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INTRODUCTION

Among the Neandertal remains unearthed 
at Spy in 1886 are two partial calvaria, Spy 1 and 
Spy 10. These crania are composed of many frag-
ments with some missing anatomical parts.  Just 
after the discovery, the fragments were assembled 
in order to reconstitute the general morphology of 
the crania and filling material was used to com-
plete the missing parts.  The skulls are described 
in detail regarding their external cranial anatomy 
elsewhere in this monograph (Rougier  et al., this 
volume:  chapter  XXIV-1).   Similarly,  we  de-
scribed in another chapter the virtual cleaning of 
the crania of  all  non-osseous elements (Balzeau 
et al.,  this volume: chapter  XXII;  Figure 1a and 
Figure 2a)  by  means  of  imaging  methodologies 
and informatics processing.  The purpose of this 
study is to exhaustively describe and quantify the 
internal anatomy of the Spy 1 and Spy 10 crania.

Imaging  methodologies  allow  2D  and 
3D observation and reconstruction of previously 
unavailable  morphological  features,  as  well  as 
their  precise  description  and  quantification. 
Therefore,  this  paper provides  exhaustive  de-
scriptions and detailed metric data for the pneu-
matisation of the frontal and temporal bones and 
for  the  cranial  vault  thickness  and its  internal 
composition.  These data are compared with the 
available  data  for  other  Neandertal  fossils,  as 

well as for other hominid species and anatomic-
ally modern  Homo sapiens.   Then, the internal 
characteristics of the Spy 1 and Spy 10 crania are 
discussed, as well as the variation and the partic-
ularities of Neandertals regarding these features.

MATERIAL AND METHODS

Morphological and quantitative analyses 
of the pneumatisation of the frontal and temporal 
bones, as well as of the cranial vault thickness 
and internal composition, were conducted using 
computed tomography (CT) data. Spy 1 and 10 
were CT scanned with a Siemens Somaton 64 at 
the Erasmus Hospital (ULB) in Brussels, Belgi-
um.  The settings were 0.6 mm-thick slices, with 
a reconstruction interval of 0.3 mm, 10-23.8 cm 
field  of  view,  and  0.195-0.465 mm  pixel  size 
with  a  pixel  matrix  of  512*512  (Semal  et al., 
2005).  Specific CT acquisitions of the temporal 
bones were made to have a better definition than 
the datasets of the complete crania.  The fossils 
were  CT scanned during  the  European project 
called “The Neanderthal Tools” (TNT; e.g. Mac-
chiarelli  et al.,  2005;  Macchiarelli  &  Weniger, 
2006) and the datasets were stored in the NES-
POS  database  (https://www.nespos.org/).   The 
CT data do not  show any noticeable artefacts, 
and the Hounsfield values are within the range 
covered by the scanner, resulting in the absence 
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of overflow artefacts.  Comparative data derive 
from previous works and concern original fossils 
and  imaging  datasets  for  anatomically  modern 
Homo sapiens and Homo erectus, as well as for 
Neandertal  adult  individuals  (La  Chapelle-aux-
Saints 1,  La Ferrassie 1,  La  Quina 5  and  27, 
Krapina 3,  4,  5,  6,  38.1,  38.11,  38.12,  38.13, 
38.21, 39.1, 39.13, 39.14, 39.18).

Following  previous  experience,  the  CT 
data were used to extract information concerning 
pneumatisation  (Balzeau  et al., 2003,  2005; 
Balzeau  &  Grimaud-Hervé, 2006), cranial vault 
thickness (CVT) and internal composition of the 
bones (Balzeau, 2006, 2007).  CT datasets cor-
respond to a large number of adjacent 2D images 
which do not allow for retrieval of the repetitive 
reconstructed CT images (with respect to orienta-
tion and slicing spacing) that are needed to de-
scribe the complex morphology of the pneumat-
isation.  Therefore, in order to minimise the pos-
sible influence of the acquisition parameters on 
metric analyses and descriptions, pneumatisation 
was analysed in three dimensions.  The calcula-
tion of  the reconstruction in  3D was based on 
data obtained using a segmentation protocol ad-
apted  to  studying  fossil  hominid  morphology. 
On  each  CT  slice,  the  boundary  between  the 
bone and the air (the pneumatic cells) was identi-
fied by manual segmentation.  This protocol re-
quired using multiple threshold values as a func-
tion of variation of temporal bone mineralization. 
Values were also adjusted when some sediment 
was present in the cells.  These settings permitted 
us to obtain precise outlines of the whole pneu-
matisation and then also obtain precise 3D recon-
structions.

