115 64 119
SD 5.0 3.6 4.7 5.5 5.6 3.8 4.7 2.1 5.5

Pan paniscus (n=6) 
mean 158 148 119 122 123 91 107 60 117

SD 8.1 9.0 6.5 7.3 1.0 2.8 3.2 2.6 3.3

Gorilla gorilla (n=5) 
mean 170 154 118 120 166 120 130 78 108

SD 4.7 3.6 8.1 9.4 9.7 7.0 7.6 3.8 3.7

Pongo pygmaeus (n=6) 
mean 175 159 122 125 131 98 121 73 123

SD 7.1 6.4 9.4 9.5 7.3 8.3 17.5 13.8 8.2

Hylobates symphalangus (n=2) 
mean 175 173 127 128 % 77 77 48 100

SD 1.4 0.1 4.7 2.5 3.5 4.2 7.1 3.5 3.7

Macaca fascicularis (n=2) 
mean 176 173 132 133 81 58 59 35 102

SD 3.4 0.6 0.6 1.5 10.1 7.2 5.7 2.5 2.9
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Appendix 6-8. The orientations in degrees of the facial and carotid canals (FC2, FC3, CC), the posterior petrosal surface (PPip, PPp), 
the basioccipital (ba-s, cliv) and the foramen magnum (o-ba) to planar orientations of the semicircular canals (transverse plane: 
ASCm, sagittal plane: LSCm) for species represented by multiple specimen (n). See the fold-out sheet at the end of this dissertation 
for the species codes and the abbreviations of the measurements.

ASCm< ASCm< ASCm< LSCm< LSCm< ba-s< cliv< o-ba<
CC FC2 PPip FC3 PPp LSCm LSCm LSCm

Homo sapiens
n 50 52 53 52 53 48 50 50

mean 87 112 90 77 62 -39 -43 10
SD 6.25 4.99 5.92 6.8 7.9 6.1 6.2 7.9

Pan troglodytes
n 7 7 7 7 7 6 6 6

mean 103 119 95 56 34 -19 -17 39
SD 4.3 6.9 4.8 11.2 8.9 5.1 4.9 5.1

Pan paniscus (n=6) 
mean 93 117 99 56 36 -23 -21 37

SD 6.0 5.2 9.4 12.1 7.1 4.5 5.1 8.1

Gorilla gorilla
n 6 6 6 6 6 5 5 5

mean 102 111 100 68 37 -16 -13 46
SD 7.9 5.6 5.3 9.1 10.2 5.0 6.2 5.7

Pongo pygmeus
n 6 7 7 7 7 6 6 6

mean 103 116 104 50 23 -5 -2 53
SD 5.8 5.2 6.7 13.4 8.1 9.2 8.7 15.5

Hylobates symphalangus (n=2) 
mean 99 118 107 43 20 -2 -0 52

SD 6.4 3.4 0.6 4.4 3.2 0.1 2.0 4.5

Macaca fascicularis
n 3 3 3 3 3 2 2 2

mean 85 119 109 43 39 -5 -5 43
SD 4.8 2.9 6.9 8.2 8.0 1.8 3.8 2.3
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CHAPTER 7. THE BONY LABYRINTH OF FOSSIL HOMINIDS

Abstract. The morphology of the bony labyrinth in 20 hominid fossils is described, with 
particular respect to those features that distinguish modern humans from other pri
mates and are thought to be associated with locomotor behaviour, basicranial shape 
and brain development. The sample includes specimens attributed to Australopithecus 
africanus, A. robustus, Homo aff. habilis and H. erectus, as well as some previously 
undescribed petrous bones from Sterkfontein and Makapansgat (South Africa). The 
phylogenetic development of the hominid labyrinth and associated basicranial struc
tures is discussed on the basis of comparative morphology, and it is found that 
specimens in the sample represent a complete transitional series from the great ape-like 
labyrinthine morphology in the australopithecines to the modem human-Uke morphol
ogy in H. erectus. However, the labyrinth in the H. aff. habilis specimen (Stw 53) is an 
unlikely intermediate between australopithecines and H. erectus morphologies, as it is 
characterized by semicircular canal proportions unique among the large-bodied hom- 
inoids. The evidence from the semicircular canal proportions of the hominid labyrinths 
indicates that bipedal behaviour of australopithecines and H. aff. habilis was less 
specialized than that of modern humans, and suggests that the locomotor repertoire of 
these hominid taxa included a substantial quadrupedal (arboreal) component.

7.1 INTRODUCTION

In his analysis of the Taung child Dart (1925) 
concluded on the basis of the position of the fora
men magnum that the species he named Aus
tralopithecus africanus had an erect body posture 
and was bipedal in its locomotor behaviour. The 
finds of adult cranial and especially postcranial 
australopithecine fossils by Broom in the 1930s 
and 40s showed that Dart was correct in his con
clusion, but at the same time comparative prima- 
tological studies have questioned the reliability of 
the original evidence, the position of the foramen 
magnum, as an indicator of body posture 
(Dabelow, 1931; Schultz, 1955; Biegert, 1957; 1963; 
Dmoch, 1975; 1976). Analyses of the postcranial 
fossils from Hadar and the hominid footprints at 
Laetoli initially strengthened the view that austra
lopithecines were fully bipedal, and functionally 
similar to modern humans, but later studies have 
suggested that arboreal climbing perhaps made 
up a substantial part of their locomotor repertoire 
as well (see e.g. McHenry [1991] for a review). The 
discovery of the OH 62 partial skeleton, assigned 
to Homo habilis (Johanson et al., 1987), has further 
contributed to the current uncertainty over the 
nature of early hominid locomotion, because the 
postcranial parts show a suite of unexpectedly 
primitive characters (op cit.; Hartwig-Scherer and 
Martin, 1991). On the other hand, there appears to 
be general consensus that hominids attributed to 
Homo erectus (sensu lato) as well as subsequent 
species, were fully and exclusively bipedal, a view

consolidated by the find of the 1.6 my old skeleton 
KNM-WT 15,000 (Brown et al, 1985; Walker, 1993).

The postcranial morphology will most cer
tainly remain the prime source of information 
about locomotor behaviour of fossil species, but in 
the face of the ambiguous evidence regarding 
early hominids, it is interesting to shift attention 
from the 'production' of movement to its percep
tion by the vestibular apparatus. In the previous 
chapter it has been shown that the bony labyrinth 
of modem humans differs consistently from that 
of the great apes and other primates, both with 
respect to its size and shape. Modem humans 
have relatively and absolutely larger vertical 
semicircular canals than the great apes, and it has 
been argued that this may be part of the morpho
logical adaptations related to the ability of modern 
humans to maintain their erect body posture (Sec
tion 6.4.2e). Other differences, concerning the ori
entation of labyrinthine structures, are associated 
with characteristic features of the human cranial 
base, such as the coronally oriented petrous pyra
mids and the strong sagittal flexion, and are pos
sibly the consequence of patterns of neural 
development that lead to the greatly expanded 
human brain (Section 6.4.3).

Since modem humans among primates have a 
unique labyrinthine morphology, it can be ex
pected that the evolutionary history of this struc
ture, as inferred from the hominid fossil record, 
will be characterized by clear morphological 
changes. The analysis of the phylogenetic pattern
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shown by those features of the hominid labyrinth 
that are thought to be related to locomotor behavi
our may provide evidence regarding the emer
gence of habitual bipedalism. Any such evidence 
is of special importance because it is based on a 
biological system completely different from the 
postcranial skeleton. Moreover, by studying the 
phylogeny of the hominid labyrinth the interrela
tions between the labyrinth, the basicranial mor
phology and the developmental processes of the 
brain can be further explored. Finally, analyzing 
the hominid labyrinthine morphology may con
tribute, like any newly investigated morphologi
cal area, to a better understanding of the 
relationship between hominid taxa.

As a consequence of its relatively inaccessible 
location inside the petrous pyramid, the bony lab
yrinth of fossil hominids has not been studied 
before. In fractured fossil petrous pyramids parts 
of the labyrinth may be revealed (Delattre and 
Fenart, 1960; Rak and Clarke, 1979), but this gives 
no relevant information about their complex 
three-dimensional shape, and attempts to study 
the internal morphology of the temporal bone by 
radiography and traditional tomography have 
not been successful because of the super- 
impositioning of structures and the high density 
of the fossils (Kindler, 1960; Kindler and Kiefer, 
1963; Price and Molleson, 1974; Hotton et al., 1976; 
Wind, 1984; Wind and Zonneveld, 1985). Whereas 
the first applications of computed tomography 
did not render the required image quality to assess 
the labyrinth (Wind, 1980; 1984), later studies

using high-resolution computed tomography 
(CT) proved that all labyrinthine structures can be 
equally well visualized in fossil and extant speci
mens (Chapter 2; Wind, 1985; Zonneveld and 
Wind, 1985; Wind and Zonneveld, 1989; Silipo et 
al, 1991; Spoor 1992; Spoor and Zonneveld, 1993). 
On the basis of this technique the present study 
qualitatively and quantitatively describes the lab
yrinths in 20 hominid fossils, including specimens 
assigned to A. africanus, A. robustus, H. aff. habilis 
and H. erectus, as well as some specimens that are 
non-attributed and undescribed.

The primary objective of the analysis of the 
hominid fossils is to describe the labyrinthine 
morphology in the established taxa by making 
comparisons with the morphology in modem hu
mans and the extant great apes. Subsequently, the 
labyrinths in the non-attributed specimens are as
sessed and their relationship with the attributed 
hominid fossils is considered. On the basis of the 
total fossil and extant hominoid evidence the phy
logeny of the hominid bony labyrinth is discussed, 
in particular with respect to those features that 
characterize the modem human morphology (i.e. 
when did specific characters emerge, and in which 
taxon?). The phylogenetic changes of the semicir
cular canal morphology are discussed in relation 
to locomotor behaviour, and to habitual bipedal
ism in particular, and comparison is made with 
the evidence from the postcranial fossil record. 
Both in the descriptions and the discussion of the 
hominid labyrinths the relationship with other 
aspects of the cranial base is considered.

7.2 MATERIALS AND METHODS

7.2.1 Specimens.
The twenty hominid fossils analyzed in this 

study are listed in Table 7-1, and the extant com
parative sample consists of the human specimens 
analyzed in Chapters 5 (Appendix 5-1), and the 
great apes assessed in Chapter 6 (Appendix 6-1).

Four of the fossils are juvenile specimens 
(Taung, MLD 31, Stw 158, Stw 329) and one is 
adolescent (SK 47). In Chapter 5 it has been con
cluded that the labyrinthine morphology of 
human infants is not different from that of adults, 
and similar observations were made for the 
guinea pig, the rat, the African mole-rat and the 
domestic cat (De Burlet, 1936; Curthouys et al, 
1982; Lindenlaub and Burda, 1993). Moreover, 
preliminary comparisons of immature specimens 
of Pan troglodytes (two specimens, ten months and 
three years old, studied with CT and cryosection-

ing), and Saimiri sciureus (three dissected neonatal 
specimens) do not suggest any significant differ
ences in labyrinthine size or shape from the adult 
morphology. Hence, it seems justified to consider 
the labyrinths of the four immature hominid spec
imens adult in their morphology, in particular 
because the presumed underlying cause, total os
sification of the otic capsule before birth, is a gen
eral phenomenon among mammals (Hyrtl, 1845).

7.2.2 Scanning procedure
The method and protocol of scanning the fos

sils are similar to those described for the extant 
species in Sections 5.2 and 6.2. All specimens were 
scanned using a Philips Tomoscan 310/350 at the 
locations listed in Table 7-1. The fossil specimens 
were scarmed using an extended Hounsfield scale 
by modifying the scanner software or by applying
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Table 7-1. Hominid fossils analyzed in this study. The site and stratigraphical position, and the place of CT examination are indicated. 
For those fossils from Sterkfontein that have not been published only the excavation coordinates are given (association with Member 
4 or 5 uncertain).

Specimen no. Site CT examination

MLD 31 Makapansgat, dump Rosebank Clinic, Johannesburg
MLD 37/38 Makapansgat, Member 4 Johannesburg Hospital
OH9 Olduvai Gorge, Upper Bed II Utrecht University Hospital
Sangiran 2 Kabuh formation, Java Blasel & Blasel, Offenbach
Sangiran 4 Pucangan formation, Java Blasel & Blasel, Offenbach
SK46 Swartkrans, Member 1 Rosebank Clinic, Johannesburg
SK47 Swartkrans, Member 1 Rosebank Clinic, Johannesburg
SK48 Swartkrans, Member 1 Rosebank Clinic, Johannesburg
SK 847 (846B) Swartkrans, Member 1 Rosebank Clinic, Johannesburg
SK 879 Swartkrans, Member 1 Rosebank Clinic, Johannesburg
Sts 5 Sterkfontein, Member 4 Johannesburg Hospital
Sts 19 Sterkfontein, Member 4 Rosebank Clinic, Johannesburg
Stw 53d,g Sterkfontein, Member 5 Johannesburg Hospital

Rosebank Clinic, Johannesburg
Stw 98 Sterkfontein, T/46 6'0"-7'0" Rosebank Clinic, Johannesburg
Stw 158 Sterkfontein, Aa/49 4,2"-5'2" Rosebank Clinic, Johannesburg
Stw 255 Sterkfontein, W/46 24'10"-25T0" Rosebank Clinic, Johannesburg
Stw 266A Sterkfontein, V/46 24'9"-25'9" Rosebank Clinic, Johannesburg
Stw 329 Sterkfontein, U/42 9'0,,-10'0” Rosebank Clinic, Johannesburg
Taung Taung Johannesburg Hospital
TM 1517 Kromdraai, B Rosebank Clinic, Johannesburg

a special aluminium calibration to avoid overflow 
artefacts caused by the high density of the miner
alized bone and/or the attached matrix. These 
and other specific aspects of scanning hominid 
fossils are discussed in Chapter 2, Zonneveld and 
Wind (1985) and Spoor and Zonneveld (1993), and 
will not be reviewed here.

In contrast to the extant specimens the fossils 
were not only scanned in the transverse and sagit
tal plane, but also in the coronal plane (perpendic
ular to the Frankfurt horizontal plane), which 
aided in the analysis of those fossils in which the 
fossilization obscures aspects of the morphology 
(however, no measurements are taken from these 
scans). The transverse scan series of the Taung 
child is incomplete, with approximately three 
slices missing at the superior end.

The isolated fossil petrous pyramids were 
scanned mounted in an especially designed plex
iglass sphere, which allows the specimen to be 
oriented in every possible plane. In the case of 
these specimens and the more complete speci
mens with a dislocated petrous pyramid (SK 46, 
TM 1517) the correct orientation of the scan plane 
is estimated using the external morphology, fol
lowed by subsequent adjustments on the basis of 
the internal morphology shown in a few provi
sional scans. In the case of the transverse plane the 
aim was to scan parallel to the plane of the lateral 
canal, in which case a single scan images the full 
extent of the canal's arc. The sagittal plane is per

pendicular to the transverse plane (i.e. to the plane 
of the lateral canal) and parallel to the axis of the 
common crus (which thus appears in full length 
in a single scan). Following the scanning protocol 
applied to all extant hominoids (Sections 5.2.1, 
6.2.1) overlapping scans were made in the trans
verse plane at the level of the lateral canal, and in 
the sagittal plane at the level of the common crus. 
These overlapping scans made it possible to check 
that the scan plane was indeed parallel to the two 
structures. Moreover, the correct orientation of the 
specimen in the scanner could subsequently be 
checked on the basis of the three-dimensional re
construction prepared from the scans, and if nec
essary the scans were repeated (for this reason Stw 
53g and TM 1517 were scanned in 1985 and again 
in 1990). Finally, scans in the coronal plane were 
made perpendicular to the sagittal plane and 
under an anteriorly facing angle of approximately 
70 degrees to the transverse plane.

7.2.3 Analysis
The qualitative and quantitative analyses of 

the CT scans are similar to those described in 
Section 6.2 for the extant primates. In qualitative 
comparisons of the labyrinth and aspects of the 
cranial base the terms 'vertical' or 'upright' are 
used for orientations in the sagittal plane, with the 
broad meaning of being approximately perpen
dicular to any transverse plane (e.g. the Frankfurt 
horizontal or nasion-biporionic planes). Likewise,
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Figure 7-1. Transverse CT scans at the level of the lateral semicircular canal of a. San 2 (right side; labyrinth matrix-filled), b. Stw 
53g, c. Sts 19 (left side; note the air pocket in the caldte-filled vestibule) and d. SK 879. A: anterior, M: medial. All imaged as left 
labyrinths (superior view). Structures as labelled in Fig. 4-lf. Scale is 10 mm.

the term 'coronaüy-oriented' is used for structures 
in the transverse plane with the meaning of being 
oriented towards the intersection of the coronal 
and transverse planes.

