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Abstract

The hypothesis that the temporal bones are at the center of the dynamics of the craniofacial complex, directly
influencing facial morphology, has been put forward long ago. This study examines the role of the spatial
positioning of temporal bones (frontal and sagittal inclination) in terms of influencing overall facial morpho-
logy. Several 3D linear, angular and orthogonal measurements obtained through computerized analysis of
virtual models of 163 modern human skulls reconstructed from cone-beam computed tomography images were
analyzed and correlated. Additionally, the sample was divided into two subgroups based on the median value
of temporal bone sagittal inclination [anterior rotation group (n = 82); posterior rotation group (n = 81)], and
differences between groups evaluated. Correlation coefficients showed that sagittal inclination of the temporal
bone was significantly (P < 0.01) related to midline flexion, transversal width and anterior-posterior length of
the basicranium, to the anterior-posterior positioning of the mandible and maxilla, and posterior midfacial
height. Frontal inclination of the temporal bone was significantly related (P < 0.01) to basicranium anterior-
posterior and transversal dimensions, and to posterior midfacial height. In comparison with the posterior rota-
tion group, the anterior rotation group presented a less flexed and anterior—posteriorly longer cranial base, a
narrower skull, porion and the articular eminence located more superiorly and posteriorly, a shorter posterior
midfacial height, the palatal plane rotated clockwise, a more retrognathic maxilla and mandible, and the upper
posterior occlusal plane more inclined and posteriorly located. The results suggest that differences in cranio-
facial morphology are highly integrated with differences in the positional relationship of the temporal bones.
The sagittal inclination of the temporal bone seems to have a greater impact on the 3D morphology of the
craniofacial complex than frontal inclination.

Key words: 3D cephalometry; cone-beam computed tomography; cranial base; craniofacial morphology; lateral
basicranium; temporal bone.
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Introduction

Many researchers support the idea that the basicranium
plays an important role in influencing overall skull growth
(Young, 1916; Weidenreich, 1941; Bjork, 1955; Enlow &
McNamara, 1973; Lavelle, 1979; Enlow et al. 1982; Anderson
& Popovich, 1983; Ellis & McNamara, 1984; Enlow & Bhatt,
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et al. 1997; Singh et al. 1997; Spoor, 1997; Lieberman &
McCarthy, 1999; Lieberman et al. 2000, 2008; Bastir et al.
2004; Ross et al. 2004; Bastir & Rosas, 2005, 2006). This is so
mainly for three reasons (Lieberman et al. 2008). First, basi-
cranial growth (endochondral ossification) may be under
more intrinsic control than facial and neurocranial growth
(intramembranous ossification) (Scott, 1958). Second,
because the basicranium completes its development earlier
in ontogeny than the neurocranium and face, it may limit
subsequent characteristics of neurocranial and facial growth
(Bastir et al. 2006). Third, the basicranium comprises the
central axis of the skull, being closely related to the brain
and neurocranium growing above, and the face growing
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below, and it provides all the necessary foramina through
which the brain connects to the face and the body. Both
midline and non-midline structures of the basicranium seem
to be important and may influence the morphology of the
face and have relevance in its normal range and possibly
even in its pathological range. However, there is still a lack
of a comprehensive, predictive theory about how much, to
what extent, and how the different parts of the cranial base
influence the structure of the skull as a whole.

Bastir et al. (2006) have suggested that the real interface
between the neurocranium and the face may be located at
the lateral skull base and not at the midline. The bending
of the midline of the skull base seems to be set relatively
early in ontogenesis, while the face completes its develop-
ment much later. This may be one reason for the weak
correlations between facial pattern and the angle of the
skull base (Lieberman et al. 2000). However, the lateral
basicranium continues its maturation until late in puberty,
and thus shares a common ontogenetic route with the face
(Buschang et al. 1983; Bastir et al. 2006), requiring coordi-
nated development processes that may result in greater
co-morphological variation. Thus, variations in the lateral
basicranium morphology likely have consequences for the
spatial arrangement of facial structures (Bastir et al. 2004).

Sato (2002) has hypothesized that the temporal bones
are at the center of the dynamics of the craniofacial com-
plex. Located in the lateral-most aspect of the skull, they
interact during growth and development with the temporal
lobes, the midface and the mandible (Sato, 2002; Bastir
et al. 2004, 2008). The temporal bones connect directly with
the mandibular condyles forming a very dynamic functional
unit highly influenced by the occlusion. They also connect
with the parietal bone through a ‘sliding joint’, the second
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most dynamic suture of the craniofacial complex. They have
the potential to influence cranial base spheno-occipital bal-
ance through their articulation with the sphenoid and
occipital bones near the midline. The zygomatic process
extends forward from the squama and articulates with the
malar bone in the face. Besides participating in forming the
neurocranium, they also house the apparatus of hearing
and balance, and are one surface of attachment for neck
and throat muscles. Additionally, two of the primary
muscles of mastication, temporalis and masseter muscles,
have their insertions on the temporal bone, exerting
powerful forces on contraction, directly influencing their
positional dynamics. Its complex array of morphology is
therefore relevant to several functional systems and dense
with potential phylogenetic information (Harvati, 2003;
Smith et al. 2007; Lieberman et al. 2008).