A  specific  analytical  protocol  was  de-
veloped to overcome the limitations of analysing 
cranial  vault  thickness and internal  composition 
(Balzeau, 2006, 2007) by using the mid-sagittal 
plane on the CT data.  The CT data correspond to 
a set of successive slices defining the whole fossil. 
Each image crosses the bony structures in various 
orientations. Thickness quantification can be done 
where the acquisition is perpendicular to the cra-
nial surface and thickness.  The mid-sagittal plane 
is the only one in the dataset that extends perpen-
dicularly to the cranial thickness on its full exten-
sion.  On each individual’s corresponding slice, 
the  boundary  between  outer,  diploic  and  inner 

table,  as well  as with the surrounding air,  was 
identified by manual segmentation.  This proced-
ure consists of measuring the median value (or 
Half Maximum Height) of the CT value of the 
two elements, whose interface is to be defined 
(Spoor et al., 1993; Schwartz et al., 1998).

Manual  segmentation has  to  be  made 
each time the attenuation coefficient  of  one of 
the elements varies along the interface.  This al-
lows for the accurate identification of the inter-
face between two structures, despite local fluctu-
ation in CT numbers (Balzeau, 2005).  Four prin-
cipal landmarks are defined on the external cra-
nial surface: the sagittal glabella (noted as Gs), 
the sagittal bregma (Bs), the sagittal lambda (Ls) 
and the sagittal  external  occipital  protuberance 
(Os).  The internal projection perpendicularly to 
the  endocranial  surface  of  these  landmarks  is 
used  to  delimitate  four  endocranial  chords. 
These chords are divided into equal  segments; 
Gs-Bs and Bs-Ls are divided into 20 equal seg-
ments, Ls-Os is divided into 15, and Os-foramen 
magnum is divided into five.  The thickness is 
measured at each interval and quantified perpen-
dicularly  to  the  endocranial  surface,  since  this 
surface has less topographical variations than the 
external cranial surface.  This protocol provides 
data for the vault thickness and structural layers 
distribution on 60 landmarks on the whole mid-
sagittal plane.

RESULTS

The  results  are  detailed  separately  for 
each  cranium:  Spy 1  (Figure 1),  then  Spy 10 
(Figure 2).  The position and the extension of the 
frontal  sinuses,  of  the  temporal  bone 
pneumatisation  and  information  about  the 
thickness  of  the  cranial  vault  and  its  internal 
composition are detailed below.

Spy 1

In the area corresponding to the frontal 
sinuses, the frontal bone is composed of several 
fragments;  some parts  are missing,  particularly 
for the internal cranial surface on the left side. 
As a result, the frontal sinuses are incompletely 
preserved  and are exposed endocranially.   The 
bony ridge which separates the right and left si-
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nus is absent.  Some sediment fills the uppermost 
cell  of  the right sinus, in its medial part.  The 
frontal sinuses invade the complete glabellar area 
of the frontal torus and propagate laterally as far 
as the middle part of the torus on both sides, just 
laterally to the supraorbital  foramen (Figure 1b 
and 1c).  The sinuses, where present, completely 
fill  the  torus  antero-posteriorly.   Finally,  cells 
continue posteriorly to the postorbital sulcus and 
propagate slightly in the frontal squama, particu-
larly in its  medial  part.  The sinuses are com-
posed of several large cells. However, cells over-
lap and are not well individualised because of the 
sinuses' development.  Some tiny bony bridges 
are present on the internal surface of the frontal 
bone corresponding to the anterior extension of 
the frontal sinuses.  They propagate posteriorly, 
with a vertical orientation.  Cells are better indi-
vidualised in their uppermost extension because 
of  differential  postero-superior  propagation  in 
the  frontal  squama.   The  left  frontal  sinus  is 
slightly larger.   The incomplete frontal  sinuses 
have a volume of over 20 cm3 and extend later-
ally for 79 mm.