The dimensions, orientations and indices of 
the labyrinth and other parts of the petrous pyra
mid measured from the CT scans are defined in 
Section 4.3 and Figure 4-4, and shown in diagrams 
on the fold-out sheet at the end of this dissertation. 
This sheet also lists the species codes and the 
abbreviations of the measurements used in the 
tables and the figures. The midsagittal basicranial 
landmarks are shown in Figure 5-1. Orientations 
of surfaces (i.e. of the petrous pyramid or the 
clivus) concern the cross-sectional orientation of 
these surfaces in transverse or sagittal scans.

The angles (calculated between two orienta
tions) are projected onto the transverse or the 
sagittal plane, and are referred to as transverse 
and sagittal angles respectively. In the text and the 
tables angles are indicated by giving the abbrevi
ations of the two orientations on which they are 
based, separated by the "<" symbol. Which angle

between two orientations is listed in the tables is 
shown in fold-out diagrams g and h and described 
their caption.

The method of taking the measurements from 
the scans of fossil specimens is in most cases not 
different from that described for extant specimens 
(Section 4.2.2), and fossilization has no inherent 
diminishing effect on the measurement accuracy 
(Spoor et al., 1993). If labyrinths are filled with 
calcite a contrast reversal occurs in the CT scans, 
and the pixels representing the lumen have higher 
CT numbers than the surrounding bone, whereas 
they have lower CT numbers in air-filled or liquid- 
filled labyrinths. Hence, the calcite-filled lumen 
appears in the scans in lighter grey tones than the 
surrounding bone, and the exact centre is repre
sented by the maximum rather than the minimum 
CT number, assuming that the calcite filling is 
homogeneous. Owing to the nature of calcite de
position the latter is generally the case, but other 
types of matrix filling may be heterogeneous, 
which is shown by irregularity of the density dis
tribution in the lumen. In such cases, mentioned
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Figure 7-2. Sagittal CT scans at the level of the common crus of a. San 2 (right side; note air pocket in matrix-filled common crus), 
b. Stw 53g, c. Sts 19 (left side; labyrinth calcite filled) and d. SK 879 (arrow head: matrix in the middle part of the common crus). 
All imaged as left labyrinths (lateral view). A: anterior, S: superior. Structures as labelled in Fig 4-2e. Scale is 10 mm.

in the next section, the centre of the lumen was 
estimated, which results in a small reduction of 
the measurement accuracy (Section 3.4.4; see Sec
tion 4.5 for a discussion of the accuracy and preci
sion of the measurements). Images of labyrinths 
that are filled with both matrix and air show two

completely different contrasts (for the bone-air 
and the bone-matrix interfaces), which can only be 
analyzed accurately on a viewing console using 
two distinct window settings (hence, such speci
mens cannot be studied from hard copies of the 
scans).

7.3 SPECIMEN PRESERVATION

This section briefly describes the state of pres
ervation of the bony labyrinth in each of the fos
sils. A selection of CT scans of fossil hominid 
temporal bones is shown in Figures 7-1 (trans
verse scans) and 7-2 (sagittal scans), to demon
strate the different types of fossilization 
encountered.

MLD 31 is an undescribed juvenile temporal 
bone, that is listed in the Catalogue of Fossil Hom- 
inids as 'probably not hominid' (Tobias et al, 1977:

p. 110; immaturity indicated by the tympanic and 
squamosal morphology). The labyrinth is intact, 
and with the exception of the vestibule, the widest 
part of the cochlear basal turn and the most pos
terior part of the posterior semicircular canal, the 
lumen is filled with matrix that is slightly less 
dense than the bone of the otic capsule. Central 
landmarks in the matrix-filled lumen had to be 
estimated due to heterogenity of the filling.
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Figure 7-3. a. Coronal CT scan (frontal view) of the matrix-filled 
right temporal bone of MLD 37/38, at the level of the cochlea, 
b. similar scan of the air-filled right temporal bone of a modem 
human cranium. L: lateral, S: superior.
1. external acoustic meatus, 2. tympanic cavity, 3. internal 
acoustic meatus (anterior border), 4. endocranial cavity, 5. 
cochlea (the dark dot in the middle represents air in the second 
turn), 6. facial canal, 7. ascending part of the carotid canal, 8. 
promontory.

MLD37/38 preserves both labyrinths. All parts, 
except the right cochlea and the centre of both 
vestibules, are calcite-filled. In contrast with the 
observation by Conroy et al. (1990) there is no ear 
ossicle present in the right tympanic cavity. In the 
coronal scan presented in their study the cochlear 
lumen is interpreted as part of the tympanic cavity 
and the promontory is labelled as the handle of the 
malleus (Fig 7-3). CT scans of the petrous pyra
mids of this fossil are also shown in Zonneveld 
and Wind (1985) and in Chapter 2.

OH9 contains both labyrinths, but on the right 
side the superior part of the anterior semicircular 
canal is exposed due to erosion of the endocranial 
petrosal surface (as shown by e.g. Plate 2 of 
Rightmire [1979]). Both labyrinths are completely 
filled with matrix of lower density than the otic 
capsule. The interpretation of some transverse 
scans of OH 9 was hampered by frozen noise and 
beam hardening artefacts, but the relevant mor
phology could be assessed, although with a re
duced resolution, on the basis of multiplanar 
reformatted images derived from sagittal scans 
(See Spoor and Zonneveld [1993] for a detailed 
discussion of this phenomenon). A complete set of 
measurements could be obtained for the left laby
rinth only. CT scans as well as reconstructions of

the labyrinth of OH 9 are shown in Chapter 2 and 
Spoor and Zonneveld (1993).

Sangiran 2 has two undamaged labyrinths with 
vestibules and semicircular canals that are matrix- 
filled. The matrix is homogeneous and has a low 
density, but contains a few small spots of ex
tremely high density. The resulting overflow arte
facts could be suppressed in the scans of the right 
labyrinth, but not in those of the left one, from 
which, therefore, no measurements were taken. 
CT scans as well as reconstructions of the right 
labyrinth of Sangiran 2 are shown in Spoor and 
Zonneveld (1993).

Sangiran 4 only preserves the right labyrinth, 
which is irregularly filled with matrix of a density 
only slightly higher than the otic capsule. Addi
tional overlapping scans in the transverse plane 
were therefore necessary to come to a conclusive 
interpretation of some aspects of the morphology. 
Owing to the heterogenity of the matrix filling 
measurements of the cochlea and the lateral semi
circular canal were made by estimating the posi
tion of the landmarks. CT scans of the right 
temporal bone are shown in Wind (1984), al
though they do not clearly show the labyrinth.

SK 46 has a well-preserved, air-filled left laby
rinth. Although the medial wall of the right tym
panic cavity is present without notable 
deformation (Rak and Clarke, 1979), no structures 
of the right labyrinth can be identified on the CT 
scans

SK 47 has two labyrinths, but due to poor preser
vation of the left one only the morphology of the 
right labyrinth can be fully assessed. Its vestibule, 
common crus and cochlea are air-filled, and the 
other parts are filled with matrix denser than the 
otic capsule.

SK 48 preserves parts of the left labyrinth, but the 
fossil has been broken at the level of the vestibule 
and the two parts are not exactly in anatomical 
position (see Fig. 15 of Chapter 2). Consequently, 
only two angles in the sagittal plane could be 
measured.

SK 847, a composite cranium, includes a left tem
poral bone with the original registration number 
SK 846b. It contains a well-preserved, air-filled 
labyrinth.

SK 879 consists of a number of cranial and 
postcranial fragments, including a small part of a 
left petrous bone, which contains a well-pre
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served, air-filled labyrinth. Superiorly the anterior 
and posterior semicircular canals are partly ex
posed to the endocranial surface, and the common 
crus contains a small bone fragment. Hence, some 
measurements of the two vertical canals were 
made by estimating the landmarks. The medial 
tympanic wall of this petrous fragment has been 
described in Rak and Clarke (1979).

Sts 5 has two well-preserved labyrinths that are 
both calcite-filled with air pockets in each vesti
bule and the most lateral part of the left lateral 
semicircular canal. CT scans of the labyrinths of 
Sts 5 are shown in Zonneveld and Wind (1985), 
Wind and Zonneveld (1989) and Chapter 2.

Sts 19 contains two well-preserved labyrinths that 
are both calcite-filled with air pockets in the vesti
bules and the ampulla of the right lateral semicir
cular canal.

Stw 53d,g are the right and left temporal bones of 
the partial cranium Stw 53. The right petrous pyr
amid is internally fragmented, and shows only 
few aspects of the irmer ear morphology, but the 
left one contains a completely intact, air-filled lab
yrinth. A transverse CT scan of Stw 53g is shown 
in Zonneveld and Wind (1985).

Stw 98, 158, 255, 266A, 329 are five undescribed 
isolated temporal bone fragments from Members 
4 or 5 of Sterkfontein, which all contain well-pre
served, air-filled labyrinths. Bräuer and Mbua 
(1992) briefly refer to Stw 98 with respect to its 
mastoid fissure, and Smith (1986) describes the 
dentition of Stw 151, a specimen which probably 
belongs to the same individual as Stw 158 (G. 
Macho, pers. comm.). The latter association indi
cates that Stw 158 is an immature specimen (the 
petrous fragment itself is too small to be indicative 
in this respect). Stw 329 is also an immature spec
imen, as suggested by its squamosal and tympanic 
morphology.

Taung preserves the right labyrinth in the petrous 
fragment embedded in the natural endocast. The 
vestibule, the ampullae of the vertical semicircular 
canals, the common crus and the basal turn of the 
cochlea are air-filled with calcite-lined walls, and 
the other parts are completely calcite-filled. A CT 
scan and a schematic reconstruction of the laby
rinth are shown in Zonneveld and Wind (1985).

TM 1517 contains a left air-filled labyrinth, but 
most parts of the anterior and posterior semicircu
lar canals are eroded away, and there is a breakage 
through the vestibule and the common crus. Only 
very few measurements can be taken from this 
labyrinth.

7.4 DESCRIPTIONS AND COMPARISONS

The labyrinths of the specimens assigned to 
Australopithecus africanus (Taung, Sts 5, Sts 19, 
MLD 37/38), A. robustus (TM 1517, SK 46, SK 47, 
SK 48, SK 879), Homo aff. habilis (Stw 53g) and H. 
erectus (San 2, San 4, OH 9) are assessed with 
respect to the characters that distinguish the mod
em human morphology from that of the great 
apes and other primates. Those aspects of the 
cranial base that are associated with the labyrin
thine morphology in extant primates, such as the 
orientations of the endocranial petrosal surface 
and the clivus (Sechon 6.3.5), are also discussed.

Subsequently, the labyrinths of the seven spec
imens with less clear or undescribed affinities 
(MLD 31, SK 847, Stw 98, Stw 158, Stw 255, Stw 
266a, Stw 329) are reviewed. SK 847 has been 
included in the group of non-attributed fossils 
because there appears to be no consensus over its 
affinities, whereas the attribution of Stw 53 to "H. 
habilis or to a form closely related (H. aff. habilis)" 
(Hughes and Tobias, 1977: p. 312) has not been

challenged by alternative proposals. Reconstruc
tions of superior and lateral views of the laby
rinths of Sangiran 2, Stw 53g, MLD 31, Sts 5, SK 
879, and Stw 255 are shown together with those of 
modem humans and Pan troglodytes in Figure 7-4 
and 7-5 respectively.

The labyrinthine and basicranial measure
ments of all fossil specimens are given in Tables
7-2 to 7-5, together with the mean values of the A. 
africanus, A. robustus and H.erectus specimens, 
modem humans and the great apes. The values 
obtained for the left and right labyrinths of Sts 5, 
Sts 19 and MLD 37/38 are averaged. The 24 di
mensions of the three pairs of labyrinths differ on 
average 0.07 mm (range: 0.0-0.2 mm, SD: 0.05), and 
36 intralabyrinthine angles (Table 5-3: dataset C) 
of these pairs differ on average 2.1 degrees (range: 
0-6 degrees, SD: 1.5).

Intralabyrinthine angles (i.e. among labyrin
thine structures) obtained from the left and right 
side of Sts 19 are very similar, but the overall
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Figure 7-4. Reconstruction of the superior aspect of the labyrinths of a. Homo sapiens sapiens (characteristic modem human 
orientations indicated), b. Pan troglodytes, c. San 2, d. Stw 53g, e. Sts 5, f. SK 879, g. MLD 31 and h. Stw 255 (all imaged as left 
labyrinths). Labyrinths aligned according to the approximate planar orientations of the anterior and posterior semicircular canals. 
A: anterior, L: lateral. Scale is 10 mm.

116



PHYLOGENY

Figure 7-5. Reconstruction of the lateral aspect of the labyrinths of a. Homo sapiens sapiens (characteristic modem human orientations 
indicated), b. Pan troglodytes, c. San 2, d. Stw 53g, e. Sts 5, f. SK 879, g. MLD 31 and h. Stw 255 (all imaged as left labyrinths). Labyrinths 
aligned according to the orientation of the lateral semicircular canal (Fold-out diagram f: LSCm). A: anterior, S: superior. Scale is 
10 mm.
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Table 7-2. The height (h), width (w) and radius of curvature (R = [h+w]/4) of the semicircular canals and the basal turn of the 
cochlea. The mean values are given for modem humans, the great apes (see Appendix 6-2 for full statistics), Homo erectus, 
Australopithecus africanus and A. robustus (number of specimens in brackets). See the list in the back of this dissertation for the 
measurement abbreviations. Statistically significant difference from the mean of modem humans is indicated (*: P<0.05, **: P<0.01, 
***: P<0.001).

ASC
h

ASC
w

ASC
R

PSC
h

PSC
w

PSC
R

LSC
h

LSC
w

LSC
R

CO
h

CO
w

CO
R

Homo sapiens (53) 6.0 6.9 3.2 6.5 6.1 3.1 4.2 4.8 2.3 5.2 3.8 2.3
Pan troglodytes (7) 49*** 6.1*** 2.7 5.6” 5.5’ 2.8 4.7* 5.1 2.5 4.9* 3.3*** 2.0

Pan paniscus (6) 4.6**’ 5.7*** 2.6 49*** 5.2*** 2.5 4.4 5.1 2.4 4.8” 3.4*** 2.0

Gorilla gorilla (6) 4.8*** 6.8 2.9 6.4 5.8 3.0 6.1*** 6.1*” 3.0 4.9 3.4*** 2.1

Pongo pygmaeus (7) 4.5*** 6.3” 2.7 5.2’” 5.0”’ 2.5 4.5 5.1 2.4 4.9* 3.5* 2.1

H. erectus (3) 5.5 7.2 3.2 6.4 5.9 3.1 3.7 4.7 2.1 5.8” 4.1 2.5
OH 9 5.3 7.6 3.2 6.5 6.0 3.1 4.4 5.2 2.4 5.7 4.1 2.5
San 2 5.8 6.6 3.1 5.8 5.5 2.8 3.7 4.2 2.0 5.6 3.8 2.4
San 4 5.4 7.3 3.2 7.0 6.2 3.3 3.0* 4.8 2.0 6.0* 4.4* 2.6

H. aff. habilis
Stw 53g 5.1 6.4 2.9 5.5 5.7 2.8 5.4* 5.9* 2.8 4.7 3.0” 1.9

A. africanus (4) 4.2’*’ 5.4”* 2.4 5.2*** 5.0”* 2.6 3.8 4.9 2.2 5.1 3.8 2.2

MLD 37/38 4.9* 6.5 2.8 5.1 5.7 2.7 4.3 5.4 2.4 5.9* 4.2 2.5
Sts 5 4.1*** 5.4” 2.4 4.4” 4.9* 2.3 3.5 4.7 2.0 4.8 3.6 2.1

Sts 19 3.6**’ 5.2*” 2.2 5.3 4.7’ 2.5 3.8 4.8 2.1 4.5* 3.4 2.0

Taung 4.4** 4.7*** 2.3 5.9 5.0 2.7 3.7 5.0 2.2 5.2 4.2 2.4

A. robustus (3) 4.3*** 6.2* 2.6 5.3” 5.5 2.7 4.8 5.3* 2.5 5.0 3.3” 2.1

SK46 3.8*** 6.3 2.5 5.5 5.5 2.8 5.1 5.1 2.6 4.8 3.1* 2.0

SK47 4.5** 6.1 2.7 4.6* 5.1 2.4 4.4 5.1 2.4 5.1 3.4 2.1

SK 879 4.6* 6.3 2.7 5.7 6.0 2.9 5.0 5.5 2.6 5.1 3.4 2.1

MLD 31 4.4** 6.2 2.7 5.1 4.9* 2.5 4.4 4.2 2.2 4.6 3.5 2.0

SK 847 5.8 6.6 3.1 5.8 5.7 2.9 4.4 4.9 2.3 4.2” 3.1* 1.8

Stw 98 5.4 5.8’ 2.8 5.6 5.3 2.7 4.7 4.8 2.4 4.2* 3.6 2.0

Stw 158 4.6* 5.9 2.6 5.1 5.1 2.6 4.2 4.6 2.2 4.1” 2.9” 1.8

Stw 255 5.1 6.8 3.0 5.9 5.9 3.0 4.6 5.2 2.5 4.4 2.7*** 1.8

Stw 266a 5.0 6.8 3.0 6.0 6.0 3.0 4.6 5.2 2.5 4.5 2.7*** 1.8

Stw 329 4.2** 49*** 2.3 4.7* 4.9* 2.4 3.9 4.4 2.1 4.1” 2.5”» 1.7

orientation of the two petrous pyramids in the 
sagittal plane consistently differs by approxi
mately ten degrees, which is probably the result of 
some mild post-mortem deformation. Hence, the 
angles of the labyrinths to the clivus and the fora
men magnum are given for both the left and right 
sides as well as their mean (Table 7-6: cliv<LSCm, 
o-ba<LSCm). In the transverse plane there is no 
obvious deformation of the bilateral symmetry 
regarding the orientations of the petrous pyra
mids and the labyrinths (e.g. the transverse orien
tations of the left and right posterior petrosal 
surfaces to the estimated midsagittal plane 
[SG<PPip] differ by only three degrees). It is not 
surprising that the labyrinthine morphology of Sts 
19 shows no sign of post-mortem deformation 
because stress on the petrous pyramids would be 
absorbed by the fragile air cell surrounding the 
dense otic capsule, either before or after fossiliza-

don (the labyrinths of Sts 19 are almost completely 
calcite-filled, whereas a significant part of the sur
rounding pneumatization is air-filled).