This study focuses on the role of the lateral basicranium,
particularly the spatial positioning of the temporal bones
(frontal and sagittal inclination), in terms of influencing
overall facial morphology. According to Sato’s hypotheses
(Sato, 2002) regarding the dynamic functional anatomy of
the craniofacial complex (Fig. 1), an increased flexion of the
skull base promotes a clockwise rotation of the sphenoid
bone. This rotation transfers a downward vertical force,
through the vomer bone to the maxillary complex, leading
to the vertical elongation of this complex. This vertical elon-
gation limits the antero-posterior growth of the maxillary
complex, causing posterior discrepancy (crowding), which in
turn motivates an excessive eruption of the maxillary
molars, creating an excessively horizontal maxillary (upper)
posterior occlusal plane. The mandible then has to adapt to
this occlusal plane in order to keep occlusal function, and
does so by anterior rotation. This anterior rotational adap-

Fig. 1 Model of craniofacial dynamics. Internal (a) or external (b) rotation of the temporal bones influences extension or flexion of the spheno-
occipital synchondrosis. The altered spatial positioning of the sphenoid bone then influences, through the vomer bone, the maxillary complex. The
vertical dimension of this complex together with the inclination of the posterior upper occlusal plane influence anterior—posterior positioning of
the mandible, which in turn further influences the temporal bones and again stimulates the cycle. See text for further details on the model.

© 2012 The Authors
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tation of the mandible promoted by the neuromuscular
system has two effects. On one hand, it leads to a decom-
pression of the condyles, which then grow secondary, and
at the same time it diminishes the compression exerted on
the mandibular fossa of the temporal bone, which in com-
bination with the traction effect exerted by the chewing
muscles (masseter and temporal) suffers external rotation.
The skull thus assumes a greater transverse dimension. This
external rotation of the temporal bone, through its direct
connection with the sphenoid and occipital bones near the
midline, influences flexion of the spheno-occipital sync-
hondrosis. This bending of the midline bones determines a
smaller anterior-posterior skull base, while influencing
further clockwise rotation of the sphenoid bone, which
again drives this cycle. An increased extension of the cranial
base would have the reverse effect on the craniofacial com-
plex: a steeper upper posterior occlusal plane, lower vertical
dimension, a more retrognathic mandible and internal rota-
tion of the temporal bones, accompanied by an anterior—
posteriorly longer and transversally narrower skull base.
The complex detailed internal 3D morphology of the
temporal bone has proven difficult to study on conven-
tional 2D radiographs. The introduction of cone-beam com-
puted tomography (CBCT) has allowed for 3D volumetric
reconstruction of the entire craniofacial complex with great
precision (Lagravere et al. 2008; Periago et al. 2008; Brown
et al. 2009) and reproducibility (Muramatsu et al. 2008),
dramatically improving our ability to understand the 3D
nature of craniofacial structures (Vannier et al. 1984).

Materials and methods

Three-dimensional virtual models of human skulls reconstructed
from CBCT images were used to test the hypothesis that spatial
positioning of the temporal bones influences overall facial mor-
phology. The sample consisted of 163 European adult dry skull
specimens from the Weisbach Collection of the Natural History
Museum of Vienna. Most were soldiers of the Austro-Hungarian
Imperial Army who died or were killed circa 1870. The inclusion
criteria for the skulls examined were: no cranial deformity; com-
plete skull bone structure; and the presence of a clinically
acceptable and reproducible permanent occlusion with stable
mandibular position.

A custom plastic head holder was constructed to support the
skulls during imaging and fitted with a laser marker, according to
the manufacturer’s instructions. To ensure a detailed 3D represen-
tation of the occlusal morphology of the maxillary dentition the
skulls were also scanned without the mandible present. CBCT
scans were acquired with a Galileo Compact system (“Sirona Den-
tal Systems GmbH, Germany). The scanning time was ~ 14 s, and
200 single exposures were performed for each skull with a 3D res-
olution (isotropic voxel size) of 0.3 mm and 15cm diame-
ter x 15 cm height field of view using Sibexis XG acquisition
software (%Sirona Dental System GmbH). Exposure parameters
were controlled by automatic exposure control. CBCT data were
then exported from the Sibexis XG software in Dicom multi-file
format and imported into Maxium® software (version 2.3.0.3,
Medicim®, Belgium). Three-dimensional surface models were

obtained using the software’s automatic thresholding for hard
tissue type models and reevaluated by a single calibrated opera-
tor on the basis of the following criteria: quality of the 3D mor-
phology; and the presence of relevant skeletal structures.