In the right temporal bone, pneumatisa-
tion is located around the antrum and forms a 
compact volume (Figure 1d and 1e).  Pneumatic 
cells have a more prominent extension in all dir-
ections than for the left temporal bone.  Cells are 
smaller medially and larger laterally.   The two 
largest  cells are the most  latero-posterior  ones. 
The largest one extends over 1.5 cm vertically. 
Anteriorly, cells are located all along the posteri-
or wall of the external auditory meatus and con-
tinue vertically in the upper part of the petrous, 
but do not extend anteriorly to the plane of the 
anterior semi-circular canal.  Medially, cells are 
located above the lateral semi-circular canal, but 
pneumatisation does not propagate in the petrous 
apex.  The most lateral cells are in the anterior 
area of the sulcus between the mastoid and the 
supramastoid crests.

The most superior  and posterior  exten-
sion  of  the  pneumatisation  corresponds  to  the 
large cell  located in the uppermost area of  the 
junction between the petrous and the squamous 
temporal. Inferiorly, the cells situated in the an-
terior part of the mastoid process are just under 
the  level  of  the  deepest  point  of  the  digastric 
groove.  Pneumatisation has a volume of 4.8 cm3. 

In  the  left  temporal  bone,  some  sediment  is 
present in the internal auditory meatus, the tym-
panic cavity, and partially fills the antrum.  Pneu-
matisation is principally localised around the an-
trum (Figure 1f).  Small cells propagate at the in-
ferior extension of the pneumatisation, whereas 
its postero-superior extension is composed of a 
few very  large  cells.   Anteriorly,  cells  extend 
close to the posterior wall of the external audit-
ory meatus while some others are in the upper 
part of the petrous, just above the centre of the 
external  auditory  meatus.   Medially,  cells  are 
located  just  above  the  superior  semi-circular 
canal.  Pneumatisation is present in the superior 
part of the petrous but does not propagate in its 
apical area.  The most lateral cell is at the junc-
tion between the uppermost part of the petrous 
and the squamous temporal.  This large cell  is 
also the most superior one.  Inferiorly, cells do 
not extend under the level of the middle of the 
external auditory meatus, which also corresponds 
to the inferior extension of the basal turn of the 
cochlea.   The  most  posterior  extension  of  the 
pneumatisation also corresponds to the large cell 
at  the  junction  between  the  petrosal  and  the 
squamous temporal.  The unpneumatised areas of 
the temporal  bone,  i.e.  the complete squamous 
temporal, the area posterior to the parietal notch 
and the mastoid apex, principally consist of the 
diploic  layer.  Pneumatisation  has  a  volume  of 
1.1 cm3.

The cranial vault thickness was quantifi-
able on nearly all the midsagittal  plane, except 
for the most anterior part of the frontal bone and 
the inferior half of the nuchal plane (Figure  1g). 
Moreover, a few values were affected for a small 
part  of the second half  of  the frontal bone be-
cause of the slight erosion of the internal surface. 
Finally, three measurements were estimated for 
the posterior part of the parietal bones because of 
a gap and the presence of plaster. In what con-
cerns the internal composition of the bones, no 
information was available where the frontal si-
nuses extend in the analysed plane. Some values 
were  slightly  estimated because of  the  incom-
plete  preservation  of  the  internal  table  in  the 
second half  of  the frontal bone.  The maximal 
thickness for the frontal bone corresponds to the 
measurement  at  glabella,  with  a  value  of 
22.2 mm.  The CVT decreases regularly in the 
direction of the bregma and slightly increases at 
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the bregma at 7.4 mm.  The thickness at the junc-
tion of the parietal bones varies from 7.4 mm in 
their anterior part, decreases to a minimal value 
of 6.6 mm in their middle part, and increases as 
far  as  the  lambda,  where  it  reaches  8.6 mm. 
There is a thickening in the anterior part of the 
occipital plane (11.1 mm), and then the thickness 
decreases in its medial  part  (10.5 mm)  and in-
creases  again  to  reach  14.1 mm as  a  maximal 
value where the occipital superstructures are the 
most developed.