Before describing the bony labyrinths of the 
fossil hominids the morphological features that 
distinguish the modem human labyrinth from 
that of the great ape species are briefly summa
rized to provide the comparative framework.

7.4.1 The modem human labyrinth
All features that characterize the modern 

human labyrinth are summarized in Table 7-6, and 
most are indicated in Figures 7-4a and 7-5a (see 
also Table 6-10 and Figure 6-11).
a) The size of the primate labyrinth is correlated 

with body weight (Section 6.3.2), and this effect 
must therefore be taken into account when com
paring labyrinthine dimensions in species with
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Table 7-3. The relative size of the radii of curvature of the semicircular canals, given as a percentage of their sum (%R), the relative 
height of the anterior canal given as a percentage of the width (h/w), and the transverse and sagittal labyrinthine indices (TLI, SLI). 
The mean values are given for modem humans, the great apes (see Appendix 6-3 for full statistics). Homo erectus, Australopithecus 
africanus and A. robustus (number of specimens given in brackets). See the list in the back of this dissertation for the measurement 
abbreviations.

ASC
%R

PSC
%R

LSC
%R

ASC
h/w TLI SLI

Homo sapiens (53) 37 36 26 87 42 51
Pan troglodytes (7) 34 35 31 80 27 44
Pan paniscus (6) 35 34 32 81 17 36
Gorilla gorilla (6) 32 34 34 71 23 48
Pongo pygmaeus (7) 35 33 31 73 26 35

H. erectus (3) 38 37 25 77 43 51
OH 9 37 36 27 70 34 43
San 2 39 36 25 88 49 48
San 4 38 39 23 73 46 61

H. aff. habilis
Stw 53g 34 33 33 80 18 33

A. africanus (4) 34 36 30 78 28 40
MLD 37/38 36 34 30 75 29 33
Sts 5 35 35 30 75 26 45
Sts 19 32 37 31 69 29 43
Taung 32 38 30 94 28 39

A. robustus (3) 34 34 32 69 22 38
SK46 32 35 33 60 21 38
SK 47 35 32 32 74 24 45
SK 879 33 35 32 73 22 32

MLD 31 36 34 29 71 33 64
SK 847 37 35 28 88 35 51
Stw 98 35 34 30 93 28 58
Stw 158 36 35 30 78 27 47
Stw 255 36 35 29 75 34 36
Stw 266a 35 36 29 74 31 28
Stw 329 34 36 31 85 30 54

diverse body size. Relative to body weight the 
sizes of the anterior and posterior semicircular 
canals of modem humans (indicated by their 
radius of curvature 'R') are larger than in the 
great apes, and the lateral semicircular canal is 
smaller (Figures 7-6 to 7-8). Similar proportions 
are shown if the 'relative semicircular canal 
sizes' are calculated (Table 7-3: the radius of 
curvature of each canal expressed as a percent
age of the stun of the three radii). The absolute 
size of the cochlea in modem humans is larger 
than in the great apes, but when the cochlear size 
is compared with body weight the pattern is not 
conclusive (Fig. 7-9).

b) Concerning the orientations of labyrinthine 
structures in the cranium the planar orientations 
of the semicircular canals in the transverse and 
sagittal planes (ASCm, PSCm, LSCm) are NOT 
different between modem humans and the Af
rican great apes, and neither is the transverse 
orientation of the basal turn of the cochlea (COt).

c) In the transverse plane the central axis of the 
lateral canal is more coronally oriented in hu

mans than in the great apes (Fig. 7-4a; Table 7-4: 
SG<LSCt). The intralabyrinthine angle that best 
expresses this difference is that between the lat
eral canal axis and the orientation of the poste
rior canal in the transverse plane (Table 7-4: 
PSCmcLSCt). Intralabyrinthine angles are im
portant to consider because no cranial reference 
orientations are available for the isolated tempo
ral bones among the hominid fossils.

d) The transverse labyrinthine index (TLI, see 
fold-out diagram c) simultaneously expresses 
the intralabyrinthine angle between the lateral 
canal axis and the posterior canal discussed 
under 'c', and the relative dimensions of these 
two canals, and optimally distinguishes be
tween the labyrinths of modem humans and 
other primates (Table 7-3: modem humans have 
much higher index values than great apes and 
other primates).

e) The torsion of the posterior semicircular canal 
in the transverse plane differs in modem hu
mans and the great apes. In modem humans the 
superior limb is more coronally-oriented than
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Table 7-4. Intralabyrinthine angles. The mean values are given for modem humans, the great apes (see Appendices 6-4 and 6-5 for 
full statistics). Homo erectus, Australopithecus africanus and A. robustus (number of specimens given in brackets). Value of the cochlear 
angle in SK 48 (LSCmcCOs) is an estimate only. +: PSCs less coronal than PSCi is given as positive value, more coronal as negative 
value. See the list on the fold-out sheet at the end of this dissertation for the measurement abbreviations. Statistically significant 
difference from the mean of modem humans is indicated (*: P<0.05, **: P<0.01, ***: PcO.OOl).

SG<
LSCt

PSCm<
LSCt

PSCs<
PSCi(+)

LSCm<
CCR

LSCm<
APA

LSCm<
COs

LSCm<
VC

Homo sapiens (53) 110 30 -9 121 41 59 151

Pan troglodytes (7) 128”* 11”* J*** 106**’ 35” 39’** 142***
Pan paniscus (6) 125”’ 17”* 6*** 111”* 31”* 35*’* 141***
Gorilla gorilla (6) 126”’ 13*** 2*** 106”* 33*** 42*** 136*”
Pongo pygmaeus (7) 130”* 18’” 8*** 104*’* 27*** 33**’ 135”*

H. erectus (3) 104 32 -10 120 38 58 156
OH 9 101 28 -9 119 33 53 154
San 2 110 30 -11 118 37 57 154
San 4 103 38 -9 124 45 63 161

H. aff. habilis
Stw 53g - 12” -14 121 35 47* 158

A. africanus (4) 124’” 11*** -8 111”* 33” 41»’* 140”
MLD 37/38 117 17» -5 112* 30* 43” 148
Sts 5 122* 14” -5 107*** 35 46* 131”
Sts 19 134’” 9*** -14 116 35 44” 138*
Taung - 5*” - 108” 33 31’*’ 144

A. robustus (3-5) _ 17*** 3’” 118 30” 42*** 144
SK 46 - 17* 3” 128 31* 39*” 152
SK47 127” 24 -1 118 31* 44” 135*
SK48 - - - 112* - (41)*’ -

SK 879 - 11**’ 8’” 113 29* 44** 146
TM1517 - - - - - 41*” 127***

MLD 31 _ 28 -1 121 49 63 151
SK 847 - 26 -15 119 40 68 146
Stw 98 - 12” -14 115 43 53 141
Stw 158 - 20 -1 119 40 54 146
Stw 255 - 34 -5 114 33 43” 140
Stw 266a - 30 -5 116 27” 41” 151
Stw 329 - 33 -11 125 43 56 151

the inferior limb, whereas the great apes show 
the reverse pattern (Fig. 7-4a; Table 7-4: 
PSCs<PSCi).

f) In the sagittal plane the human labyrinth is 
characterized by a more posteriorly-tilted com
mon crus, by a more vertically inclined ampullar 
line, and a cochlea with an apex facing more 
anteriorly (a more vertically-inclined basal turn) 
than the great ape morphology, when these ori
entations are considered relative to the planar 
orientation of the lateral semicircular canal (Fig 
7-5a; Table 7-4: CCR, APA, COs to LSCm). More
over, the cochlea is more superiorly positioned, 
and the arc of the posterior canal is more inferi- 
orly positioned in modem humans than in the 
great apes, if compared with the level of the 
lateral canal (Fig 7-5a; Table 7-4: VC, Table 7-3: 
SLI). These characteristic features of the human 
labyrinth in the sagittal plane can be described 
as representing a rotatory deformed morphol
ogy compared with the shape of the great ape

labyrinth. This 'rotation' (clockwise when view
ing the left lateral aspect of the labyrinth) con
cerns the cochlea and parts of the anterior and 
posterior semicircular canals relative to a 
'stable' vestibule and lateral semicircular canal.

The unique shape of the human labyrinth cor
responds with characteristic orientations of other 
parts of the human cranial base (Section 6.3.5). In 
the transverse plane the coronally oriented poste
rior petrosal surface, carotid canal and facial canal 
are the counterparts of the lateral canal axis of the 
labyrinth (Table 6-11: SG<PPip, SGcCC, SG<FC2). 
In the sagittal plane the vertically inclined poste
rior petrosal surface, facial canal and clivus, as 
well as the inferiorly facing foramen magnum 
represent a 'rotated' morphology similar to that of 
the human labyrinth (Table 6-11: ba-na<PPp, ba- 
na<FC3; Table 6-12: midsagittal basicranial an
gles). All labyrinthine and basicranial features in 
the sagittal plane showing this characteristically

120



PHYLOGENY

Table 7-5. The angles of the posterior petrosal surface (PPip, PPp), the carotid and facial canals (CC, FC3), the clivus and the foramen 
magnum (o-ba), in the transverse plane to the midsagittal orientation (SG) and the planar orientation of the anterior semicircular 
canal (ASCm), in the sagittal plane to the planar orientation of the lateral semicircular canal (LSCm). The mean values are given 
for modem humans, the great apes (see Appendices 6-6 and 6-8 for the full statistics), Homo eredus, Australopithecus africanus (Taung 
not included) and A. robustus (number of specimens in brackets). See the list on the fold-out sheet at the end of this dissertation for 
the measurement abbreviations. Statistically significant difference from the mean of modem humans is indicated (*: P<0.05, ** :

SG<
PPip

ASCm<
PPip

SG<
CC

LSCm<
FC3

LSCm<
PPp

div<
LSCm

o-ba<
LSCm

Homo sapiens (53) 125 90 123 77 62 -43 10

Pan troglodytes (7) 132” 95* 140*** 56*” 34”’ -17*»* 39***
Pan paniscus (6) 137*” 99” 130*** 56*** 36**» -21*** 37*”
Gorilla gorilla (6) 138*** 100*** 141*” 68** 37*** -13”* 46***
Pongo pygmaeus (7) 146*** 104*** 142*** 50*** 23*** _2*** 53***

H. eredus (3) 129 92 - 76 67 _ _

OH 9 130 95 - 78 73 - -

San 2 128 90 - 78 73 - -

San 4 128 91 126 72 56 - -

H. aff. habilis
Stw53g - 102* - 53” 46 - -

A. africanus (3) 137*** 107*** 136*” 62*” 46” -25*** 37*”
MLD 37/38 140** 107” 135* 62* 47 -28* 38”
Sts 5 136* 106” 148*” 59* 43* -18”* 43*”
Sts 19 136* 109” 124 64 48 -30* 31*

right - - - - - -26 35
left - - - - - -35 26

Taung " - - - 37” - -

A. robustus (3) _ 102” _ 57*” 44” _ _

SK46 - 97 - 56” 45* - -

SK 47 141” 107” 129 56” 44* -21” 28*
SK 879 - - - 60* * - -

MLD 31 _ 94 _ 83 77 _

SK847 - 94 - 71 63 - -

Stw 98 - 110” - 59* 46 - -

Stw 158 - 93 - - 75 - -

Stw 255 - 93 - 42”* 43* - -

Stw 266a - 90 - 45” 38” - -

Stw 329 - 104* - 62 55 - -

rotated morphology in modem humans are inter- 
specifically correlated among primates, and 
should therefore not be considered as indepen
dent characters (asterisks in Table 7-6 indicate the 
correlated features).

Studying the basicranial features in the fossil 
sample of the present study is hampered by the 
preservation of the specimens. Only one specimen 
(Sts 5) preserves a complete cranial base (i.e. all 
midsagittal landmarks used in Section 6.3.5a for 
the morphometric comparison of extant pri
mates), and less than half of the specimens are 
sufficiently complete and undistorted for estima
tion of the midsagittal plane. However, it has been 
shown in Section 6.3.5b that differences regarding 
the orientations of basicranial structures, such as 
the posterior petrosal surface or the clivus, are 
well-expressed by angles to the 'stable' planar 
orientations of the semicircular canals (Table 7-5:

angles to ASCm and LSCm in the transverse and 
sagittal planes respectively).

The transverse orientation of the facial canal 
(SG<FC2 or ASCm<FC2) is not considered here 
because the differences between modem humans, 
great apes and fossils hominids are too small to be 
useful in the analyses of the fossils.

In addition to the following descriptions the 
labyrinthine and basicranial features of the homi- 
nid fossils are classified in Table 7-6 as 'modem 
human-like', 'great ape-like' or 'intermediate', 
with the purpose of providing an overview of 
their morphology. These categories are loosely 
based upon the closeness to the mean values in the 
extant species, but classification of a feature as, for 
example, modem human-like does not imply that 
it is therefore statistically significantly different 
from the great ape morphology (this is particu-
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Table 7-6. Sum
m

ary
 of features that characterize the

 bony labyrinth
 and

 cranial base of m
odem

 hum
ans in

 com
parison

 w
ith the great ape

 species, and
 the

 relationship of the m
orphology in fossil hom

inids 
to that in the extant hom

inoids. The m
easurem

ent codes and tables concerning the m
orphological features are given. H

e: H
om

o erectus, H
h: H

. off. habilis (Stw
 53g), Aa: Australopithecus africanus, Ar: A. 

robustus. M
orphology of fossils indicated by H

: m
odem

 hum
an-like. A

: great ape-like, and I: Interm
ediate. A

sterisks (*) behind the m
easurem

ent codes indicate those orientations that are interrelated in 
the prim
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Table 7-7. Estimated average body weights of fossil hominids. 
The values after Jüngers (1988) and McHenry (1992) combine 
estimates based on human and/or great ape proportions of the 
postcranial skeleton. The estimate for SKX 1084 given by 
Jüngers (1988) is not included because of the uncertain affini
ties of this fossil.

BODY WEIGHT AUTHOR

Australopithecus africanus
33 - 68 Kg Jüngers (1988)
30 - 53 Kg McHenry (1992)

Australopithecus robustus
37 - 65 Kg Jüngers (1988)
32 - 50 Kg McHenry (1992)

Homo habilis
30 - 39 Kg (OH 62) McHenry (1988)

25 Kg (OH 62) Hartwig-Scherer and 
Martin (1991)

32 - 52 Kg (other specimens) McHenry (1992)

larly important to remember when considering 
the classifications of individual fossils).