A 3D craniometric analysis was designed with 26 different land-
marks (Table 1). A CT-based reference plane was set up as defined
and validated by Swennen (Swennen et al. 2006): the virtual
models are first positioned in a standardized way from the lateral
and frontal directions; the software then produces virtual lateral
and frontal cephalograms after which the reference planes that
define an anatomically based frame are set up (Table 2).

Landmark 3D coordinates, 17 angular and 14 linear measure-
ments were designed, obtained and exported with the original
skull identification number to Excel files (Microsoft® Excel®
2007, Microsoft). Landmarks were located and marked on the
3D surface-rendered volumetric image of the skull using a laser
mouse on a 58.4 cm (23 inch) flat LED screen (Samsung, South
Korea). All craniometric measurements were developed by a sin-
gle observer (HNCQ).

Landmarks were chosen in order to allow characterization
and measurement of the spatial positioning of the temporal
bones, midline basicranium, maxilla, upper dentition and jaw
sagittal relationship. Landmarks and measurements used in this
study are defined in Tables 1 and 3, and illustrated in Figs 2-6.

On both left and right temporal bones four different land-
marks were identified: porion (Po), temporal point (T), spheno-
temporal point (ST) and articular eminence (AE). Landmarks Po,
T and ST were used to calculate the sagittal and frontal inclina-
tions of the temporal bones (Figs 3 and 4). Mean values of the
left and right side temporal bone sagittal and frontal inclina-
tions were calculated and used for the statistical analyses. Land-
mark AE was used to locate the articular eminence of the
mandibular fossa. Landmarks basion (Ba), sella (S) and nasion
(N) were used for the midline basicranium. Midline basicranium
linear measurements were calculated both as length and depth.
Length measures the 3D linear distance between two land-
marks, whereas depth measures the same distance but without
considering the vertical distance between landmarks (parallel to
the HRP; Fig. 5). Landmarks anterior nasal spine (ANS), posterior
nasal spine (PNS) and A-point (A) were used for the maxilla. On
the mandible, B-point was located for calculation of mandibular
position (/SNB) and jaw sagittal relationship (/ANB).

On the maxillary dentition occlusal landmarks were identified
for central incisors, second premolars and second molars. The
connecting line between the mandibular stamp cusps of molars
and premolars, canine tips and incisal edges represents the line
of active centric (Slavicek, 1984; Celar et al. 1994; Costa et al.
2011), i.e. the main line of function. The lower arch is an active
arch, and its contact with the maxillary teeth creates the corre-
sponding line of passive centric (marginal ridges of the upper
incisors, mesial marginal ridge of the canine and premolars, as
well as marginal ridges and grooves of the molars). In an ideal
occlusion both the active and passive centric lines coincide. The
guiding surfaces of the maxillary teeth, in an angle class | rela-
tion, are located on the mesial and distal marginal ridges of
both incisors and the mesial marginal ridges of the canines,
premolars and first molars. The starting point and ending point
of this guidance are called function points. Function points F1
are defined by occlusal contacts in maximum intercuspation.
They are the starting points for eccentric movement and there-
fore belong to the passive centric line. In this study, function
points F1 were defined as described in Table 1. To evaluate

© 2012 The Authors
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Table 1 Definition of anatomic 3D landmarks used in this study.
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Landmark Abbreviation  Definition on CT image

Nasion Midpoint of the frontonasal suture

Sella S Center of the hypophyseal fossa (sella turcica)

Basion Ba Most anterior point of the foramen magnum

Porion Por, Pol Most superior point of the right (Por) and left (Pol) outer acoustic meatus

Mean porion Po.mean 3D point, computer calculated in the middle of landmarks Por and Pol

Articular eminence AEr; AEI Point of inflection from the concavity of the floor of the right (AEr) and
left (AEl) mandibular fossa to the flat part of the articular eminence in
the middle from a lateromedial aspect

Mean articular eminence AE.mean 3D point, computer calculated in the middle of landmarks AEr and AEl

Right spheno-temporal point STr Point on the external surface of the right spheno-temporal suture
coinciding with the vertical reference plane

Left spheno-temporal point STI Point on the external surface of the left spheno-temporal suture
coinciding with the vertical reference plane

Right temporal point Tr Point on the outer surface of the right temporal squama where the
vertical reference plane (VRP) meets the horizontal reference plane (HRP)

Left temporal point Tl Point on the outer surface of the left temporal squama where the vertical
reference plane (VRP) meets the horizontal reference plane (HRP)

Anterior nasal spine ANS The most anterior midpoint of the anterior nasal spine of the maxilla

Posterior nasal spine PNS The most posterior midpoint of the posterior nasal spine of the
palatine bone