For  the  internal  composition  (Fig-
ure 1g), the diploic layer constitutes over 56 % 
of the total thickness in the anterior part of the 
frontal squama, whereas the internal and extern-
al tables both constitute around 22 %.  The pro-
portion for the diploic layer decreases in the dir-
ection of the bregma, whereas the values for the 
tabular  tables have  a regular  and similar  aug-
mentation. Just anteriorly to the bregma, the in-
ternal table represents 34 % of the total thick-
ness, the diploic layer represents 37.6 % and the 
external  table  shows  28 %.   This  variation  is 
due to a variation in the total vault thickness in 
this area, which only affects the diploic layer. 
Indeed,  absolute values for  the tabular  tables’ 
thicknesses do not vary to a great extent along 
the frontal bone.  The diploic layer is the prin-
cipal constituent of the total thickness of the oc-
cipital plane.  For the area localised above the 
suprainiac fossa, the diploic layer  has a mean 
representation of 65 % of the total thickness, the 
external table has a mean of 19 % and the in-
ternal table has a mean of 16 %.  In the area of 
the  suprainiac  fossa,  the  diploic  layer  has  a 
thickness of approximately 6.9 mm, the external 
table is around 2.5 mm, and the internal table is 
about  2 mm.  From  just  above  the  suprainiac 
fossa to the most posterior prominent point of 

the occipital torus, mean values are 56 % for the 
diploic  layer,  27 % for  the  external  table  and 
17 % for the internal table.  The diploic layer 
has a thickness of around 7.4 mm, the external 
table is about 4.2 mm, and the internal table is 
about  2.5 mm  where  the  occipital  superstruc-
tures are the most developed.

Spy 10

The frontal bone is complete, except for 
its lateral parts at the junction with the right pari-
etal and temporal bones and with the left tempor-
al  bone,  and except for  the medial  part  of  the 
frontal torus.  As a result, a large part of the ori-
ginal extension of the frontal sinuses cannot be 
described.   The  sinuses  probably  completely 
filled the glabellar region based on their lateral 
extension (Figure 2b).  On the right side, the si-
nus continues laterally to the supraorbital  fora-
men, which is not preserved.  So, this cavity is 
included in the area of the torus where its thick-
ness is maximal vertically, and does not propag-
ate in the lateral area, where the torus becomes 
thinner.  The sinus has a weaker lateral extension 
on the left side and does not reach the level of 
the supraorbital foramen.

The frontal sinuses were most certainly 
contained inside the frontal torus, based on the 
actual state of conservation of the frontal squama 
in  its  broken  medial  part,  and  the  absence  of 
bony walls corresponding to the surface of the 
sinuses.  A very small cell on the left side has a 
slight  posterior  propagation  in  the  area  of  the 
postorbital sulcus.  On the right side, the lateral 
extension of the sinus is constituted by a large 
cell,  separated medially from another large cell 
by two bony walls and a smaller sinusal cavity. 
Below and posterior to this lateral cell, another 
one is well individualised and has an elongated 
shape.   The  right  sinus  is  larger.   It  is  not 
possible  to  estimate  the  volume  of  the  frontal 
sinuses because of their incomplete preservation. 
They extend laterally for 66 mm.

The  right  temporal  bone  is  complete, 
except for the anterior part of the squamous and 
the  basal  and  posterior  areas  of  the  petrous. 
Pneumatic cells are partially broken and exposed 
in  this  area,  as  well  as  in  the  summit  of  the 
posterior wall of the petrous.
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Figure 1. (opposite page) Internal cranial anatomy of 
Spy 1: original state of preservation of the fossil (a), 
3D reconstructions  based on CT  data  of  the  fossil 
and the frontal sinuses in anterior view (b) and right 
antero-lateral  view (c),  of  the  right  temporal  bone 
and its pneumatisation in endo-posterior (d) and lat-
eral views (e), of the left temporal bone and its pneu-
matisation  in  lateral  view (f),  and  variation  in  the 
cranial vault thickness and in the thickness of the in-
ner table, diploe and outer table (in mm) along the 

mid-sagittal plane (g).
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Pneumatisation  constitutes  a  compact 
volume in  the  petromastoid  area (Figure 2c  and 
2d).  Anteriorly, cells extend all along the posteri-
or surface of the external auditory meatus.  Me-
dially, cells are situated above the lateral semi-
circular  canal  and propagate  posteriorly  to  the 
bony labyrinth as far as the plane of the superior 
semi-circular canal, but do not continue farther in 
the petrous apex.  The most lateral cells are in 
the anterior area of the sulcus between the mast-
oid and the supramastoid crests.