The sizes of the semicircular canals and the 
cochlea of the hominid fossils are compared on the 
basis of the absolute dimensions (Table 7-2) and 
relative to estimated body weight (Fig. 7-6 to 7-9). 
Body weight estimates for fossil hominid species 
vary widely, depending on the dimensions and 
extant comparative sample used for the predic
tion, and the body weight ranges used in the 
present study derive from a number of sources 
(Table 7-7). Obviously, the plots should be inter
preted with caution, because of the small sample 
sizes and the uncertain association of the body 
weight estimates with the particular fossil speci
mens. However, in practice both the absolute di
mensions and the dimensions relative to body 
weight lead to similar conclusions because the 
fossil hominids, modem humans and the great 
apes, except Gorilla, do not differ widely in body 
weight, compared with the total range in pri
mates. H. erectus is not included in the bivariate 
plots because no reliable body weight estimates 
are available for H. erectus (sensu stricto).

7.4.2 Australopithecus africanus
The size of the anterior semicircular canal in A. 

africanus is much smaller than in modem humans, 
and also smaller than in the great apes (Fig. 7-6). 
The posterior semicircular canal is similar in size 
to that in the great apes, and much smaller than 
that in modem humans (Table 7-2, Fig. 7-7). The 
lateral semicircular canal is similar in size to that 
in modem humans, and perhaps slightly smaller 
than in the great apes (Table 7-2, Fig. 7-8).

The relative sizes of the semicircular canals are 
close to those in great apes, although that of the 
lateral canal is slightly smaller, and that of the 
posterior one slightly larger (Table 7-3: %R). The 
arc of the anterior canal of A. africanus is relatively 
low as in the great apes, but large differences occur 
between the specimens (Table 7-3: ASCh/w. Fig. 
7-5e). Taung has a very tall anterior canal, whereas 
that in Sts 19 a very low. The cochlea in A. africanus 
is similar in size to that in modern humans, and 
larger than in the great apes (Table 7-2, Fig. 7-9).

The labyrinthine angles and indices obtained 
for A. africanus are similar to those of the great 
apes, with the exception of the torsion of the pos
terior semicircular canal (PSCs<PSCi), which is 
similar to that in modem humans (Tables 7-3 and 
7-4, Fig. 7-4e).

The angles concerning the cranial base are also 
similar to those of the great apes, except the ones 
concerning the orientations of the posterior petro
sal surface and the clivus in the sagittal plane 
which are intermediate between the means for the 
great apes and modern humans (Table 7-5: 
LSCm<PPp, clivcLSCm).

7.4.3 Australopithecus robustus
The dimensions of the semicircular canals and 

the cochlea in A. robustus are similar to those of the 
great apes (Tables 7-2 and 7-3; Fig. 7-6 to 7-9).

The smaller cochlear width and the larger 
height of the lateral canal in this species compared 
with those in A. africanus are statistically signifi
cant (at P<0.05). Owing to the differences in semi
circular canal dimensions the relative size of the 
lateral canal in the A. robustus specimens is consis
tently larger than in the A. africanus specimens, 
and the transverse labyrinthine index is consis
tently smaller (Table 7-3: LSC %R, TLI).

The labyrinthine angles of A. robustus are great 
ape-like, with the exception of the sagittal orienta
tion of the common crus, which is intermediate 
between the great ape and modem human mor
phology (Table 7A: LSCmcCCR). In contrast to A. 
africanus the torsion of the posterior semicircular 
canal in A. robustus is similar to that of the great 
apes (Fig. 7-4f), and the difference between the 
torsion angles in the two australopithecine species 
is statistically significant (Table 7-4: PSCs<PSCi at 
P<0.05). The small difference of only three degrees 
between the two australopithecine species for the 
sagittal orientation of the ampullar line is also 
statistically significant (Table 7-4: LSCm<APA at 
P<0.05).

The angles related to the cranial base are sim
ilar to those of the great apes, except the ones 
describing the orientations of the posterior petro-
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Figure 7-6. Bivariate double logarithmic plot between the estimated body weight and the radius of curvature (R) of the anterior 
semicircular canal of extant primates and fossil hominids. Hs: modem humans, Ft: Pan troglodytes, Pp: P. paniscus, Gg: Gorilla gorilla, 
Po: Pongo pygmaeus, Hy: Hylobates symphalangus, PIm: H. moloch, Hp: H. pileatus, Aa: Australopithecus ajricanus, Ar: A. robustus and 
53: Stw 53. Other primates species are labelled in Figure 6-6a. Estimated body weights of the extant species are given in Table 6-1. 
For the fossil hominids the label indicates the average estimated body weight and the vertical lines the smallest and largest estimate 
given in Table 7-7.
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Figure 7-7. Bivariate double logarithmic plot between the estimated body weight and the radius of curvature (R) of the posterior 
semicircular canal of extant primates and fossil hominids. See Figure 7-6 for explanation (non-hominoid species are labelled in 
Figure 6-7).
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Figure 7-8. Bivariate double logarithmic plot between the estimated body weight and the radius of curvature (R) of the lateral 
semicircular canal of extant primates and fossil hominids. See Figure 7-6 for explanation (non-hominoid species are labelled in 
Figure 6-8).

LoglO body weight in grams

Figure 7-9. Bivariate double logarithmic plot between the estimated body weight and the radius of curvature (R) of the basal turn 
of the cochlea of extant primates and fossil hominids. See Figure 7-6 for explanation (non-hominoid species are labelled in Figure 
6-9).
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sal surface and the foramen magnum in the sagit
tal plane, which are intermediate between the 
means for the great apes and modem human 
(Table 7-5: LSCm<PPp, o-ba<LSCm). The third 
part of the facial canal is on average less vertically 
inclined in A. robustus than in A. africanus, a differ
ence which is statistically significant (Table 7-5: 
LSCm<FC3 at P<0.05).

7.4.4 Homo aff. habilis
This hominid form is represented here by Stw 

53g only (Fig. 7-4d, 7-5d). The anterior and poste
rior semicircular canals of this specimen are inter
mediate between those of modem humans and 
great apes (Table 7-2, Fig. 7-6, 7-7). It has a partic
ularly large lateral semicircular canal, which in 
absolute dimensions is only exceeded by Gorilla 
specimens (Table 7-2; Fig. 7-8). The relative canal 
sizes are similar to those of the great apes (Table 
7-3: %R), and when the lower body weight esti
mates are considered the canal sizes show a pat
tern rather close to that of primates other than the 
large-bodied hominoids (Fig. 7-6 to 7-8). The co
chlear size of Stw 53g is similar that of the great 
apes.

The labyrinthine angles of this specimen reveal 
a mosaic pattern of great ape-like and modem 
human-like values. In the transverse plane the 
central axis of the lateral canal has a great ape-like 
orientation. In combination with the large radius 
of curvature of the lateral canal this results in a 
transverse labyrinthine index of Stw 53g that has 
not only the lowest value among the hominids, 
but is also among the lowest values in the great 
apes (Table 7-4: PSCmcLSCt, Table 7-3: TLI, see 
also Fig. 7-lb and 7-4d). In contrast, the posterior 
semicircular canal shows a torsion of the modem- 
human type (Table 7-4: PSCs<PSCi, Fig. 7-4d). In 
the sagittal plane the tilt of the common crus and 
the relative position of the cochlea are modem 
human-like (Table 7-4: LSCmcCCR and 
LSCm<VC respectively), the inclination of the am
pullar line and the relative position of the arc of 
the posterior canal are great ape-like (Table 7-4: 
LSCm<APA, Table 7-3: SLI respectively), and the 
cochlear orientation has an intermediate value 
(Table 7-4: LSCm<COs).

As in the case of the morphology observed for 
the australopithecines, the orientation of the pos
terior petrosal surface is great ape-like in the trans
verse plane, and intermediate between the 
orientations in modem humans and the great apes 
in the sagittal plane (Table 7-5: ASCm<PPip, 
LSCm<PPp). The inclination of the third part of 
the facial canal is great ape-like and much less 
vertical than in modern humans (Table 7-5: 
LSCm<FC3).

7.4.5 Homo erectus
The labyrinthine and basicranial morphology 

of H. erectus, examined in the present study, is not 
significantly different from that in modem hu
mans, with the exception of two aspects. Firstly, 
the shape of the arc of the anterior semicircular 
canal is relatively low compared with the width as 
in the great apes (Table 7-3: ASCh/w), whereas the 
absolute and relative sizes of this canal are similar 
to those in modem humans (Table 7-2: ASC-R, 
Table 7-3: %R). Secondly, the cochlear height is 
larger than in modem humans (Table 7-2: COh).

7.4.6 The non-attributed specimens
MLD 31 (Fig. 7-4g, 7-5g). The relative semicircular 
canal sizes and the transverse labyrinthine index 
(TLI) of this specimen are intermediate between 
the average values of modem humans and the 
great apes (Table 7-3). All angles are similar to 
those in modem humans, with the exception of 
the smaller torsion of the posterior canal (Table 
7-4: PSCs<PSCi, Table 7-5).

SK 847. The labyrinth of this specimen is not 
different from that of modem humans, with the 
exception of significantly smaller cochlear dimen
sions (Table 7-2: CO).

Stw 98. The absolute and relative labyrinthine 
dimensions of this specimen are similar to those 
in the great apes (Tables 7-2,7-3: %R). The labyrin
thine angles vary from typical modem human
like to typical great ape-like (Table 7-4: e.g. 
LSCm<APA and PSCm<LSCt respectively). The 
orientation of the posterior petrosal surface is 
great ape-like in the transverse plane, and inter
mediate between the orientations in modem hu
mans and the great apes in the sagittal plane (Table 
7-5: ASCm<PPip, LSCm<PPp).

Stw 158. In terms of the relative semicircular canal 
sizes, the angle of the lateral canal axis in the 
transverse plane, the transverse labyrinthine 
index, and the torsion of the posterior canal Stw 
158 is closer to the great apes than to modem 
humans (Table 7-3: %R, Table 7-4: PSCm<LSCt). 
The values for the other angles are closer to the 
means for modem humans.

Stw 255 (Fig. 7-4h, 7-5h). In this specimen the 
relative semicircular canal sizes and the transverse 
labyrinthine index are intermediate between 
those of modem humans and the great apes (Table 
7-3). The angles of the labyrinth and the petrous 
pyramids measured in the transverse plane are 
close to the mean values in modem humans (Ta
bles 7-4, 7-5: PSCmcLSCt, ASCmcPPip), whereas
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those measured in the sagittal plane tend to be 
closer to the means in the great ape species.

Stw 266a. This specimen is very similar to the 
previous one, with the exception that the cochlea 
is more superiorly-positioned as in modem hu
mans (Table 7-4: LSCm<VC).

Stw 329. The relative semicircular canal sizes in 
this specimen are similar to those of the great- 
apes, and the absolute dimensions of the laby
rinth, except those of the lateral canal, are 
statistically smaller than in modem humans 
(Table 7-3: %R, Table 7-2). All intralabyrinthine 
angles are modem human-like (Table 7-4). The 
transverse orientation of the posterior petrosal

surface and the sagittal orientation of the facial 
canal are close to the mean values of the great apes 
(Table 7-5: ASCm<PPip, LSCm<FC3), whereas the 
sagittal orientation of the posterior petrosal sur
face is intermediate between modem humans and 
great apes (Table 7-5: LSCm<PPp).

The CT scans indicate that all fossil hominids 
have semicircular canal lumina with diameters in 
the range observed for humans and great apes, 
unlike the much thinner diameters in other pri
mates. However, actual measurements of the 
lumen diameters are too inaccurate if taken from 
CT scans (Sections 3.5 and 4.2.2) to demonstrate 
any subtle differences between the hominid and 
great ape species.

7.5 DISCUSSION

7.5.1 Phylogeny of the hominid labyrinth
The labyrinthine features summarized in Sec

tion 7.4.1 and Table 7-7 consistently distinguish 
modem humans from all four great ape species 
(except SLI between modem humans and Gorilla, 
Table 7-3). Moreover, in these comparisons the 
great ape morphology represents the 'character 
state' that is generally shown by non-human pri
mates, including prosimians (see Chapter 6). The 
only two exceptions in this respect are the low 
shaped anterior semicircular canal (ASCh/w) and 
the torsion of the posterior canal (PSCs<PSCi), 
which particularly characterize the morphology 
in the four great ape species. In view of this pattern 
it seems justified to refer to the morphological 
characters of modem humans as 'derived' and to 
those of the great ape as 'non-derived'. In the 
following discussion of the hominid fossils these 
terms are used in this sense only, without suggest
ing a cladistic approach to the analysis (already 
acknowledged by using the term 'intermediate' 
morphology, which explicitly imphes that the pri
mate labyrinthine morphology cannot be divided 
into discrete character states).

7.5.1a Australopithecus africanus
In most aspects the bony labyrinth of A. 

africanus shows the non-derived pattern that char
acterizes the great ape morphology. However, its 
(absolutely and relatively) smaller lateral semicir
cular canal size, its larger cochlear size and the 
modem human-type of torsion of its posterior 
semicircular canal can perhaps be interpreted as 
derived characters relative to the morphology of 
the great apes as well as A. robustus.

MLD 37/38, Sts 5, Sts 19 and Taung are usually 
referred to the same species, but the taxonomic 
relationship between the former two fossils and 
either the Taung child or Sts 19 has been ques
tioned. Following a new age estimate of the Taung 
skull Tobias (1973) suggested the possibility that 
this specimen represents a late survivor of the 
robust australopithecines, and Tobias (1978) re
viewed the morphological evidence in support of 
this hypothesis. Other morphological studies, 
however, point to the similarity between the 
Taung specimen and the gracile australopithe
cines from Sterkfontein and Makapansgat (Grine, 
1985; McCollum et al, 1993). The major problem in 
assessing this fossil is obviously its immaturity, 
and hence, it is worth considering its bony laby
rinth in this context, as it is one of the few struc
tures that has attained its adult morphology.

The present study suggests that the labyrinths 
of South African gracile and robust australopithe
cines differ in at least four features, one of which, 
the torsion of the posterior canal, cannot be as
sessed due to the incompleteness of the transverse 
CT scan series of the Taung specimen. With respect 
to the other three, the absolute and relative size of 
the lateral canal (and the related TLI), the cochlear 
size and the orientation of the ampullar line, 
Taung is clearly more related to Sts 5 and MLD 
37/38 than to the A. robustus specimens, and no 
other aspect of the labyrinth suggests otherwise.

From its first description in Broom et al. (1950) 
onwards attention has been drawn to features of 
Sts 19 that give it a more 'Homo-like', i.e. more 
derived, appearance than fossils such as Sts 5 and 
MLD 37/38 (Dean and Wood, 1982; Dean, 1986;
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Kimbel and White, 1988; Sarmiento, 1993). The 
features referred to in these studies include, 
among others, a stronger basicranial flexion and 
more coronally oriented petrous bones.

The present study shows that Sts 19 is not 
particularly more derived, or more 'Homo-like', 
than Sts 5, MLD 37/38 or Taung with respect to its 
labyrinthine morphology, and the transverse ori
entation of the posterior petrosal surface differs 
only four degrees in the three fossils (Table 7-5: 
SG<PPip). The latter observation confirms the 
measurements of the petrous pyramid orientation 
taken from the external basicranium by Tobias 
(1967: maximum difference 1.5 degrees) and Dean 
and Wood (1982: maximum difference 6 degrees).

Interpretation of the angles relating to the mid- 
sagittal orientation of the clivus and the foramen 
magnum is hampered by the difference between 
the values for the left and right petrous pyramid 
(Table 7-5: cliv<LSCm, o-ba<LSCm). However, 
the maximum possible difference between Sts 19 
and Sts 5 of 17 degrees is still small compared with 
the variation observed in modem humans (Table 
5-7: range of 32 degrees for cliv<LSCm, and 43 
degrees for o-ba<LSCm), and the morphology of 
MLD 37/38 is either close to Sts 19 or intermediate 
between the latter and Sts 5. In conclusion, the 
morphology of both the bony labyrinth and the 
endocranial aspect of the basicranium gives no 
grounds for the exclusion of Sts 19 from A. 
africanus as represented by the adult crania Sts 5 
and MLD 37/38.

7.5.1b Australopithecus robustus
The bony labyrinth of A. robustus is morpho

logically very similar to that of the great apes. 
Only with respect to one feature, the sagittal ori
entation of the common crus, is this species inter
mediate between the great apes and modem 
humans (Table 7-4: LSCm<CCR). If the individual 
specimens are considered, SK 46 shows the mod
em human-type of morphology for the latter 
angle, as well as for the relative position of the 
cochlea in the sagittal plane (Table 7-4: 
LSCmcVC). However, if the total labyrinthine size 
and shape of this fossil is taken into account it 
clearly groups with the other specimens referred 
to A. robustus.