A-point A Point of maximum concavity in the midline of the alveolar process of
the maxilla

B-point B Point of maximum concavity in the midline of the alveolar process of
the mandible

Center incisor functional point F1 11F1; 21F1 The cervically located point of inflection from the convexity of the
tuberculum to the concavity of the palatal surface on the mesial
marginal ridge of tooth 11 and 21

Mean center incisor functional point F1 11/21F1 3D point, computer calculated in the middle of landmarks 11F1 and 21F1

2nd premolar functional point F1 15F1; 25F1 Point where the central fissure crosses the mesial marginal ridge on
tooth 15 and 25

Mean 2nd premolar functional point F1 15/25F1 3D point, computer calculated in the middle of landmarks 15F1 and 25F1

2nd molar functional point F1 17F1; 27F1 Point where the central fissure crosses the mesial marginal ridge on
tooth 17 and 27

Mean 2nd molar functional point F1 17/27F1 3D point, computer calculated in the middle of landmarks 17F1 and 27F1

Table 2 Definition of relevant 3D planes used in the analysis.

Plane Abbreviation Definition

Horizontal 3D reference plane (x-axis) HRP Plane 6° below the anterior cranial base plane (S-N), with the origin in
landmark Sella

Median 3D reference plane (y-axis) MRP Plane containing landmarks Sella and Nasion, perpendicular to the
horizontal 3D craniometric reference plane (HRP)

Vertical 3D reference plane (z-axis) VRP Plane with the origin in landmark Sella and perpendicular to the
horizontal and median 3D craniometric reference planes

Frankfort horizontal plane FH Plane that passes both orbital landmarks and the computerized 3D mean
point between right and left porion landmarks

Palatal plane PP Plane that passes through ANS-PNS line, perpendicular to the median 3D

craniometric reference plane (MRP)

maxillary (upper) occlusal plane, the mean inclination of left
and right passive centric lines of occlusion was determined.
Three additional occlusal landmarks were computer generated
as the middle points between left and right F1 landmarks of

© 2012 The Authors
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central incisors (teeth 11 and 21), second premolars (teeth 15
and 25) and second molars (teeth 17 and 27): 11/21F1, 15/25F1
and 17/27F1. The mean passive centric line was calculated on
two different segments: between central incisors and second
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Table 3 Definition of relevant 3D measurements used in the analysis.

Measurement

Abbreviation

Definition

Angular measurements

Temporal frontal inclination /STT-MRP

Temporal sagittal inclination /PoT-VRP

Skull width T-T

Cranial base angle CBA

SNA angle /SNA

SNB angle /SNB

ANB angle /ANB

Palatal plane inclination /PP-VRP

Anterior passive centric line of occlusion PC1-5

Posterior passive centric line of occlusion PC5-7
Linear measurements

Anterior cranial base length S-N.length

Posterior cranial base length Ba-S.length

Posterior cranial base depth Ba-S.depth

Cranial base length Ba-N.length

Cranial base depth Ba-N.depth

Anterior midfacial height AMH

Posterior midfacial height PMH

Maxillary length

Dental arch width between 2nd premolars 5-5.width
Dental arch width between 2nd molars 7-7.width
Dento-alveolar height in the first incisor region 11/21-PP
Dento-alveolar height in the 2nd premolar region 15/25-PP
Dento-alveolar height in the 2nd molar region 17/27-PP

ANS-PNS.length

Mean angle between left and right Po-T lines and the
vertical reference plane (VRP)

Mean angle between left and right ST-T lines and the
median reference plane (MRP)

Distance between left (Tl) and right (Tr) T-point landmarks

Angle between landmarks Na, S and Ba

Angle between landmarks S, N and A

Angle between landmarks S, N and B

Angle between landmarks A, N and B

Angle between palatal plane (PP) and the vertical
reference plane (VRP)

Angle between the anterior passive centric line of
occlusion (line between landmarks 11/21F1 and
15/25F1) and the FH plane

Angle between the posterior passive centric line of
occlusion (line between landmarks 15/25F1 and
17/27F1) and the Frankfort horizontal plane (FH)

Linear distance between landmarks S and N

Linear distance between landmarks Ba and S

Distance between landmarks Ba and S along the x-axis of
the reference frame

Linear distance between landmarks Ba and N

Distance between landmarks Ba and N along the x-axis
of the reference frame

Distance between landmarks N and ANS along the y-axis
of the reference frame

Distance between landmarks S and PNS along the y-axis
of the reference frame

Linear distance between landmarks ANS and PNS
Distance between landmarks 15F1 and 25F1 along the
z-axis of the reference frame

Distance between landmarks 17F1 and 27F1 along the
z-axis of the reference frame

Distance between landmarks 11/21F1 and plane PP
along the y-axis of the reference frame

Distance between landmarks 15/25F1 and plane PP
along the y-axis of the reference frame

Distance between landmarks 17/27F1 and plane PP
along the y-axis of the reference frame

premolars (anterior passive centric line of occlusion); and
between second premolars and second molars (posterior passive
centric line of occlusion), representing a more functional upper
anterior and upper posterior occlusal plane, respectively (Fig. 2).