Superiorly,  pneumatisation  reaches  the 
level of the summit of the superior semi-circular 
canal.  The more inferiorly located cells are in 
the basal part of the posterior wall of the petrous. 
Based on their position and the actual  state of 
preservation of  the temporal bone, pneumatisa-
tion probably did not propagate inferiorly to the 
deepest point of the digastric groove.  Moreover, 
cells are absent in the mastoid process.  The most 
posterior cell is located at the uppermost portion 
of  the  junction  between  the  petrosal  and  the 
squamous temporal.  This cell is exposed because 
of the incompleteness of the posterior wall of the 
petrosal.  Pneumatisation constitutes a volume of 
2.5 cm3, but this value is underestimated.

The left temporal bone is complete, ex-
cept for the petrous apex and the postero-inferior 
part  of  the  petrous,  medially  to  the  digastric 
groove.  In this last area, some pneumatic cells are 
exposed.   The  tympanic  cavity  is  partially  pre-
served.   Pneumatisation  constitutes  a  compact 
volume in  the  petromastoid  area (Figure 2e  and 
2f).   Anteriorly, cells extend along the posterior 
wall of the external auditory meatus.  The most 
anterior cells are just below the lateral extension 
of the antrum.  Medially, cells are located above 
the  lateral  semi-circular  canal,  just  below  the 
summit of the posterior canal.

Even if the petrous apex is incomplete, it 
is clear that cells do not propagate in this area. 
The most  lateral  and posterior  extension  of  the 
pneumatisation corresponds to the cells which are 
located in the upper and posterior part of the pet-
rous, at its junction with the squamous temporal.

Inferiorly,  pneumatisation  continues  in 
the medial part of the mastoid process and ex-
tends under the level of the deepest point of the 
digastric groove.  Pneumatisation has a volume 
of 4.4 cm3, but this value is slightly affected by 
the incomplete preservation of the pneumatised 
areas.

The frontal bone is composed of several 
fragments, with plaster to complete the missing 
areas,  particularly along the mid-sagittal  plane. 
For this reason, the vault  thickness and the in-
ternal composition were quantifiable only for the 
posterior  third  of  this bone.   The cranial  vault 
thickness was quantifiable all along the junction 
of the parietal bones, for the occipital plane and 
the  first  half  of  the  nuchal  plane  (Figure 2g). 
The sagittal suture extends in the analysed plane, 
affecting some measurements of the vault thick-
ness and preventing the possibility of quantifying 
the internal  composition  at  the junction of  the 
parietal bones.

The thickness of the frontal bones varies 
from 5.1 mm for its most anterior preserved part, 
to 7.1 mm at the bregma.  The thickness varies 
between 6.5 mm and 8.2 mm at the junction of 
the parietal bone due to the presence of the sagit-
tal suture.  There is a thickening in the anterior 
part  of  the occipital  plane,  from 7.5 mm at  the 
lambda to  a  maximal  value  of  10.6 mm in  the 
middle of the occipital plane.  Then, the thickness 
decreases posteriorly to reach a minimal value of 
9 mm, and increases again to 12 mm as a maxim-
al  value where  the occipital  superstructures  are 
the most  developed.   The superior  limit  of  the 
suprainiac fossa corresponds to a slight diminu-
tion in total thickness in comparison to the superi-
or part of the occipital plane.  Thickness increases 
regularly  from the inferior  part  of  the fossa to-
wards the occipital  torus.  This augmentation is 
principally due to the presence of the internal oc-
cipital  crest  which  becomes  more  developed 
while getting closer to the area of the endinion.
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Figure 2.  (opposite  page)  Internal  cranial  anatomy of 
Spy 10: original state of preservation of the fossil (a), 
3D reconstructions based on CT data of the fossil and 
the frontal  sinuses in anterior view (b), of the right 
temporal bone and its pneumatisation in superior (c) 
and lateral views (d), of the left temporal bone and its 
pneumatisation in superior  (e)  and lateral  views (f), 
and variation in the cranial vault thickness and in the 