The only specimen of which the attribution to 
A. robustus has been questioned is SK 47. On the 
basis of characters in the occipitomastoid region 
as well as dental size Olson (1978) associated this 
fossil with Homo. However, aspects of the pre
served facial morphology strongly suggest the 
affinity of this fossil with A. robustus (Rak, 1983; 
McCollum et al., 1993; BA Wood pers.comm.), and

this attribution is supported by the comparative 
results of the present study.

The differences that distinguish between the 
labyrinths of A. robustus and A. africanus (i.e. those 
that reach statistical significance) show a consis
tent pattern. The larger lateral canal, the posterior 
canal with less torsion, the smaller cochlea, and 
the less inclined ampullar line in A. robustus can in 
all cases be described as more great-ape like, less 
derived, than the morphology of A. africanus. 
Moreover, this also apphes to the less inclined 
third part of the facial canal in A. robustus than in 
A. africanus.

7.5.1c Homo aff. habilis
The partial cranium Stw 53 from Member 5 of 

Sterkfontein was referred to H. aff habilis on the 
basis of morphological similarities with the East 
African specimens OH 16, and particularly OH 24 
(Hughes and Tobias, 1977; Tobias, 1978; Clarke, 
1985).

The shape of the Stw 53g labyrinth is charac
terized by a mosaic pattern of great ape-like and 
modem human-like morphology, both concern
ing orientations in the transverse and in the sagit
tal plane (see Table 7-6 for a summary).

The labyrinth of Stw 53g is unique among the 
hominid fossils regarding its semicircular canal 
dimensions. The relative canal sizes show the typ
ical, great ape-like, non-derived condition, but 
when considered relative to the estimated body 
weight of H. habilis, the canals of the Stw 53g 
labyrinth stand out by their large size. This raises 
the question whether the body weight of the Stw 
53 individual was perhaps much higher than the 
estimated values for H. habilis (Table 7-7). How
ever, this is not likely considering the overall size 
of the reconstructed Stw 53 cranium, which is not 
different from that of, for example, Sts 5 (Clarke, 
1985), and the cochlear size, which corresponds 
well with the given estimates (Fig. 7-9). The simi
larity between Stw 53 and the partial skeleton OH 
62 with respect to the size and shape of cranial and 
dental parts (Johanson et al, 1987) actually sug
gests that the body weight of Stw 53 may have 
been closer to the estimates based on the postcran- 
ial parts of OH 62, which are the lowest of the 
range given for H. habilis (Table 7-7).

The anterior and posterior semicircular canals 
of Stw 53g are intermediate in size between those 
of the great apes and australopithecines on the one 
hand, and modem humans on the other, and these 
proportions could therefore be considered as de
rived relative to the former. However, when con
sidering total pattern of semicircular dimensions 
(which is justified as the three canals form a single 
functional complex) the morphology of Stw 53g
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shows not so much selectively large vertical canals 
as an overall large canal size with the emphasis on 
the lateral canal. This pattern can best be charac
terized as intermediate between great apes and 
both the hylobatids and large-bodied 
cercopithecoids.

Of considerable interest in this context is the 
striking similarity between the cranial morphol
ogy of Stw 53 and OH 62 (op. cit.), referred to 
above. Postcranially Johanson and colleagues 
noted similarities between OH 62 and small Aus
tralopithecus individuals, especially AL 288-1 (op. 
cit.), and in a subsequent metrical analysis it was 
found that its postcranial morphology displays 
even more similarity with African apes, than does 
AL 288-1 (Hartwig-Scherer and Martin, 1991). 
Hence, rather than showing a more derived con
dition than the australopithecines both the 
postcranial morphology of OH 62 and aspects of 
the vestibular morphology of Stw 53 are closer to 
the condition seen in non-hominids (which sup
ports the cranial evidence that both fossils belong 
to the same species).

7.5.1d Homo erectus
Spoor and Zonneveld (1993) compared the lab

yrinths of San 2, San 4, OH 9 and extant hominoids 
qualitatively, and concluded that there are no sig
nificant differences between the fossil specimens 
and modem humans. However, in the present 
study it was found on the basis of measurements 
that the H. erectus specimens (OH 9 and San 4 in 
particular) have a larger cochlea and a more low
shaped anterior canal than modem humans. The 
former character represents a derived condition 
(great apes have a smaller cochlea than modem 
humans), whereas the latter seems to be the prim
itive condition. However, the low anterior canal 
characteristic for the great apes is associated with 
their small absolute canal size, whereas in H. 
erectus the anterior canal is as large as in modem 
humans, but only differently shaped. It is worth 
noting that San 2, the youngest of the three fossils, 
shows no significant differences with the modem 
human morphology at all. This may suggest a 
trend among the H. erectus specimens, although 
this needs investigation with a larger sample.

7.5.1e The affiliation of the non-attributed 
specimens.

Assessing the affinities of individual speci
mens on the basis of the labyrinth can be difficult 
as all features that appear to be diagnostic in this 
study are continuous rather than discrete in char
acter, and ranges of variation observed for the taxa 
overlap considerably. Hence, the labyrinth may be 
indicative of specific affinities only in the case of

an unambiguous pattern of features, and even 
then the possibility of homoplasy should be con
sidered. However, it must be stressed that it is the 
prime purpose of this study to assess the phylog- 
eny of the labyrinth and its relation to locomotor 
behaviour and basicranial development in homi- 
nids of known affinities, rather than to use, or 
evaluate, the labyrinthine morphology as a diag
nostic tool.

One of the fossils discussed below, SK 847 from 
the Member 1 hanging remnant of Swartkrans, is 
rather different from the others in that far more 
cranial morphology is preserved, and as its taxo
nomic attribution has been considered in several 
studies the labyrinth can be assessed against this 
background. In contrast, the six other specimens 
are partial temporal bones, including three juve
nile ones, and no analysis of their external mor
phology has been published.

SK 847. After the discovery that the Swartkrans 
hominid specimens SK 847, SK 80 and SK 846b 
could be joined together, this composite cranium 
(referred to as SK 847) was attributed to the genus 
Homo, and both its affinities to H. erectus and H. 
habilis were considered (Clarke et al, 1970; Clarke 
and Howell, 1972; Clarke, 1977). Subsequently, 
comparison with the early H. erectus cranium 
KNM-ER 3733 suggested a closer relationship 
with this taxon (Walker, 1981; Clarke, 1985), but 
more recently a multivariate morphometric anal
ysis of SK 847 points to similarities with Stw 53 
and KNM-ER 1813 (attributed to H. habilis), rather 
than with KNM-ER 3733 (Grine et al., 1991; 1992).

The present analysis of the labyrinth of SK 847 
shows no significant differences from the mor
phology of modem humans and the three H. 
erectus specimens, with the exception of a small 
cochlear size (Table 7-2: CO). On the other hand 
this fossil differs from Stw 53 in many aspects, 
especially those that clearly separate the hominid 
taxa (i.e. the relative sizes of the semicircular ca
nals, TLI, PSCm<LSCt, LSCmcCOs, LSCm<FC3 
and LSCm<PPp). Moreover, SK 847 and Stw 53 do 
not uniquely share a small cochlear size, as four 
other isolated petrous bones from Sterkfontein 
have a similarly small cochlea (Table 7-2).

As far as the hominids analyzed in this study 
are concerned the results suggest the closest rela
tionship between SK 847 and the H. erectus speci
mens, and the small cochlea of the former perhaps 
marks a less derived condition, which is not un
likely considering the older age of this fossil.

MLD 31. Bearing in mind its entry in Tobias et al. 
(1977: p. 110) as 'probably not hominid', the first 
question that must be addressed is whether MLD
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31 is a hominid or a baboon fossil, the latter being 
the obvious alternative for a primate specimen of 
this size from Makapansgat (baboons in the com
parative sample are Papio ursinus, Mandrillus 
sphinx, Theropithecus gelada and Dinopithecus ingens 
[Appendix 6-1]). The following aspects of this fos
sil strongly suggest its hominid status.
a. In MLD 31 the transverse angle of 28 degrees 

between the orientations of the posterior canal 
and the central axis of the lateral canal is similar 
to the mean of 30 degrees in modem humans 
(Table 7-4: PSCm<LSCt), but larger than in the 
baboons (range 7-15 degrees) or any other non
human catarrhine in the comparative sample 
(Table 6-7: total range for 40 specimens 6-23 
degrees).

b. In MLD 31 the dimensions of the lateral semi
circular canal are smaller than in the baboons, 
and its cochlear width is larger than in any of the 
primate specimens in the comparative sample, 
other than the large-bodied hominoids (includ
ing the large baboon Dinopithecus). On the other 
hand, these dimensions in MLD 31 are not sig
nificantly different from those of modem hu
mans (compare Table 7-2 and Table 6-2).

c. The CT scans indicate that in MLD 31 the lumen 
of the labyrinth is as spacious as in extant large
bodied hominoids, and wider than in other pri
mates.

d. Despite its immaturity MLD 31 completely 
lacks a subarcuate fossa on the endocranial sur
face of the petrous pyramid, a structure that 
characterizes all primates other than large-bod
ied hominoids. There is a minor tendency for the 
fossa to undergo obliteration in Papio, but in 
these (rare) instances distinct traces tend to 
occur (Straus, 1960). In MLD 31 no traces are 
present, and overall the endocranial shape of the 
pyramid is rounded and smooth. In contrast, 
cercopithecoids (including non-adult speci
mens) have a posterior petrosal surface that is 
characteristically concave with a sharp superior 
margin lateral to the arcuate eminence.

e. The angles between the labyrinth and the pos
terior petrosal surface indicate that in MLD 31 
the surface is similar in orientation to that in 
modem humans, whereas it is less vertically and 
less coronally oriented in non-hominoids (Table 
7-5,6-13: ASCm<PPip, LSCm<PPp). Changes in 
surface orientation may have occurred had the 
MLD 31 individual reached full adulthood, but 
the extent of that change would have been insig
nificant in the present comparison (and would 
have meant an even more vertically oriented 
posterior petrosal surface).

An attribution of MLD 31 to A. africanus seems to 
be most likely, since all known hominid fossils

from Makapansgat are referred to this species. 
However, comparison of MLD 31 with the four A. 
africanus fossils reveals that this specimen is more 
derived in all aspects of its morphology. The rela
tive size of the lateral canal is smaller (Table 7-3: 
LSC-%R), and for all angles considered in this 
study, except the torsion of the posterior canal, 
MLD 31 has values close to the modem human 
mean, whereas the (gracile) australopithecines are 
close to the great apes.

Taking all morphological aspects considered in 
this study into account MLD 31 seems to represent 
the intermediate between gracile australopithe
cines and H. erectus that one would expect to find 
in a form of 'early' Homo. If this fossil belongs to 
the same faunal association as the other hominids 
from Makapansgat and therefore has an estimated 
age of 3.0-2.6 Myr, such an attribution would be 
highly controversial and, according to the current 
view of hominid phylogeny, rather unlikely. No 
evidence exists for the emergence as early as this 
date of a hominid form showing the derived mor
phology, compared with gracile australopithe
cines, that is traditionally associated with 'early' 
Homo. However, MLD 31 was found in the 
Makapansgat Limeworks dump, and material 
brought to the kiln came from more sites than the 
actual Makapansgat deposits only (T. Partridge, 
pers. comm.), and it is therefore possible that MLD 
31 originates from a cave filling with a younger 
age.

Stw 158. The labyrinth of this specimen shows a 
number of similarities to that of MLD 31, includ
ing angles indicating a modem human-like coron
ally and vertically oriented posterior petrosal 
surface, and the absence of torsion in the posterior 
canal. In other aspects of its morphology Stw 158 
is intermediate between values shown by A. 
africanus fossils and MLD 31. Regarding the orien
tation of the petrosal surface in relation to the 
juvenile status of this specimen the same apphes 
as stated for MLD 31 (see point 'e' above).

Two additional factors may be of importance 
when considering the affiliation of this fossil. Stw 
158 most likely belongs to the same individual as 
Stw 151 (G. Macho, pers. comm.), a partial maxilla 
and mandibula with the immature dentition pre
served. Smith (1986), in a study of dental emption 
patterns in early hominids, labelled Stw 151 as A. 
africanus in a diagram without specifically dis
cussing this fossil. However, a more recent reas
sessment suggest that an 'early' Homo status 
would not conflict with its emption pattem or 
dental morphology (J. Mocchi, pers. comm).

Stw 158 was found high in the Sterkfontein 
stratigraphy (Table 7-1), and when its position is
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compared with the vertical distribution plot of 
hominid fossils and stone tools given by Clarke 
(1985: Fig 4), it clearly falls outside the cone that 
represents Member 4 (and contains the Aus
tralopithecus fossils). The position of the slope of 
the cone, and therefore the stratigraphic associa
tion of fossils deeper in the excavation, may be 
debated, but due to its high position obliquely 
above the cone's apex it is more likely that Stw 158 
belongs to the younger Member 5 than to Member 
4. However, this should only be considered as 
circumstantial evidence, because material ob
tained from solution pits (as all isolated Sterkfont- 
ein petrous pyramids are) may have a mixed 
stratigraphic origin, and the association of cur
rently recognized hominid taxa with stratigraphic 
units should not be used as a decisive diagnostic 
tool in taxonomic attributions. Nevertheless, it is 
felt that, in view of the combined evidence from 
the petrous morphology and the likely strati
graphic association, it is feasible that Stw 158 is 
affiliated with a more derived form of hominid 
than A. africanus.

Stw 98. In most aspects of its labyrinth and other 
parts of the petrous pyramid Stw 98 groups with 
the A. africanus specimens, but the intralabyrinth- 
ine orientations of the common crus, the ampullar 
line and the cochlea, as well as the sagittal labyrin
thine index (all interrelated features, see Section 
6.3.4) indicate a slightly more derived, i.e. 
'rotated', morphology in the sagittal plane (Table 
7-4: CCR, APA, COs to LSCm; Table 7-3: SLI). 
When compared with all specimens discussed so 
far the labyrinth of Stw 98 is approximately inter
mediate in morphology between those of the A. 
africanus specimens and Stw 158.

Stw 98 has been listed as 'Early Homo (?)' by 
Bräuer and Mbua (1992), without, however, dis
cussing the reasons of this attribution.

Stw 255, Stw 266a. These two fossils are discussed 
together because it is likely that they represent the 
left and right petrous pyramids of the same indi
vidual. Stw 255 and Stw 266a were found close 
together (Table 7-1) and both the external and 
internal morphology are very similar, with the 
exception of the relative position of the cochlea 
(Table 7-5: LSCm<VC difference of 11 degrees).

The dimensions of these two labyrinths are 
characterized by the large absolute sizes of all 
three semicircular canals in combination with a 
particularly small cochlea, i.e. exactly the reverse 
proportions of those in A. africanus (the anterior 
and posterior canals in Stw 255 and 266a are the 
largest of the South African fossils).

The angular measurements taken from Stw 255 
and Stw 266a also show a pattern not encountered 
in A. africanus or any other specimen previously 
discussed. The morphology in the transverse 
plane shows the derived condition, suggesting a 
coronal, modem human-like, orientation of the 
lateral canal axis and the posterior petrosal sur
face. In the sagittal plan, however, most aspects of 
the morphology show a particularly non-derived 
(i.e. non-rotated) condition. For example, the ori
entations of the ampullar line, the posterior petro
sal surface and the third part of the facial canal, as 
well as the sagittal labyrinthine index in Stw 266a 
indicate the least derived condition of the total 
fossil sample (Table 7-4 and 7-5: APA, FC3 and PPp 
to LSCm; Table 7-3: SLI).

Hence, in terms of both the dimensions and the 
orientations, Stw 255 and Stw 266a combine mor
phological extremes, and the mosaic pattem of 
primitive and derived traits does not provide clear 
indications concerning their affinities with any of 
the taxa.

Stw 329. In terms of the absolute and relative 
semicircular canal dimensions, as well as the ori
entations of the posterior petrosal surface in the 
transverse plane and the facial canal in the sagittal 
plane Stw 329 is very similar to A. africanus. How
ever, unlike the latter Stw 329 has a very small 
cochlea, and all intralabyrinthine angles, both in 
transverse and the sagittal plane, are similar to 
those in modern humans, i.e. show the derived 
condition. This mosaic pattern of primitive and 
derived traits does not provide clear indications 
concerning the affinities of Stw 329.