To better understand the impact of temporal bone sagittal
(anterior/posterior) inclination on craniofacial morphology, the
sample was subdivided into two subgroups based on the med-
ian value of the temporal bone sagittal inclination. Specimens
with a mean temporal sagittal inclination > 57.25 ° were classi-
fied as the anterior rotation group (n = 82), and all others as
the posterior rotation group (n = 81).

Statistical analysis was performed using Statistical Package for
the Social Sciences software program Version 16.0 (SPSS, Chi-
cago, USA). To determine intraobserver reliability and assess

craniometric method error, 3D virtual models were again recon-
structed from 16 skulls randomly selected, and all measurements
were repeated by the same investigator after 3 weeks. Random
and standard errors were calculated by correlation, which
showed values between 0.76 and 0.99, and paired samples t-test
between the first and second recordings. No systematic errors
were detected (P> 0.254). Descriptive statistics including the
means, standard deviations, minimums and maximums for all
variables were calculated. All statistical tests were performed at
the significance level of 1% (x = 0.01). Correlation analysis was
performed using Pearson product moment correlation coeffi-
cient. Differences between subgroups were evaluated using
one-way ANovA or Welch anova (robust test of equality means),
when theoretical assumptions were not verified.

© 2012 The Authors
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Fig. 2 Lateral view of a virtual skull (50% transparency) with the
presence of the median sagittal tomographic volume slice. S, sella; N,
nasion; Ba, basion; A, A-point; ANS, anterior nasal spine; PNS,
posterior nasal spine; o, 11/21F1; B, 15/25F1; v, 17/27F1; VRP,
vertical reference plane; HRP, horizontal reference plane; FH, Frankfort
horizontal plane; PP, palatal plane; PC1-5, anterior passive centric line

of occlusion (between landmarks 11/21F1 and 15/25F1; inclination of

this line was calculated relative to FH plane); PC5-7, posterior passive
centric line of occlusion (between landmarks 15/25F1 and 17/27F1;
inclination of this line was calculated relative to FH plane); a, cranial
base angle (CBA); b, SNA angle; ¢, palatal plane inclination (/PP-VRP);
d-f, maxillary dento-alveolar height (17/27-PP, 15/25-PP and 11/21-
PP, respectively; Specimen 09032).

Fig. 3 Definition of temporal bone sagittal inclination. VRP, vertical
reference plane; HRP, horizontal reference plane; Tr, right temporal
point; Por, right porion; 1, temporal anterior/posterior inclination
angle (/PoT-VRP; Specimen 09008).

Results

Correlation coefficients between temporal bone variables
and other craniofacial variables are shown in Table 4. The
results show a positive correlation (P < —0.01) between the

© 2012 The Authors
Journal of Anatomy © 2012 Anatomical Society
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Fig. 4 View of the coronal CT slice of the tomographic volume at the
same level as the vertical reference plane (VRP) representing the 3D
measurement of frontal temporal bone inclination and skull width.
MRP, median reference plane; Tr and Tl, right and left temporal
points; STr and STI, right and left spheno-temporal points; a and b,
right and left temporal bone frontal (medial/lateral) inclination angles
(/STT-MRP); T-T, skull width between left and right T-point landmarks
(Specimen 09032).

Fig. 5 Definition of linear measurements. S, sella point; N, nasion; Ba,
basion; A, A-point; ANS, anterior nasal spine; PNS, posterior nasal
spine; 1, posterior cranial base length (Ba-S.length); 2, cranial base
length (Ba-N.length); 3, anterior cranial base length (S-N.length); 4,
cranial base depth (Ba-N.depth); 5, posterior midfacial height (PMH);
6, anterior midfacial height (AMH); 7, posterior cranial base depth
(Ba-S.depth); 8, maxillary length (ANS-PNS.length; Specimen 09032).

mean temporal sagittal inclination (/Po.T-VRP) and the cra-
nial base angle (/Ba-S-N), the posterior cranial base depth
(Ba-S.depth), the «cranial base length and depth
(Ba-N.length, Ba-N.depth), all of which represent different
measurements of the antero-posterior dimension of the
cranial base. Negative correlations (P < 0.01) were found
between /Po.T-VRP and skull.width.T-T, /S-N-A, /S-N-B and
the posterior midfacial height. These findings demonstrate
that the more forward inclined the temporal bone is, the
less flexed, antero-posteriorly longer and transversally nar-
rower the cranial base is, the more retruded the anterior
border of the maxilla and mandible are, and the shorter
the posterior midfacial height also is. Interestingly, there is
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Fig. 6 Lateral view of a 3D surface model (50% transparency)
representing orthogonal measurements of midline landmarks to the
vertical reference plane (VRP) and horizontal reference plane (HRP). N,
nasion; ANS, anterior nasal spine; A, A-point; Ba, basion; Po.mean,
porion; AE.mean, articular eminence; PNS, posterior nasal spine;
11/21F1, mean center incisor functional point F1; 15/25F1, mean
second premolar functional point F1; 17/27F1, mean second molar
functional point F1 (Specimen 09032).

no significant correlation between temporal bone sagittal
and frontal inclinations.