thickness of the inner table, diploe and outer table
(in mm) along the mid-sagittal plane (g).
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Similarly, the values for the thickness of 
the  nuchal  plane  are  even  higher,  with  values 
around 13 mm on account of the internal occipit-
al  crest.   For  the  internal  composition  (Fig-
ure 2g), the tabular tables are well represented in 
the most anteriorly preserved part of the frontal 
squama, and less close to the bregma, whereas 
the proportion for the diploic layer increases.  In-
deed,  the  internal  table  varies  from 35.3 % to 
23 %, the external  table varies from 35.3 % to 
29.7 % and the diploic layer varies from 29.4 % 
to 47.3 %.  This variation is concomitant with the 
augmentation of the total vault thickness in this 
area. This thickening is only due to the augment-
ation of the thickness of the diploic layer, where-
as the tabular tables do not vary to a great extent 
in their absolute thickness.

In the area of the occipital plane, the dip-
loic layer is the principal constituent of the total 
thickness.   For  the  area  localised  above  the 
suprainiac  fossa,  the  diploic  layer  has  a  mean 
representation of 64 % of the total thickness, the 
external table has a mean of 17 % and the intern-
al table has a mean of 19 %.  From just above the 
suprainiac fossa to the most posterior prominent 
point of the occipital torus, the mean values are 
52 % for the diploic layer, 13 % for the external 
table and 26 % for  the internal  table.   For the 
thickness  quantification  corresponding  to  the 
suprainiac fossa, the diploic layer has a thickness 
of  approximately  4.8 mm,  the external  table  is 
around 2.3 mm, and the internal  table is about 
2.6 mm.   The diploic  layer  has a thickness of 
around 6.5 mm, the external table is about 3 mm, 
and the internal table is about 2.4 mm where the 
occipital superstructures are the most developed. 
For the preserved part of the nuchal plane, the 
diploic layer constitutes around 70 % of the total 
thickness, the internal table constitutes 13 % and 
the external table holds 17 %.  This contribution 
of the diploic layer is due to the important devel-
opment of the internal occipital crest in this area, 
whereas the external table is thinner than in the 
occipital superstructures.

DISCUSSION

Spy 1 and Spy 10 share similar  charac-
teristics for the extension of the frontal sinuses. 
These cavities completely fill the glabellar region 

in both individuals.  Cells extend laterally as far 
as the middle of the frontal torus, just near the 
area where this structure becomes thinner vertic-
ally.  In Spy 1, the cavities extend posteriorly in 
the area of the postorbital sulcus and slightly in 
the  frontal  squama.   According  to  previous 
works,  Neandertals  are  characterised  by  very 
large frontal sinuses, which constantly invade the 
frontal  torus (Sergi,  1948; Vlček, 1967; Tillier, 
1977).  Moreover, the large development and the 
homogeneity  of  the  frontal  sinuses  among 
Neandertal individuals are proposed to be auta-
pomorphic features for this group (Tillier, 1988; 
Trinkaus, 1988).

Some studies have advanced a quantific-
ation of the volume of frontal sinuses.  In Guat-
tari 1, the left cavity has a volume of 3.55 cm3 

and the right one is 5.35 cm3 (Macchiarelli, pers. 
comm.).  Moreover, the volume of the left cavity 
in La Chapelle-aux-Saints 1 has a minimal value 
of 5.6 cm3 and the right one is 6.3 cm3 (Balzeau, 
2005) because the frontal sinuses are not com-
pletely  preserved.   Similarly,  the  value  for  La 
Ferrassie 1 is over 12.2 cm3 as the total for both 
sides.  In La Quina 5, a minimal value of 3.8 cm3 

was  estimated  for  the  right  side,  whereas  the 
volume for the left side was well over 2.9 cm3. 
In Krapina 3, the right frontal sinus has a volume 
of 4.3 cm3 and the left one is 6.8 cm3.  In Krap-
ina 6,  the  frontal  pneumatisation  has  a  total 
volume of 10.2 cm3 (Balzeau, 2005).  In compar-
ison,  the  frontal  pneumatisation  is  not  always 
present  in  Homo  erectus from  Zhoukoudian, 
Ngandong  and  Sambungmacan.   If  present,  it 
constitutes a small volume and it is restricted to 
the glabellar region (Balzeau, 2005).