7.5.1f Synopsis
The bony labyrinths of the four hominid taxa 

represented in the fossil hominid sample each 
show a distinct morphotype. Among the four the 
morphology of A. robustus is most similar to that 
of the great apes. Although chronologically older, 
A. africanus shows some features that perhaps can 
be interpreted as more derived than in A. robustus, 
but overall its morphology can also best be char
acterized as great ape-like. Whereas A. africanus 
has smaller semicircular canals than the great apes 
and A. robustus, the labyrinth of H. aff. habilis, as 
represented by Stw 53g, is marked by significantly 
larger semicircular canals. Aspects of its labyrin
thine shape in the sagittal plane can be described 
as derived, more modem human-like, than in the 
great apes and the australopithecines. Finally, the 
labyrinth of the Homo erectus specimens is, with 
the exception of a few details, not significantly 
different from that in modem humans.
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If the pattern of labyrinthine morphologies is 
compared with models of phylogenetic relation
ships between the hominid taxa, it will be clear 
that the labyrinth of Stw 53g represents an un
likely intermediate between the more primitive, 
great ape-like, morphology in (gracile) australo- 
pithecines and the derived morphology in H. 
erectus. Two conclusions given in Hartwig-Scherer 
and Martin (1991) concerning OH 62, the partial 
skeleton that has been associated with Stw 53 
(Johanson et al., 1987), can be drawn in the present 
context as well: either Stw 53 is not H. habilis, or if 
it is, H. habilis is unlikely to be ancestral to H. 
erectus.

Another conclusion is that the labyrinths of A. 
africanus and A. robustus do not positively support 
a direct ancestor-descendant relationship between 
the two species, as the latter appears less derived 
in some features than the former. However, as the 
differences are relatively small, and no absolute 
certainty exists concerning the exact polarity of 
each feature, conclusions should await the analy
sis of the labyrinthine morphology in A. afarensis 
and A. boisei.

If the other fossil specimens analyzed in this 
study are considered it is clear that a complete 
transitional series exists from the labyrinthine 
morphology seen in A. africanus specimens via 
Stw 98, Stw 158, MLD 31 and SK 847 to that in the 
H. erectus specimens, and the chronologically 
youngest among the latter (San 2) has a labyrinth 
completely identical to that in modem humans. 
Consequently, MLD 31 and perhaps Stw 158 
rather than Stw 53, are likely candidates to repre
sent the type of morphology expected in forms of 
'early' Homo ancestral to H. erectus and H. sapiens.

Two other morphologies, observed in Stw 
255/266a and in Stw 329, stand out because of the 
mosaic patterns of derived and primitive charac
ters, and are hard to incorporate in the phyloge
netic framework just described. It can be argued 
that all morphologies seen in the Sterkfontein 
sample simply reflect intraspecific variation of A. 
africanus, but in that case it is remarkable that this 
high degree of labyrinthine variation is neither 
seen among Sts 5, Sts 19, MLD 37/38 and Taring, 
despite their origin from three different sites, nor 
among the specimens included in A. robustus or H. 
erectus. However, the biological variation of the 
Sterkfontein sample should be interpreted on the 
basis of the total morphology rather than one 
region only, and the isolated specimens studied 
here should be reassessed after the vast Sterkfont
ein collection has been analyzed. Similarly, a more 
definite analysis of MLD 31 should include an 
thorough study of its (juvenile) external morphol
ogy-

7.5.2 The labyrintho-basicranial relationship
In Chapter 6 it has been argued that in modem 

humans the characteristic shape of the labyrinth is 
most likely the consequence of neuro-develop- 
mental processes associated with the uniquely ex
panded brain. According to this view, the 
correspondence in modem humans between lab
yrinthine and basicranial features (i.e. the typical 
coronal orientation of structures in the transverse 
plane, and the 'rotated' morphology in the sagittal 
plane) occurs because the growth patterns of the 
brain that influence the otic capsule also influence 
other (endocranial) parts of the cranial base, such 
as the posterior petrosal surface and the clivus. If 
this hypothesis is correct, it can be expected that 
the labyrinth and the cranial base would have 
changed their morphology together in the course 
of hominid evolution in response to phylogenetic 
development of the brain.

Some remodeling of the labyrinthine shape is 
perhaps expressed in A. africanus by the modem 
human-like torsion of the posterior semicircular 
canal (which is part of the rotatory change in the 
sagittal plane, see Section 6.3.4). In A. robustus the 
common crus is slightly more posteriorly inclined, 
and in H. aff. habilis (i.e. Stw 53g) a number of 
labyrinthine structures have a human-like rotated 
morphology in the sagittal plane (see Table 7-6).

The posterior petrosal surface of all three taxa 
show a similar pattern: a great ape-like orientation 
in the transverse plane, and an orientation in the 
sagittal plane intermediate between great-apes 
and modem humans. In A. africanus there is also 
some indication of a more vertically inclined basi- 
occipital than in the great apes (Table 7-5: 
clivcLSCm), and in Sts 5 this is clearly expressed 
in a more flexed basicranial angle (ba-s-na: 149 
degrees in Sts 5, mean values 158 to 175 degrees in 
the great apes, 126 degrees in modem humans, see 
Table 6-12). In SK 47, the only well-preserved cra
nial base of A. robustus, the foramen magnum 
faces more inferiorly than in the A. africanus spec
imens (Table 7-5: o-ba<LSCm), but its clivus ori
entation in the sagittal plane is not different from 
that in the latter.

It follows from the above descriptions that, 
compared with the presumed non-derived mor
phology shown by the great apes, both the laby
rinth and the basicranium in the 
australopithecines and H. aff. habilis show variable 
degrees of remodeling in the sagittal plane, but not 
in the transverse plane. Hence, if brain reorgani
zation influenced the basicranial architecture in 
these taxa, this effect was restricted to a rotatory 
deformation in the sagittal plane (see Section 
6.4.3a for a discussion of the mechanism). Lateral 
expansion of the cerebellum under the tentorium.
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suggested as the main cause of coronal reorienta
tion of labyrinthine and basicranial structures in 
the transverse plane (Section 6.4.3b; Dean, 1988), 
apparently did not occur in the australopithecines 
and H. aff. habilis.

Interestingly, Dean and Wood (1982) observed 
that the external side of the cranial base of SK 47 
is characterized by petrous pyramids that are 14 
to 20 degrees more coronally oriented than in Sts 
5, Sts 19 and MLD 37/38, a condition they describe 
as derived compared with gracile australopithe
cines and extant great apes. However, the orienta
tion measured by Dean and Wood uses the carotid 
foramen and the tip of the petrous pyramid as 
morphometric landmarks, and therefore de
scribes the course of the carotid canal rather than 
the general petrosal orientation. The present study 
confirms that the carotid canal is more coronally 
oriented in SK 47 than in Sts 5 and MLD 37/38 
(Table 7-5: SGcCC). Both the exocranial and en- 
docranial observations concern biologically valid, 
though different, aspects of the cranial base. How
ever, when the orientation of the petrous pyra
mids is explicitly related to brain development 
(e.g. Dean, 1988), the endocranial orientation 
should be considered in particular, as it directly 
describes the contact surface with the cerebellum. 
A major cause of the discrepancy between the 
exocranial and endocranial orientations is the 
large interspecific difference in the course of the 
ascending part of the carotid canal in hominoids.

Hence, whereas Dean (1986; 1988) proposed 
that the 'robust' australopithecines in general (i.e. 
the genus Paranthropus) are characterized by sig
nificant reorganization of the brain in comparison 
with A. africanus, the present study does not sup
port this hypothesis with respect to A. robustus.

In contrast with A. africanus, A. robustus and H 
aff. habilis, which all show a pattern of labyrintho- 
basicranial remodeling in the sagittal plane only, 
the morphology of Stw 255 and 266a is character
ized by remodelling predominantly in the trans
verse plane (i.e. concerning orientations of LSCt 
and PPip). Interestingly, the combination of non- 
derived basicranial orientations in the sagittal 
plane and derived orientations in the transverse 
plane is not unique in the fossil hominid record. 
The early A. boisei cranium KNM-WT 17,000 has a 
flat cranial base, and is reported to have coronally 
oriented petrous pyramids (Walker et al., 1986), 
the pattern also suggested by Stw 255 and 266a.

It may be possible that selective labyrintho-ba- 
sicranial reorientation in coronal direction, as seen 
in Stw 255 and 266a, is not the consequence of 
lateral expansion of the cerebellum, but, for exam
ple, of a widening of the cranial base in relation to 
the masticatory apparatus (in extant primates the

basicranial width, and thus the intercondylar dis
tance, is interspecifically correlated with the trans
verse orientation of the petrous pyramids, see 
Section 6.3.5b and Fig. 6-13b).

Clear indications for labyrintho-basicranial 
remodelling both in the transverse and sagittal 
plane can be found in the morphology of MLD 31, 
SK 847 and the H. erectus specimens, suggesting a 
more modem human-like pattem of brain ontog
eny. In H. erectus in particular, the cranial orienta
tion of the labyrinthine and (endocranial) 
basicranial morphology is not significantly differ
ent from that in modem humans. Other studies, 
however, have suggested that the H. erectus 
basicranium is less derived in its major orienta
tions than modem humans. Dean and Wood 
(1982) found that the petrous pyramids in H. 
erectus are more sagitally oriented than in modem 
humans, but their observation is partly based on 
older specimens (KNM-ER 3733 and 3883), and it 
is possible that the discrepancy between en
docranial and exocranial orientations, discussed 
above with respect to SK 47, plays a role here as 
well. Maier and NKini (1984) described the cranial 
base of OH 9 as particularly flat, but the basicra
nial angle (ba-s-na) of their midsagittal recon- 
struction of this fossil is virtually identical to the 
mean of modem humans (Spoor and Zonneveld, 
1993).

Finally, it should be emphasized that the de
gree of remodelling shown by the labyrinth is not 
a measure of brain expansion, but rather an indi
cation of the patterns of ontogenetic development 
of the otic capsule, and the brain, and the interac
tion between them (e.g. the timing of neural 
growth processes relative to the fusion of the 14 
ossification centres of the otic capsule). It may be 
recalled in this context that in a number of features 
the labyrinth and cranial base in the larger 
cercopithecoids show a more 'rotated' morphol
ogy than the non-human hominoids (Tables 6-8,
6- 11), without a direct relationship to brain size.

7.5.3 The labyrinth and locomotor behaviour
Modem humans are characterized by larger 

anterior and posterior semicircular canals and a 
smaller lateral canal than the great apes, if their 
radius of curvature is considered relative to body 
weight (Figures 7-6 to 7-8), or if the radius of 
curvature of each canal is compared with the sum 
of the three radii (i.e. the relative canal size. Table
7- 3). From a biophysical point of view the dimen
sions of the membranous semicircular ducts 
should be considered, and when the duct position 
along the outer wall of the bony canal is taken into 
account it appears that functionally the human 
labyrinth differs from the great apes by particu
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larly large anterior and posterior canals (and 
ducts), whereas the lateral canal is similar in size 
(Figure 6-17).

In Section 6.4.2e it has been argued that the 
modem human semicircular canal proportions 
are part of the morphological adaptations re
quired for habitual bipedal locomotion. The ves
tibular apparatus plays an important role in 
keeping the upright body of modern humans in 
balance through feedback systems such as the 
vestibulo-spinal reflexes. Biophysically the duct 
size (and, hence, the canal size) is related to, 
among other things, the sensitivity of the vestibu
lar apparatus, and since balancing the erect body 
specifically concerns movements in vertical 
planes, this perhaps explains why the functional 
differences between humans and great apes con
cern the vertical canals.

It is important to emphasize that the differ
ences in canal proportions between humans and 
great apes are likely to be related to the distinction 
between bipedal and quadmpedal locomotion 
(i.e. keeping an upright body in balance), and not 
between terrestrial and arboreal locomotion. The 
great ape species vary considerably in the degree 
of terrestrial behaviour, from spending very little 
time on the ground in Pongo females to being 
predominantly terrestrial in Gorilla males, but this 
difference is not evident from the semicircular 
canal size.

The proportions of the semicircular canals in 
A. africanus are basically great ape-like, and in 
relation to estimated body weight the anterior 
canal is even smaller than in the great apes. Hence, 
if the functional interpretation of the semicircular 
canal dimensions is correct this would imply that 
in this respect the vestibular apparatus of A. 
africanus was not adapted to bipedal locomotion 
as performed by modem humans. This is consis
tent with the evidence from the postcranial mor
phology of A. africanus, which indicates that its 
locomotor repertoire included terrestrial bipedal- 
ism as well as arboreal climbing (Robinson, 1972; 
Vrba, 1979; Oxnard, 1984; McHenry, 1986), both of 
a type not seen in extant hominoids (Oxnard, 1984; 
McHenry, 1986).

The postcranial fossil record attributed to A. 
robustus indicates terrestrial bipedalism, with evi
dence for arboreal capabilities, but whereas Rob
inson (1972) concluded that A. robustus was a less 
specialized biped than A. africanus, Susman (1989) 
and Susman and Stem (1991) emphasize the re
duced arboreal component compared with the 
locomotor repertoire of the gracile australopithe- 
cines. The difference in locomotor behaviour sug
gested by the latter authors is not evident from the 
semicircular canal sizes, because the only signifi

cant difference, a larger lateral semicircular canal 
in A. robustus, represents exactly the opposite of 
what is expected on the basis of the comparative 
evidence from modem species (i.e. enlargement of 
the vertical canals).

The semicircular canal proportions of Stw 53g 
(i.e. H. aff. habilis) take an intermediate position 
between those of the hylobatids or larger 
cercopithecoids on the one hand and those of the 
great apes and the australopithecines on the other, 
particularly when the lower estimates of the body 
weight are considered (Fig. 7-6 to 7-8). This pattern 
is unique among the large-bodied hominoids an
alyzed in the present study and the full functional 
implications are difficult to infer. Most probably it 
implies that non-bipedal behaviour was a very 
substantial component of its locomotor repertoire, 
probably more so than in the australopithecines.

No postcranial fossils are directly associated 
with Stw 53, but at least one of two tali from 
Member 5 of Sterkfontein analyzed by Christie 
(1990) seems to indicate arboreal climbing ability. 
Most important in this context is the similarity 
between Stw 53 and OH 62 (Johanson et al, 1987). 
Hartwig-Scherer and Martin (1991) found that 
postcranially OH 62 displays more similarity with 
African apes, and less human-like locomotor ad
aptations than does the A. afarensis partial skeleton 
AL 288-1. Hence, both the postcranial morphol
ogy of OH 62 and the vestibular morphology of 
Stw 53 hint independently (i.e. based on com
pletely different biological systems) at a locomo
tor repertoire in which bipedal behaviour was a 
less important component than was the case for 
(gracile) australopithecines.

The relative and absolute semicircular dimen
sions of the H. erectus specimens show the derived 
condition of modem humans, and the vestibular 
morphology therefore supports the evidence from 
the postcranial fossil record that this species was 
fully adapted to habitual bipedal locomotion 
(Weidenreich, 1941; Walker, 1993).

Among the non-attributed specimens a more 
derived pattem of semicircular canal proportions, 
relative to the great apes and the australopithe
cines, occurs in MLD 31, Stw 255 and Stw 266a, 
which may imply a shift in locomotor behaviour 
more toward total reliance on habitual bipedal
ism. The canals in SK 847 are not significantly 
different from modem humans, both in relative 
and absolute dimensions.

Although the semicircular canals in the austra
lopithecines do not show a significant change 
from the non-derived condition towards more 
modem human-like proportions there can be 
hardly any doubt about the australopithecine abil
ity to employ bipedal gaits, as witnessed by the
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postcranial fossil record and the Laetoli footprints 
(the latter, however, not by definition of australo- 
pithecine origin). Hence, it is likely that if large 
vertical semicircular canals have functional rele
vance then this is one of the adaptations involved 
in 'optimising' habitual bipedalism. The most so
phisticated control over balance of the erect body 
is presumably required in bipedal running and 
jumping as seen in modern humans, and 
postcranial evidence suggests that australopithe- 
cines did not employ such gaits (Susman et al.r 
1984; Susman and Stem, 1991). The time lapse 
between the emergence of postcranial adaptations 
and vestibular adaptations is even more under
standable if bipedal locomotion developed from a 
phase of predominantly positional bipedalism, as 
has recently been suggested (see Wood [1993] for 
a discussion of this hypothesis). Another element 
may be that the functional demands of quadrupe

dal (arboreal) behaviour preserved the non-de- 
rived condition, and canal proportions started to 
change only when the locomotor repertoire be
came exclusively bipedal.