The mean frontal temporal inclination (/ST.T-MRP)
showed negative correlation (P < 0.01) with Ba-S.length,
Ba-N.length and posterior midfacial height. A positive cor-
relation (P < 0.01) was found with skull.width.T-T. These
results suggest that greater internal inclinations of the tem-
poral bone induce an antero-posteriorly longer skull base, a
transversally wider skull and a higher posterior midfacial
height.

The skull width between left and right T landmarks
(skull.width.T-T) revealed negative correlations (P < 0.01)
with /Ba-S-N and Ba-S.depth. No significant correlations
were observed between temporal bone measurements and
the upper dental arch width (5-5.width, 7-7.width), upper
dento-alveolar height (11/21-PP, 15/25-PP and 17/27-PP),
maxillary antero-posterior length (ANS-PNS.length) or jaw
sagittal relationship (/ANB).

The means and standard deviations for the posterior and
anterior temporal rotation subgroup samples are shown in
Table 5. Significant differences (P < 0.01) were found
between both groups in cranial base angle (/Ba-S-N), basic-
ranium midline antero-posterior dimensions (Ba-S.depth,
Ba-N.depth, Ba-N.length), skull width (T-T), mean porion
vertical and horizontal position  (Po.mean.coord-x,
Po.mean.coord-y), mean articular eminence vertical and
horizontal position (AE.mean.coord-x, AE.mean.coord-y),
posterior midfacial height, palatal plane inclination (/PP-
VRP), maxilla position (/SNA, A-point.coord-x, ANS.coord-x,
PNS.coord-x), mandible position (/SNB), posterior maxillary

Table 4 Correlation coefficients between temporal bone variables and
other craniofacial variables.

Temporal Temporal Skull

frontal sagittal width

inclination inclination (T-T)
Temporal frontal - 005 219%*

inclination (/STT-MRP)
Temporal sagittal 005 - —338**
inclination (/PoT-VRP)

Skull width (T-T) 219%* —338%* -
CBA (/Ba-S-N) -004 650** —244%*
S-N.length -031 -038 133
Ba-S.length —345%* -022 -032
Ba-S.depth —-175* 608** —229*%*
Ba-N.length -216** 238** 005
Ba-N.depth -144 398** -028
/SNA -040 —-303** 031
/SNB -026 —369** 069
/ANB -022 074 -053
ANS-PNS.length -017 102 030
Anterior midfacial height -182* 064 048
Posterior midfacial height = —227** —244%* 108
5-5.width -113 024 190
7-7.width -036 -131 314
11/21-PP —-080 -060 141
15/25-PP -053 -129 -059
17/27-PP —-098 —-087 —-034
PC1-5 007 -049 -132
PC5-7 040 -126 095

**P < 001; *P < 005.

dentition position (15/25F1.mean.coord-x, 15/25F1.mean.
coord-y, 17/27F1.mean.coord-x, 17/27F1.mean.coord-y),
and in the inclination of the posterior passive centric line of
occlusion (PC5-7). These findings reveal that in comparison
with the posterior rotation group, the anterior rotation
group has a less flexed and antero-posterior longer cranial
base, a narrower skull, porion and the articular eminence
are located more superiorly and posteriorly, the posterior
midfacial height is shorter, the palatal plane is rotated
clockwise, the maxilla and mandible are both more retro-
gnathic, and the upper posterior occlusal plane is more
inclined and posteriorly located. Figure 7 shows a schematic
representation of the morphological characteristics in the
posterior rotation and anterior rotation groups based on
the average orthogonal position of midline anatomical
landmarks relative to S point (zero point of the orthogonal
reference system).

Discussion

The results presented here provide significant support for
the hypothesis of morphological integration between
temporal bone sagittal (anterior/posterior) and frontal
(medial/lateral) inclinations and facial morphology.
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Table 5 Comparison of posterior (/PoT-VRP < 5725°) and anterior
(/PoT-VRP > 5725°) rotation groups.