The frontal sinuses have a wide morpho-
logical and dimensional variability in adult mod-
ern humans  (e.g. Weidenreich,  1934;  Tillier, 
1977;  Szilvassy,  1982;  Prossinger,  2001).   In 
Afalou Bou Rhummel and Taforalt anatomically 
modern  Homo sapiens,  the morphological vari-
ation is also important and the volume of pneu-
matisation varies from a  value of  0  to 12 cm3 

(Balzeau & Badawi-Fayad, 2005).  Thus, dispos-
ition and extension of the frontal sinuses in Spy 1 
and 10 are similar to the characteristics observed 
in other Neandertals.   In  these individuals,  the 
frontal  pneumatisation  is  always  well  marked, 
and  presents  some unique characteristics  com-
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pared to Homo erectus and Homo sapiens.  The 
cavities invade the glabellar area and propagate 
laterally on a large extension into the frontal tor-
us.  Numerous cells are individualised, particu-
larly in the uppermost and lateral extensions of 
the  pneumatisation.   Finally,  pneumatisation 
sometimes extends in the frontal squama. How-
ever, this phenomenon is quite rare and limited 
because of the importance of the available areas 
for pneumatisation during growth into the frontal 
torus.

For  the  temporal  bone  pneumatisation, 
Australopithecines and  Paranthropus (e.g. Kim-
bel & Johanson, 1984; White  et al., 1994; Ward 
et al., 1999; Sherwood et al., 2002) share the ape-
like  pattern  of  pneumatisation  which  extends 
throughout the entire temporal bone.  There is a 
reduction in pneumatisation with the appearance 
of  the  genus  Homo  (Sherwood  et al.,  2002). 
However, the Zhoukoudian Homo erectus exhibits 
an  extensive  distribution  of  pneumatisation 
through the whole temporal bone with some indi-
vidual  variation  (Balzeau  &  Grimaud-Hervé, 
2006).   In the  Ngandong  and  Sambungmacan 
Homo erectus, pneumatisation is restricted mainly 
to the area inferior to the supramastoid crest and 
anterior to the mastoid crest, as well as to the later-
al part of the petrous temporal (Balzeau & Grim-
aud-Hervé, 2006).  Finally, the pneumatisation ex-
pansion in modern humans is generally limited to 
the mastoid, perilabyrinthine and petrous regions, 
whereas extension into the squamous temporal is 
rare and not extensive (e.g. Turner & Porter, 1922; 
Allam,  1969;  Wolfowitz,  1974;  Schulter,  1976; 
Virapongse et al., 1985; Zonneveld, 1987; Scheuer 
& Black, 2000; Koç et al., 2004).

The data for Spy 1 and 10 totally  match 
the  Neandertal  adult  pattern  for  temporal  bone 
pneumatisation  described  previously  (Balzeau  & 
Radovčić,  2008).   Spy 1 has the most  important 
asymmetry  for  temporal  bone  pneumatisation, 
based on the available data for Neandertals.  The 
intra-individual variation in the volume of Spy 1 
(1.1 cm3 for the left side and 4.8 cm3 for the right 
side) is quite important compared to the inter-indi-
vidual  variation  in Neandertals  (from 1.1 cm3 to 
more  than  5 cm3 and  a mean value  of  2.39 cm3 

with  SD = 1.03 cm3 and  N = 14).   Nevertheless, 
the  disposition  of  pneumatisation  on  both  sides 
remains typical  for  Neandertals.   Moreover,  this 

variation does not differ from asymmetries observ-
able in modern humans when “normal” variation is 
considered in large samples (e.g. Virapongse et al., 
1985; Koç et al., 2003; Lee et al., 2005).