If the semicircular canal proportions of the 
australopithecines represent the ancestral mor
phology for hominids such as Stw 53, MLD 31 and 
SK 847, this strongly suggests two different trends 
in hominid locomotor behaviour, with an empha
sis on bipedal locomotion in the latter two, and a 
reduction of the bipedal component in the former.

In the most general terms it can be concluded 
that the evidence from the vestibular morphology 
indicates that bipedal behaviour of australopithe
cines and H. aff. habilis was far less specialized than 
that of modem humans, and it suggests that the 
locomotor repertoire of these hominid taxa in
cluded a substantial non-bipedal (arboreal) com
ponent.

7.6 CONCLUSIONS

1. The bony labyrinths in Australopithecus 
africanus, A. robustus, Homo aff. habilis and H. 
erectus each show a distinct morphotype. 
Among the four the labyrinthine morphology of 
A. robustus is most similar to that of the great 
apes. The labyrinth of A. africanus differs from 
that of A. robustus in some aspects of size and 
shape, but overall its morphology is also great 
ape-like. The labyrinth of H. aff. habilis, as repre
sented by Stw 53, is characterized by large semi
circular canals that show more resemblance 
with the proportions of large cercopithecoids 
and hylobatids than with those in the australo
pithecines, modern humans or the great apes. 
Some aspects of the labyrinthine shape in Stw 
53g are more modem human-like than in the 
australopithecines. The labyrinth of the Homo 
erectus specimens is, with the exception of a few 
details, not significantly different from that in 
modem humans.

2. Considering all fossil hominids analyzed in this 
study a complete transitional series is found 
from the great ape-like labyrinthine morphol
ogy in A. africanus to the modem human-like

morphology in H. erectus. However, the laby
rinth in H. aff. habilis (Stw 53g) represents an 
unlikely intermediate between australopithe
cines and H. erectus morphologies.

3. Compared with the presumed non-derived 
morphology shown by the great apes, both the 
labyrinth and other parts of the basicranium in 
the australopithecines and H. aff. habilis show 
variable degrees of remodeling in the sagittal 
plane, but not in the transverse plane. The mod
em human pattern of labyrinthine and basicra
nial reorientations both in the transverse and 
sagittal plane, thought to be the consequence of 
neural development associated with brain ex
pansion, occurs in H. erectus and some non-at- 
tributed specimens.

4. The evidence from the absolute and relative 
sizes of the semicircular canals indicates that 
bipedal behaviour of australopithecines and H. 
aff. habilis was less specialized than that of mod
em humans, and it suggests that the locomotor 
repertoire of these hominid taxa included a sub
stantial non-bipedal (arboreal) component.
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CHAPTER 8. SUMMARY AND CONCLUSIONS

This dissertation explores the comparative 
morphology and phylogeny of the bony labyrinth 
in modem humans and their extinct relatives (i.e. 
those taxa generally referred to as 'hominids'). 
The bony labyrinth, located inside the petrous 
pyramid of the temporal bone, accommodates the 
organs of two special senses, the auditory appara
tus in the cochlea for hearing and the vestibular 
apparatus in the semicircular canals and the ves
tibule for balance. As the bony labyrinth in homi- 
nid fossils has not been analyzed before, and the 
comparative morphology of the extant primates is 
poorly-known, this dissertation addresses a num
ber of basic questions.

Firstly, are there any morphological features 
that consistently distinguish the bony labyrinth of 
modem humans from that of the great apes and 
other extant primates? Secondly, does the form of 
the labyrinth in fossil hominid taxa correspond 
with any of the extant hominoids, or is it unique? 
Thirdly, what biological factors influence the pri
mate labyrinthine morphology, and can these be 
related to phylogenetic changes observed during 
hominid evolution?

The discussion of the biological factors 
focusses on two more specific questions. Are there 
any correlations between the labyrinth of homi
nids and those features that characterize their cra
nial base, and is there any relationship between 
the labyrinthine morphology and posture, in par
ticular the habitual bipedalism of modem humans 
and some early hominid taxa?

The complex three-dimensional structure of 
the labyrinth was investigated using high-resolu
tion computed tomography (CT) to obtain cross- 
sectional images of the temporal bone region. In 
Chapter 2 the use of CT in the field of hominid 
palaeontology is reviewed and the technical prob
lems with scanning highly mineralized and ma
trix-filled fossils are discussed. The possibility of 
imaging the hominid bony labyrinth, and analyz
ing its morphology by making three-dimensional 
reconstructions, is introduced.

Morphometry forms an important aspect of 
the comparative analyses, and therefore a phan
tom study was made to evaluate the accuracy and 
precision of linear measurements taken from CT 
scans. The results, described in Chapter 3, indicate 
that the most accurate measurements can be ob
tained when the exact position of each of the land
marks, for example on the boundary of a structure, 
is calculated on the basis of the local CT numbers 
of the scan. On the basis of this method eight

dimensions, 14 orientations and two indices of the 
bony labyrinth are defined in Chapter 4. The ac
curacy and precision of these measurements as 
applied to human, chimpanzee and macaque lab
yrinths is assessed by comparing the values ob
tained from CT scans with those measured from 
casts and cryosections. The maximum errors ob
tained in these tests are small compared with the 
morphological variation of the primate labyrinth 
(according to previous studies, and confirmed by 
analyses in Chapters 5 and 6 of this study) and it 
is concluded that the morphometric methods are 
sufficiently accurate and precise.

The labyrinthine morphology is analyzed in 
modem humans (64 specimens), the great apes 
and 15 other primate species (44 specimens), and 
20 hominid fossils ranging in geological age be
tween one and three million years. Before inter
specific comparisons of the labyrinths were made, 
the modem human sample was analyzed quanti
tatively to investigate morphological differences 
between groups based on sex, geographical origin 
and age, and to test for correlations between lab
yrinthine and basicranial measurements.

The univariate and multivariate statistical 
analyses, described in Chapter 5, reveal only small 
differences between the labyrinths in three geo
graphical groups of the modem human sample, 
and no significant differences between male and 
female specimens, or between infants of up to one 
year old and adults. The planar orientations of the 
semicircular canals are not interrelated with the 
surrounding cranial morphology, but other as
pects of the labyrinth show some degree of corre
lation with the orientations of the petrous 
pyramids, the basioccipital and the foramen mag
num in the cranial base.

In Chapter 6 the labyrinth of modem humans 
is compared with that of the great apes, as well as 
other primates. It is concluded that the human 
morphology is characterized by a suit of features, 
involving both the dimensions and orientations of 
the labyrinthine structures.

Taking body size into account, modem hu
mans have larger anterior and posterior semicir
cular canals and a somewhat smaller lateral canal 
than the African apes, their phylogenetically clos
est relatives among the extant primates. In view of 
the biophysical and comparative evidence for the 
relationship between semicircular canal size and 
locomotor behaviour it is likely that these partic
ular canal proportions are associated with the abil
ity to balance the upright body in habitual bipedal
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locomotion through mechanisms such as the ves- 
tibulo-spinal reflexes.

Labyrinthine structures in modem humans are 
oriented in a way that can be related to the char
acteristic morphology of the human cranial base. 
In the transverse plane, parts of the labyrinth and 
the basicranium (i.e. the petrous pyramids) are 
more coronally oriented in humans than in other 
primates. Moreover, in modem humans aspects of 
the labyrinth, as well as of the posterior basicran
ium (e.g. the posterior petrosal surface and the 
basioccipital) have a characteristically rotated ori
entation in the sagittal plane relative to the ante
rior cranial base (clockwise if viewing the left 
lateral aspect of the cranium).

It is proposed in Chapter 6 that the correspond
ing basicranial and labyrinthine orientations are 
the consequence of neural development associ
ated with the unique brain expansion of modem 
humans. However, this influence does not con
cern the planar orientations of the semicircular 
canals, which are similar in humans and the Afri
can apes. Hence, the independence of these func
tionally relevant canal orientations from the 
surrounding cranial morphology that was ob
served intraspecifically for humans (Chapter 5) 
also occurs interspecifically.

Chapter 7 deals with the comparative mor
phology of the labyrinths in 20 hominid fossils, 
including specimens attributed to Australopithecus 
africanus, A. robustus, Homo erectus and H. aff. habi- 
lis, as well as some undescribed (and non-attrib- 
uted) petrous bones. With regard to the 
labyrinthine size and shape the australopithecines 
are closest to the great ape morphology, whereas 
the H. erectus specimens are similar to modem 
humans. Small, but statistically significant differ
ences exist between the labyrinths of A. africanus 
and A. robustus. The specimen attributed to H. aff. 
habilis stands out by particularly large, non
human-like, semicircular canal proportions, and 
in this respect it is an unlikely intermediate be
tween A. africanus and H. erectus. Some of the 
non-attributed specimens, however, show such 
intermediate morphology, and the fossil hominid 
sample apparently documents the major evolu
tionary stages that relate the labyrinthine mor
phology seen in non-human primates to that in 
modem humans.

The semicircular canal proportions suggest 
that the australopithecines and the hominid as
signed to H. aff. habilis were less committed bipeds 
than are modern humans, and that their locomo
tor repertoire probably included a substantial 
component of quadrupedal behaviour, a conclu
sion that is broadly in correspondence with the 
postcranial evidence. Unambiguous indications

of the influence of the increasing brain size on the 
labyrinth and the surrounding petrous pyramid, 
in particular the effects of lateral expansion, can 
be found in H. erectus and some of the non-attrib- 
uted specimens.

The comparative evidence of the extant and 
fossil taxa suggests that the phylogeny of the 
human labyrinth is characterized by the following 
general mechanisms:
1. The dimensions of the bony labyrinth correlate 

with body size, and those of the semicircular 
canals change in relation to locomotor behavi
our.

2. The shape of the labyrinth is influenced by the 
ontogeny of the brain, in a similar way to parts 
of the posterior cranial base. This type of change 
is confined to 'non-functional' aspects of the 
labyrinth; the functionally relevant planar ori
entations of the semicircular canals remain sta
ble.

The analyses of the comparative and functional 
morphology, as well as the evolutionary history of 
the hominid labyrinth presented in this disserta
tion, may form the basis for further research. Pos
sible lines of future investigations include:

a) Increasing the comparative evidence by CT 
scanning the labyrinths of additional specimens of 
extant and fossil primates, hominoids in particu
lar. Larger samples covering more primate taxa 
will provide a more accurate description of the 
relationship between the labyrinth and the basi
cranial morphology and, in the case of extant spe
cies, of the link between posture and semicircular 
canal morphology.

b) Research into the biophysical relationship 
between semicircular canal size and the character
istics of the vestibular system such as sensitivity, 
by testing the dimensions obtained in the compar
ative analyses using theoretical hydrodynamical 
models of endolymph movement. It would be 
useful to supplement labyrinthine measurements 
with semicircular canal dimensions taken from 
their outermost wall, as these give a better approx
imation to the functionally important radius of 
curvature of the membranous duct than those 
taken from the centre of the bony canal (as was the 
case in this dissertation). The accuracy of such 
new measurements should be tested by compari
son between CT scans and casts or serial sections.

c) Research into the biological mechanisms of 
the relationship between the labyrinthine shape 
and the basicranial morphology, and the role of 
brain development as a possible causal factor. An 
important issue to be investigated in this respect 
is the differentiation between the phylogenetically 
variable, 'non-functional', aspects of the labyrin
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thine shape on the one hand, and the planar sta
bility of the semicircular canals on the other.

A possible approach in this line of research is 
the morphometric analysis of the developing 
human labyrinth in the ontogenetic stages before 
the ossification of the otic capsule, to investigate 
whether the morphology of the labyrinth changes 
in relation to the developing brain. A second ap
proach could be the morphometric analysis of the 
labyrinth and the basicranium in microcephalic 
crania, to investigate the consequence of the re
duced brain growth.

Gaining a better understanding of the biologi
cal processes that influence the bony labyrinth, 
through further research as outlined above, is an 
essential factor in the interpretation of the labyrin
thine morphology in fossil hominids. This disser
tation has shown that fossil hominid taxa are each 
characterized by distinct labyrinthine morphol
ogy. Analyzing the labyrinth therefore not only 
holds out the prospect of obtaining evidence 
about locomotor behaviour, but may also contrib

ute to answering questions concerning phyloge
netic relationships. Examples of such questions 
are the monophyletic or polyphyletic origin of the 
'robust' australopithecines, and the status of 
forms of 'early' Homo.

Using the bony labyrinth in phylogenetic anal
yses of fossil hominids has three particular advan
tages. Firstly, the fact that the neonate labyrinth 
has the final adult size and shape improves the 
potential diagnostic value, because the morphol
ogy is not influenced by environmental factors 
during postnatal growth and is likely to be pheno- 
typically closer to the genotype than many other 
aspects of the skeletal morphology. Secondly, the 
same phenomenon allows for direct comparison 
of juvenile and adult specimens in the fossil re
cord. Finally, larger samples are available than for 
most other skeletal parts because petrous pyra
mids containing an intact labyrinth are relatively 
common in fossil hominid assemblages owing to 
the hardness of the surrounding otic capsule.
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SAMENVATTING EN CONCLUSIES

Dit proefschrift behandelt de vergelijkende 
morfologie en de fylogenie van het benige labyrint 
in de moderne mens en in verwante uitgestorven 
vormen, die gezamelijk bekend staan onder de 
naam 'hominiden'. Het benige labyrint bevindt 
zich in het rotsbeen, een onderdeel van het 
slaapbeen (os temporale), en bevat de organen van 
twee zintuigen, het gehoororgaan in het 
slakkenhuis (cochlea), en het evenwichtsorgaan in 
de vestibule en de halfcirkelvormige kanalen. 
Aangezien het benige labyrint van fossiele 
hominiden niet eerder geanalyseerd is, en ook de 
vergelijkende morfologie van de recente primaten 
slecht bekend is, houdt dit proefschrift zich bezig 
met een aantal basale vragen.

Ten eerste, zijn er morfologische kenmerken 
die het labyrint in de recente mens consequent 
onderscheiden van dat van de mensapen en an
dere primaten? Ten tweede, komt het labyrint in 
fossiele hominide taxa overeen met de vormen 
zoals die voorkomen in de recente Hominoidea 
(de mens en de mensapen), of heeft het een geheel 
eigen morfologie? Ten derde, welke biologische 
factoren beinvloeden de morfologie van het 
primaten labyrint, en kunnen deze factoren 
worden gerelateerd aan fylogenetische vera
nderingen zoals die waargenomen kunnen 
worden in de menselijke evolutie?

De discussie betreffende deze biologische 
factoren spitst zich vooral toe op twee meer 
specifieke vragen. Is de vorm van het labyrint in 
de hominiden gecorreleerd met de karakteristieke 
bouw van him schedelbasis, en is er een relatie 
tussen de morfologie van het labyrint en het 
voortbewegingspatroon, in het bijzonder waar het 
de bipede gang betreft die de recente mens en 
sommige hominide taxa kenmerkt?

De complexe drie-dimensionale bouw van het 
labyrint is onderzocht door met behulp van hoge- 
resolutie computer tomografie (CT) doorsnede 
beelden te vervaardigen van het slaapbeen. In 
Hoofdstuk 2 wordt een overzicht gegeven van het 
gebruik van CT in de paleoantropologie (de studie 
van de evolutie van de mens), en de technische 
problemen bij het scannen van zwaar 
gemineraliseerde en matrix-gevulde fossielen 
worden besproken. De mogelijkheid om het 
hominide labyrint zichtbaar te maken, en te an- 
alyzeren aan de hand van drie-dimensionale 
reconstructies, wordt geïntroduceerd.

Morfometrie vormt een belangrijk onderdeel 
van vergelijkend morfologische analyses, en er is 
daarom een fantoomstudie gedaan om te onder

zoeken wat de nauwkeurigheid (waarheids
getrouwheid en herhaalbaarheid) is van 
lengtematen gemeten van CT scans. De resultaten, 
zoals beschreven in Hoofdstuk 3, geven aan dat de 
meest nauwkeurige metingen kunnen worden 
gedaan wanneer de exacte positie van de 
meetpunten, bijvoorbeeld op de rand van een 
structuur, wordt bepaald aan de hand van de 
plaatselijke CT getallen van de scan. Op basis van 
deze methode zijn in Hoofdstuk 4 acht 
lengtematen, 14 hoekmaten en twee indices van 
het benige labyrint gedefinieerd. De 
nauwkeurigheid van deze maten, zoals toegepast 
op menselijke, chimpanzee en makaken 
labyrinten, is onderzocht door vergelijking met 
maten genomen van afgietsels en serie coupes, 
gemaakt na het scannen. De maximale fout 
gevonden in deze tests is klein in vergelijking met 
de morfologische variatie van het primaten 
labyrint (zoals aangegeven in de literatuur, en 
tevens bevestigd door de analyses in 
Hoofdstukken 5 en 6 van dit proefschrift), en de 
conclusie is dat de morfometrische methoden 
vodoende nauwkeurig zijn.