Posterior Anterior
rotation rotation
group group

(n =81) (n =82)

Mean SD Mean SD P

Temporal frontal inclination 4425 381 4458 540
Temporal sagittal inclination 5222 396 6251 433 **

Skull width (T-T) 12165 735 11853 575 **
CBA (/Ba-S-N) 13058 450 13580 448 **
S-N.length 6641 318 6601 302
Ba-S.depth 2495 277 2816 290 **
Ba-S.length 4421 292 4416 271
Ba-N.length 10084 434 10235 428 *
Ba-N.depth 9100 448 9381 447 **
/SNA 8437 367 8244 384 **
/SNB 8140 336 7919 376 **
/ANB 297 282 325 252
ANS-PNS.length 4512 246 4549 310
Anterior midfacial height 5151 298 5184 351
Posterior midfacial height 4409 259 4288 284 **
/PP-VRP 9063 349 9248 315 **
PC1-5 -801 402 -839 414
PC5-7 587 378 788 427 **
AE.mean.coord-x -872 276 -1101 271 **
AE.mean.coord-y -1882 247 -1600 232 **
Po.mean.coord-x -2311 281 -2567 302 **
Po.mean.coord-y -1796 242 -1363 252 **
A-point.coord-x 6631 400 6401 525 **
A-point.coord-y -4977 332 5027 413
ANS.coord-x 6965 398 6768 469 **
ANS.coord-y —4458 292 4494 348
PNS.coord-x 2131 274 1887 347 **
PNS.coord-y -4411 258 4291 283 **
Ba.coord-x —2498 280 2819 288 **
Ba.coord-y -3637 354 3389 327 **
N.coord-x 6602 312 6563 304
N.coord-y 694 032 689 034
11/21F1.coord-x 6277 466 6086 652
11/21F1.coord-y -6823 388 6726 495
15/25F1.coord-x 4879 478 4574 548 **
15/25F1.coord-y -6983 383 -6819 423 *
17/27F1.coord-x 3306 456 2994 520 **
17/27F1.coord-y -6670 386 -6528 427 @ *

(=) Vector that shows anterior area or superior area to point S.
(+) Vector that shows posterior area or inferior area to point S.
**P < 001; *P < 005.

Landmark T was geometrically constructed due to limita-
tions in the field of view of the CBCT, which did not include
the upper part of the temporal squama. Variation in such a
geometrically defined landmark is not necessarily indepen-
dent relative to the midsagittal structures that are used to
define it, although it could be. To address this, the posi-
tional behavior of landmark T was evaluated and compared
with that of the true anatomical landmarks porion (Po) and

© 2012 The Authors
Journal of Anatomy © 2012 Anatomical Society

The temporal bones and the craniofacial complex, H. N. Costa et al. 551

— Posterior rotation group
--- Anterior rotation group

Fig. 7 Morphological characteristics in the anterior and posterior
rotation groups. 1 and 2, nasion-B point line. See Fig. 6 for additional
landmark identification.

articular eminence (AE). Correlation was significant, with
both landmarks along the x-axis (P < 0.05), y-axis (P < 0.01)
and z-axis (P < 0.01) giving support to the likelihood that
positional variations in landmark T are not caused by varia-
tion in Sella or Nasion or any other midline structure, but
are actual variations of the lateral structures.

The frontal inclination of the temporal bone (/ST.T-MRP)
shows a negative correlation (P < 0.01) with the total
length of the cranial base (Ba-N.length) and the posterior
cranial base (Ba-S.length), and a positive correlation
(P < 0.01) with the skull width between T-point (T-T) land-
marks, suggesting a behavior in which the increase in ante-
rior—posterior length of the skull base (extension) leads to
an internal rotation of the temporal bone, which in turn
leads to a smaller transverse dimension of the skull. These
results are in line with Sato’s hypotheses towards the
dynamic functional anatomy of the craniofacial complex
(Sato, 2002).

The interaction between the width of the cranial base
and the complex morphology of the face seems to be par-
ticularly important in humans, where the upper face is
almost entirely located on the underside of the anterior cra-
nial fossa. The most explicit of these hypotheses is that of
Enlow (Enlow, 1990), which suggested that individuals with
a rather narrow skull base tend to have a less flexed and
antero-posteriorly longer cranial base, and a narrower face
than individuals with a particularly wide skull base. He also
proposed that individuals with a very narrow cranial base
tend to have proportionately narrower and antero-posteri-
orly longer faces than individuals with a wider cranial base,
which tend to have proportionately wider and antero-
posteriorly shorter faces. This hypothesis has some support
in studies on artificial deformation of human skulls. Anton
(1989, 1994) shows that the antero-posterior compression
of the head during the first years of life results not only in a
wider neurocranium, but also in a concomitant wider face
by further growth in the most lateral regions. Conversely,
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the circumferential compression of the head results in nar-
rowing of the neurocranium and face. Lieberman (2000)
attempted to test Enlow’s (1990) hypothesis on a sample of
98 adult skulls from five distinct populations. The results
partially supported Enlow’s hypothesis, showing that the
width of the neuro-basicranial complex limits the width of
the face, and that individuals with narrower skull base tend
to have narrower and antero-posteriorly longer faces than
individuals with wider skull bases. In the present study the
transverse dimension of the skull between left and right T-
point landmarks shows a negative correlation with cranial
base flexion (/Ba-S-N), posterior cranial base depth (Ba-
S.depth) and temporal bone sagittal inclination (/Po.T-VRP).
These results are in line with Enlow’s hypothesis (Enlow,
1990), but differ from the studies of Anderson & Popovich
(1983), Solow (1966) and Bjork (1955), who found no rela-
tionship between the cranial base width, flexion and
length.