In  sum,  Neandertals  share  a  reduced 
asymmetry of temporal bone pneumatisation with 
the Homo erectus individuals from Ngandong and 
Sambungmacan  (Balzeau  &  Grimaud-Hervé, 
2006) and modern humans (e.g. Virapongse et al., 
1985; Lee  et al.,  2005).  Moreover, Neandertals 
show a pattern for pneumatisation with a lower 
degree of variation than modern humans, and with 
a slightly lower extension into the different areas 
of  the  temporal  bone  than  Homo  erectus  and 
Homo sapiens (Balzeau & Radovčić, 2008).

The available data for cranial vault thick-
ness and internal  composition concern “classic” 
Neandertals (Balzeau, 2005) and individuals from 
Krapina  (Balzeau,  2007).   La  Chapelle-aux-
Saints 1, La Ferrassie 1, La Quina 5 and Spy 1 are 
preserved  for  nearly  the  full  extension  of  their 
mid-sagittal  plane.   Krapina 3, 4 and 6 provide 
data for the frontal bone.  Spy 10 and Krapina 5 
comprise  relatively  well-preserved  parietal  and 
occipital  bones.   These individuals  show some 
variability in terms of thickness, but maintain a 
similar pattern of distribution of the cranial vault 
thickness along the mid-sagittal plane (Figures 1 
and 2; Balzeau, 2005, 2007).

Thickness decreases rapidly and regularly 
from the area of the frontal torus to the middle 
part of the frontal squama.  The variation along 
the junction of the parietal bones shares similar 
characteristics.  On the occipital bone, an increase 
of the thickness is visible in the middle part of the 
occipital squama.  The suprainiac fossa only in-
duces a reduced variation in CVT and is not re-
sponsible for  the decrease in thickness between 
the middle part of the occipital  squama and the 
occipital superstructures.

Finally,  Neandertals  show a  limited in-
crease of thickness in the direction of the external 
occipital protuberance and are unique for the vari-
ation in thickness in the area of the occipital su-
perstructures as compared to  Homo erectus  and 
anatomically  modern  Homo  sapiens (Balzeau, 
2006).  For the internal composition, all the ana-
lysed  Neandertals  share  similar  characteristics. 
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The diploic layer is the principal constituent of 
the frontal and occipital bones in the mid-sagittal 
plane.  Moreover, the occipital superstructures do 
not correspond to a unique thickening of the ex-
ternal  table.   It  is  principally  the diploic  layer 
which is affected by the variations in total thick-
ness  of  the  occipital  bone.  For  these  aspects, 
Neandertals differ from Homo erectus and Homo 
sapiens (Balzeau, 2006).

These data also highlight the ambiguous 
relation  between  cranial  vault  thickness  and 
sexual attribution of Neandertal specimens.  For 
example, Spy 10 (presumably a male) has values 
for CVT that are below those of Spy 1, which is 
presumably a female, for  most  of the analysed 
landmarks.  Consequently, CVT along the mid-
sagittal plane, which includes the frontal and oc-
cipital  superstructures, does not  appear to be a 
discriminating indicator of sexual determination 
in Neandertals.  CVT seems to be influenced by 
a size and robustness component.   This  set  of 
correlated features is probably more meaningful 
for  clarifying  sexual  attribution  when  the  ex-
treme individuals of the variation are considered.

CONCLUSIONS

We are now able to deepen our know-
ledge of the morphology of fossils by getting ac-
cess to previously unavailable features thanks to 
imaging methodologies.  This approach also al-
lows one to identify new characteristics to debate 
the morphological variation among hominid spe-
cies, as well  as their relationships.  This paper 
provides  exhaustive  descriptions  and  detailed 
metric data for the pneumatisation of the frontal 
and  temporal  bones  and  for  the  cranial  vault 
thickness  and  its  internal  composition  for  the 
Spy 1 and Spy 10 crania.  These two individuals 

fall within the morphological variation observed 
among Neandertals for the analysed features.  Fi-
nally, as described above, this fossil  group has 
some typical features for the pneumatisation of 
the frontal and temporal bones, as well as for the 
cranial vault thickness and its internal composi-
tion  as  compared to  Homo erectus  and  Homo 
sapiens.  Additional work is needed to better un-
derstand the variation of  these features  among 
hominids and to explore their possible phylogen-
etic implications further.
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