De morfologie van het labyrint is onderzocht 
in de recente mens (64 individuen), de grote 
mensapen en 15 andere primatensoorten (44 in
dividuen), en 20 hominide fossielen variërend in 
ouderdom van één tot drie miljoen jaar. Voordat 
de labyrinten van de diverse primatensoorten 
werden vergeleken, is de menselijke ver
gelijkingsgroep quantitatief geanalyseerd om te 
onderzoeken of er morfologische verschillen op
treden tussen subgroepen gebaseerd op sexe, 
geografische herkomst of leeftijd, en om de 
correlaties tussen het labyrint en andere delen van 
de schedelbasis te onderzoeken.

De univariate en multivariate statistische anal
yses, beschreven in Hoofdstuk 5, laten zien dat er 
slechts kleine verschillen optreden tussen the 
labyrint-vormen van drie geografische sub
groepen van de menselijke vergelijkingsgroep, 
terwijl er geen statistisch significante verschillen 
werden gevonden tussen de mannelijke en 
vrouwelijke individuen, of tussen jonge kinderen 
(tot één jaar oud) en volwassenen. Er bestaat geen 
verband tussen de vlakorientaties van de halfcir
kelvormige kanalen en de omgevende craniale 
morfologie, maar andere andere delen van het 
labyrint zijn in zekere mate gecorreleerd met de 
oriëntaties van het rotsbeen, het basioccipitale, en 
het achterhoofdsgat in de schedelbasis.
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In Hoofdstuk 6 wordt het labyrint van de 
recente mens vergeleken met dat van de grote 
mensapen en andere primaten. De conclusie is dat 
de menselijke morfologie wordt gekarakteriseerd 
door een reeks van kenmerken die betrekking 
hebben op zowel de afmetingen als de oriëntaties 
van onderdelen van het labyrint.

De lichaamsgrootte in aanmerking genomen 
heeft de recente mens grotere voorste en achterste 
halfcirkelvormige kanalen en een wat kleiner 
horizontaal kanaal dan de Afrikaanse mensapen, 
de nauwste levende verwanten van de mens 
onder de primaten. Gegevens uit biofysische en 
vergelijkend-morfologische studies maken het 
aannemelijk dat deze karakteristieke proporties 
geassocieerd zijn met het vermogen om het 
lichaam in opgerichte stand te houden tijdens 
bipede voortbeweging, door middel van 
mechanismen zoals de vestibulo-spinale reflexen.

De oriëntatie van delen van het menselijke 
labyrint kunnen worden gerelateerd aan de 
kenmerkende bouw van de menselijke schedelba- 
sis. In het transversale vlak hebben onderdelen 
van het labyrint en de schedelbasis (d.w.z. de 
rotsbeenderen) een meer coronaal gerichte ori
ëntatie in de recente mens dan in andere primaten. 
Tevens hebben zowel delen van het labyrint als 
van het achterste deel van de schedelbasis in de 
recente mens een karakteristiek gedraaide ori
ëntatie in het sagittate vlak (een draaiing met de 
wijzers van de klok mee wanneer men kijkt naar 
de links-laterale zijde van de schedel).

In Hoofdstuk 6 wordt de mogelijkheid 
geoppert dat de overeenkomstige oriëntaties van 
het labyrint en de schedelbasis het gevolg zijn van 
hersenontwikkeling die verband houdt met het 
grote menselijke hersenvolume. Een dergelijke 
beïnvloeding heeft echter geen effect op de vlak- 
orientaties van de halfcirkelvormige kanalen, die 
niet verschillen in de mens en de Afrikaanse 
mensapen. De onafhankelijkheid van deze 
functioneel-belangrijke kanaalorientaties van de 
omgevende craniale morfologie treedt dus niet 
alleen intraspecifiek op voor de recente mens 
(zoals geconstateerd in Hoofdstuk 5), maar ook bij 
vergelijking van verwante primatensoorten.

Hoofdstuk 7 behandelt de vergelijkende 
morfologie van het labyrint in 20 hominide 
fossielen, waaronder examplaren toegeschreven 
aan Australopithecus africanus, A. robustus, Homo 
erectus and H. aff. habilis, en een aantal niet eerder 
beschreven (en niet-geaffUieerde) rotsbeenderen. 
Voor wat betreft de afmetingen en de vorm van 
het labyrint lijkt Australopithecus het meest op de 
grote mensapen, terwijl H. erectus niet wezelijk 
verschilt van de recente mens. Kleine, maar 
statistisch significante verschillen treden op

tussen de labyrinten van A. africanus en A. 
robustus. Het fossiel toegeschreven aan H. aff. habi
lis valt op door uitzonderlijk grote, niet- 
menselijke, proporties van de halfcirkelvormige 
kanalen, en in dit opzicht vertegenwoordigt het 
een onwaarschijnlijke intermediaire vorm tussen 
A. africanus en H. erectus. Een dergelijke inter
mediäre morfologie wordt echter wel vertoond 
door een aantal van de niet eerder beschreven 
fossielen, en het lijkt er op dat de belangrijkste 
evolutionaire stadia tussen de labyrint morfologie 
van de recente mens en dat van andere primaten 
zijn vertegenwoordigd in de collectie bestudeerde 
fossielen.

De proporties van de halfcirkelvormige 
kanalen suggereren dat het voortbewegingspa- 
troon van Australopithecus en van de hominide 
vorm toegeschreven aan H. aff. habilis minder 
gedomineerd werd door bipede gang dan het 
geval is bij de recente mens, en dat quadrupede 
locomotievormen waarschijnlijk een substantieel 
onderdeel vormden. Deze conclusie komt in brede 
zin overeen met het beeld gebaseerd op 
postcraniale fossielen. Duidelijke aanwijzingen 
voor de invloed van toenemend hersenvolume op 
het labyrint en het omringende rotsbeen, met 
name voor wat betreft laterale hersenexpansie, 
worden gevonden bij H. erectus en een aantal van 
de niet-geaffilieerde fossielen.

De vergelijkend-morfologische analyses van 
de recente en fossiele taxa wijzen er op dat de 
fylogenie van het menselijke labyrint wordt 
gekenmerkt door de volgende algemene 
mechanismen:
1. De afmetingen van het benige labyrint zijn 

gecorreleerd met lichaamsgrootte, en die van de 
halfcirkelvormige kanalen veranderen in relatie 
met het voortbewegingspatroon.

2. De vorm van het labyrint wordt beinvloed door 
hersenontogenie, op eenzelfde wijze als dat het 
geval is voor het achterste deel van de 
schedelbasis. Dit soort van veranderingen 
beperkt zich tot de 'niet-functionele' delen van 
het labyrint; de functioneel relevante 
vlakorientaties van de halfcirkelvormige 
kanalen blijven stabiel.

De analyses van de vergelijkende en functionele 
morfologie en van de evolutie van het hominide 
labyrint, zoals besproken in dit proefschrift, 
kunnen de basis zijn voor verder onderzoek. 
Mogelijke onderzoekslijnen voor toekomstige 
projecten zijn:

a) Het verzamelen van meer gegevens door het 
CT scannen van aanvullend recent en fossiel 
primaten materiaal, met name wat betreft de 
Hominoidea. Een grotere vergelijkingscollectie
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CHAPTER 8

met meer verschillende taxa levert een nauw
keuriger beschrijving van de relatie tussen het 
labyrint en de schedelbasis-morfologie, en in het 
geval van recente soorten, van de relatie tussen 
voortbewegingspatronen en de morfologie van de 
halfcirkelvormige kanalen.

b) Onderzoek betreffende de biofysische 
relatie tussen de proporties van een 
halfcirkelvormig kanaal en de karakteristieken 
van het vestibulaire systeem, zoals de 
gevoeligheid, door het testen van vergelijkend- 
morfologische data met behulp van theoretische 
hydrodynamische modellen van de endolymf 
beweging. Het is zinvol om de maten van het 
labyrint uit te breiden met kanaalafmetingen 
gemeten tot de buitenste wand. Deze geven een 
betere benadering van de functioneel belangrijke 
boog-radius van de membraneuze ductus dan 
afmetingen tot het centrum van het benige kanaal 
(zoals gemeten in dit proefschrift). De 
nauwkeurigheid van dergelijke afmetingen moet 
dan wel worden getest door het vergelijken van 
maten gebaseerd op CT scans en casts of serie 
coupes.

c) Onderzoek betreffende de biologische 
mechanismen die ten grondslag liggen aan de 
relatie tussen de vormen van het labyrint en de 
schedelbasis, en de rol van hersenontwikkeling 
hierbij als causale factor. Een belangrijk 
onderwerp dat in dit verband zou moeten worden 
onderzocht is de differentiatie tussen, aan de ene 
kant, de fylogenetisch-variabele, 'niet- 
functionele' aspecten van het labyrint, en aan de 
andere kant de stabiele vlakorientaties van de 
halfcirkelvormige kanalen.

Een mogelijke benadering van deze 
onderzoekslijn is de morfometrische analyse van 
het zich ontwikkelende menselijke labyrint in de 
ontogenetische fasen voor de verbening van het 
oorkapsel, om vast te stellen of de vorm van het 
labyrint verandert in relatie tot de hersen

ontwikkeling. Een andere mogelijkheid is de 
morfometrische analyse van het labyrint en de 
schedelbasis in microcefale schedels, om de 
gevolgen van de beperkte hersenontwikkeling te 
onderzoeken.

Het verkrijgen van een beter inzicht in de 
biologische processen die het benige labyrint 
beinvloeden, door verder onderzoek als 
hierboven geschetst, is een essentieele factor in de 
interpretatie van de labyrintmorfologie in fossiele 
hominiden. Dit proefschrift laat zien dat elk van 
de fossiele hominide taxa wordt gekarakteriseerd 
door een kenmerkende morfologie van het 
labyrint. Zodoende heeft analyse van het labyrint 
niet alleen de potentie om inzicht te geven in 
voortbewegingspatronen, maar kan het ook 
bijdragen tot het beantwoorden van vragen 
betreffende fylogenetische relaties. Voorbeelden 
van dit soort kwesties zijn de monofyletische dan 
wel polyfyletische oorsprong van de 'robuste' 
Australopithecus vormen, en de status van de di
verse 'vroege' vormen van Homo.

Het gebruik van het benige labyrint in 
fylogenetische analyses heeft drie belangrijke 
voordelen. Ten eerste, het feit dat het neonate 
labyrint reeds de uiteindelijke volwassen grootte 
en vorm heeft vergroot de potentieele 
diagnostische waarde omdat de morfologie niet 
wordt beinvloed door omgevingsfactoren 
gedurende de postnatale groei, en waarschijnlijk 
fenotypisch dichter bij het genotype staat dan vele 
andere skeletonderdelen. Ten tweede, hetzelfde 
fenomeen maakt het mogelijk dat juveniele en 
adulte examplaren fossielen direct kunnen 
worden vergeleken. Tenslotte zijn er grotere 
steekproeven beschikbaar dan voor de meeste an
dere delen van het skelet, omdat fossiele hominide 
rotsbeenderen die een intact labyrint bevatten 
relatief vaak voorkomen door de hardheid van het 
omgevende oorkapsel.
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The measurements and landmarks used in this study in alphabetical order of their abbreviation. The full 
description is given in Section 4.3. Diagram showing the measurement is given in brackets.

DIMENSIONS
Species codes used in the tables and graphs.

APA Orientation of the ampullar line of the anterior 
and posterior semicircular canals (f).

ASCh Height of the anterior semicircular canal (b).
ASCm Orientation of the arc of the anterior semicircu

lar canal (e).
ASCs Orientation of the most superior part of the an

terior semicircular canal (e).
ASCw Width of the anterior semicircular canal (e).
ba basion.
CC Orientation of the petrous part of the carotid 

canal (i).
OCR Orientation of the common crus (f).
cliv Orientation of the clivus omitting dorsum 

sellae.
COh Height of the cochlea (b).
COs Orientation of the cochlea (f).
COt Orientation of the cochlea (e).
COw Width of the cochlea (a).
FC2 Orientation of the second part of the facial 

canal (i).
FC3 Orientation of the third part of the facial canal

(j)-
fc foramen caecum.
g glabella.
LSCh Height of the lateral semicircular canal (a).
LSC1 Orientation of the most lateral part of the lat

eral semicircular canal (f).
LSCm Orientation of the arc of the lateral semicircu

lar canal (f).
LSCt Orientation of the central axis of the lateral 

semicircular canal (e).

LSCw Width of the lateral semicircular canal (a), 
na nasion.
o opisthion.
op opisthocranion.
PPa Orientation of the anterior petrosal surface (j).
PPp Orientation of the posterior petrosal surface (j).
PPip Inferior orientation of the posterior petrosal 

surface (i).
PPsp Superior orientation of the posterior petrosal 

surface (not shown).
PSCh Height of the posterior semicircular canal (a).
PSCi Orientation of the inferior limb of the posterior 

semicircular canal (e).
PSCm Orientation of the arc of the posterior semicir

cular canal (e).
PSCs Orientation of the superior limb of the poste

rior semicircular canal (e).
PSCw Width of the posterior semicircular canal (b).
R Radius of curvature of the semicircular canals 

or the cochlea.
ra radiculare.
SG Orientation of the (mid)sagittal line.
SLI Sagittal labyrinthine index (d). 
s sella.
sm Medial wall of the stylomastoid foramen.
TLI Transverse labyrinthine index (c).
V Orientation of the vestibule (e).
VC Orientation of the vestibulocochlear line (f).

LSCw

INDICES

ORIENTATIONS
ASCm

ASCs

L LSC1

PSCm

ANGLES

LSCm

Aa Australopithecus africanus Lo Lemur mongoz
A1 Alouatta seniculus Me Megaladapis edwardsi
Ar Australopithecus robustus Mf Macaca fascicularis
At Aotus trivirgatus Mi Macaca nigra
Ca Cercopithecus aethiops Mm Macaca mulatta
Ce Cebus sp. Mn Macaca nemestrina
q Callithrix jacchus Ms Mandrillus sphinx
Cm Cercopithecus mona Nc Nycticebus coucang
Cn Cercopithecus nictitans N1 Nasalis larvatus
Di Dinopithecus ingens Pc Papio cynocephalus
Gg Gorilla gorilla Pd Propithecus diadema
He Homo erectus Ph Papio hamadryas
Hm Hylobates moloch Po Pongo pygmaeus
Hp Hylobates pileatus Pp Pan paniscus
Hs Homo sapiens Pt Pan troglodytes
Hy Hylobates symphalangus Pu Papio ursinus
li Indri indri Ss Saimiri sciureus
La Lemur macaco Tb Tarsius bancanus
LI Lagothrix lagothricha Tg Theropithecus gelada

ORIENTATIONS - PETROUS PYRAMID

Diagrams
Superior (a, c, e, i) and lateral (b, d, f, j) aspects of a left 
human labyrinth (a-f) and temporal bone (i, j), showing 
the measurements used in this study. Anatomical orien
tation as indicated in i and j: A. anterior, L. lateral, S. 
superior. See the list on this fold-out sheet for the abbre
viations of the measurements, and Section 4.3 for the 
definitions.

g. The angles in the transverse plane, as given in the 
tables, are facing anteriorly or laterally (e.g. see SG<V, 
SG<LSCt and V<LSCt).
h. The angles in the sagittal plane, as given in the tables, 
are facing anteriorly, and are given a positive values 
when the angle opens superiorly of the orientation 
given first in the angle-code (e.g. see ba-na<CCR, 
LSCmcCCR), and a negative value when it opens infe- 
riorly (e.g. see ba-na<LSCm).







Studying something as small and obscure as 
the bony labyrinth in extant and fossil primates 
may seem to be a typical example of the 
hyper-specialization that characterizes modem 
science in the popular view. However, this 
structure houses the vestibular apparatus, the 
sense organ for the perception of movement 
and spatial orientation, and past research 
suggests that the 'hominization' of the 
neurocranium is strongly reflected in the inner 
ear morphology. The analysis of the labyrinth 
therefore directly touches upon two of the most 
important processes of human evolution: brain 
expansion and the emergence of bipedal 
walking.