The findings of the present study show that the sagittal
(anterior/posterior) inclination of the temporal bone is
strongly related to the transversal width, flexion and ante-
ro-posterior length of the cranial base, to the anterior—pos-
terior position of the mandible and maxilla, and to the
posterior midfacial height. Surprisingly, the sagittal (ante-
rior/posterior) inclination of the temporal bone has a
greater impact on the 3D morphology of the craniofacial
complex than that of its frontal (medial/lateral) inclination.
We found no previous studies in the literature that have
focused on the sagittal inclination of the temporal bone.

In order to better analyze the influence of temporal bone
sagittal inclination (/Po.T-VRP) on the craniofacial morphol-
ogy, specimens were divided into two subgroups according
to the median value of /Po.T-VRP. Significant differences
were found between the anterior and posterior rotation
groups. This hypothesis of morphological characteristics is
shown in Fig. 6. In the anterior rotation group the cranial
base was less flexed, antero-posteriorly longer and trans-
versely narrower. Also, the posterior midfacial height was
shorter, the palatal plane rotated clockwise, and the maxilla
and mandible more retrognathic. The posterior passive cen-
tric line of occlusion (between 2nd premolars and 2nd
molars) represents the upper posterior occlusal plane, which
has been considered to be an important determinant of
mandibular function and position (Fushima et al. 1996; Ta-
naka & Sato, 2008; Kim et al. 2009; Naretto et al. 2009). In
this study, the anterior rotation group showed second pre-
molars and second molars more distally and superiorly
located, and a posterior passive centric line of occlusion
(PC5-7) more inclined and posteriorly located. These results
seem to support the hypothesis that a more inclined poster-
ior occlusal plane is associated with a more retrognathic
mandible, while a more horizontal posterior occlusal plane
is associated with a more prognathic mandible.

It has been suggested that the spatial positioning of the
mandibular fossa and its close relationship with the mandi-

ble could play an important role in the development of
malocclusion. A more anterior position of the mandibular
fossa has been associated with class ll jaw relationship, and
a more posterior position of the mandibular fossa with class
Il jaw relationship (Droel & lsaacson, 1972; Williams &
Andersen, 1986; Baccetti et al. 1997, Basili et al. 2009;
Innocenti et al. 2009). The vertical position of the mandibu-
lar fossa has also been suggested as a factor that might
have important influence on face morphology. A more
superior position has been associated with class Il (high
angle) jaw relationship, while a lower position was charac-
teristic for class Il (low angle) jaw relationship (Droel & Isa-
acson, 1972; Baccetti et al. 1997). In this study, the position
of the mandibular fossa (landmark AE) was significantly dif-
ferent between the two subgroups, both in the x-axis and
y-axis. The posterior rotation group revealed a more inferi-
orly and anteriorly located mandibular fossa (landmark AE),
which was associated with a more anterior positioning of
the mandible (B-point). However, no significant differences
were found in skeletal jaw relationship (/ANB), with A-
point and B-point showing proportional differences in both
subgroups. Porion (landmark Po) demonstrated a similar
behavior to the mandibular fossa (landmark AE), possibly
because of the anatomical proximity between these land-
marks.

Concluding remarks

The findings of the present study suggest that differences
in facial morphology are highly influenced by the spatial
positioning of the temporal bones. Sagittal (anterior/
posterior) inclination of the temporal bone seems to have a
greater impact on the 3D morphology of the craniofacial
complex than that of the frontal (medial/lateral) inclination
of the temporal bone. However, more research is necessary
to test in greater detail the hypothesis of morphological
integration between temporal bone spatial positioning and
facial morphology. This is a very complex interrelationship,
and in evaluating skeletal disorders it is not just the anterior
or posterior (sagittal) inclination of the temporal bone that
may influence the craniofacial complex. Frontal inclination
and torsion movement of the temporal bones also have to
be considered, keeping in mind that all these movements
may take place simultaneously and not necessarily with
symmetry between the left and right side. Also, factors like
the morphology and size of the mandible need to be con-
sidered as they also influence the development of the cra-
niofacial complex and overall facial morphology.
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