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Abstract

The morphology of the brain and skull are important in the evaluation of the aging human; however, little is
known about how the skull may change with age. The objective of this study was to evaluate the
morphological changes of the adult skull using three-dimensional geometric morphometric analysis of
thousands of landmarks with the focus on anatomic regions that may be correlated with brain atrophy and
head injury. Computed tomography data were collected between ages 20 and 100. Each scan was segmented
using thresholding techniques. An atlas image of a 50th percentile skull was registered to each subject scan by
computing a series of rigid, affine, and non-linear transformations between atlas space and subject space.
Landmarks on the atlas skull were transformed to each subject and partitioned into the inner and outer cranial
vault and the cranial fossae. A generalized Procrustes analysis was completed for the landmark sets. The
coordinate locations describing the shape of each region were regressed with age to generate a model
predicting the landmark location with age. Permutation testing was performed to assess significant changes
with age. For the males, all anatomic regions reveal significant changes in shape with age except for the
posterior cranial fossa. For the females, only the middle cranial fossa and anterior cranial fossa were found to
change significantly in shape. Results of this study are important for understanding the adult skull and how
shape changes may pertain to brain atrophy, aging, and injury.
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affect bone shape and structure includes bone remodeling
where old bone is replaced by new tissue to adapt to
mechanical loading and strain (Frost, 1996; Hadjidakis &
Androulakis, 2006; Crockett et al. 2011). Bone remodeling is

Introduction

The elderly constitute 12.9% of the United States
population, a number that is anticipated to increase to

nearly 20% by 2030 (Fowles & Greenburg, 2010). As the
population ages, traumatic brain injury (TBI) risk increases,
with falls and motor vehicle crashes (MVCs) being the lead-
ing causes of injury for this population (Coronado et al.
2005). Individuals aged 75 and older have the highest rates
of TBl-related hospitalization and death. One would
anticipate that as the elderly population increases, TBI-
related mortality and morbidity will increase accordingly.
Shape is a parameter that often plays a role in the biome-
chanics of biological structures (Danelson et al. 2008; Gayzik
et al. 2008). One of the physiological changes that may
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mediated in part by the endocrine system by hormones
including the parathyroid and thyroid hormones which are
affected by increasing age (Oddie et al. 1966). In addition
to hormonal changes, there is a decrease in intracranial vol-
ume (ICV) and slight increase in cerebral spinal fluid (CSF) to
maintain a relatively continuous intracranial pressure (ICP),
which may also influence bone remodeling (Sowell et al.
2003). Each of these physiological processes may affect the
bone surface over time and contribute to the dynamic
change in adult skull shape and cortical thickness.

Previous research on the morphological changes of the
brain and skull have been primarily focused on pediatrics
(Axelsson et al. 2003; Danelson et al. 2008; Marcus et al.
2008; Pirouzmand & Muhajarine, 2008). Human cranial
research has been focused on physical measurements using
dried skulls or radiographic measurements from computed
tomography (CT) scans (Chen et al. 2000; Mcintyre &
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Mossey, 2003; Kanodia et al. 2012). Neubauer et al. (2009)
describe the skull size and shape changes from newborn to
adults (age unspecified) using a geometric morphometric
analysis of CT data collected from dried crania (Neubauer
et al. 2009). However, it is unknown what adult age group
was represented and how these morphological changes
extend to the elderly. Additional studies reported the adult
skull geometric variations including the maximal skull
width, cranial index, skull curvature, and posterior fossa
angle (PFA) (Mcintyre & Mossey, 2003; Pirouzmand &
Muhajarine, 2008). However, these measurements do not
capture the three-dimensional (3D) dynamic shape change
of the skull that may occur over a lifetime.

Geometric morphometrics measures the variability in
landmark-based coordinates that are considered to be
'homologous’; homologous means that each landmark is
traceable and comparable between subjects but unique to
each subject. There are three types of landmarks that are
commonly assessed in landmark-based geometric morpho-
metrics: true landmarks, pseudo-landmarks, and semi-land-
marks. Pseudo-landmarks are defined by relative location
on a structure. 3D geometric morphometric analysis of
pseudo-landmarks is a powerful tool for analyzing surface
data at a high resolution (Weaver et al. 2014a,b). Many
studies utilizing this type of analysis have been focused on
evolutionary development of structures (Harvati, 2003; De
Groote, 2011), as well as analysis of modern humans for
clinical application (Fakhry et al. 2013). More recently, Wea-
ver et al. (2014b) performed a 3D geometric morphometric
analysis of the human rib cage from 339 subjects between
the ages 0 and 100. In that study, a detailed 3D analysis of
the shape change was performed documenting the mor-
phological changes of the rib cage throughout
development and old age using a grid of thousands of
pseudo-landmarks.

The objective of the present study is to develop an algo-
rithm to identify a grid of geometrically homologous
pseudo-landmarks on the skull from 122 subject head CT
scans. These landmarks will herein be referred to as homol-
ogous pseudo-landmarks. Additionally, a 3D geometric
morphometric analysis of the adult cranial vault and cranial
base is performed to assess the shape variation in specific
anatomic regions of the skull with age. Results of this study
are important for understanding the adult skull, particularly
the cranial base, and how shape changes may pertain to
brain atrophy, aging, and injury.

Methods

Scan collection

A total of 122 existing normal head CT scans were obtained from
the Wake Forest Baptist Health radiological database. The study
was approved by the Wake Forest School of Medicine Institutional
Review Board. The in-plane scan resolution ranged from 0.488 to
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0.625 mm with a 0.625-mm slice thickness. All scans contained
images from the foramen magnum to the top of the head. Subject
ages ranged from 20 to 99 years with approximately one subject
per age per sex (Fig. 1). Scans were visually inspected and radiology
reports were reviewed to exclude skulls with anatomic or patho-
logic abnormalities such as skull or facial fractures, previous surger-
ies, congenital deformities, brain cancer, osteomyelitis, and prior
TBI.

Image segmentation and registration algorithm

Scans collected were acquired from the top of the head and termi-
nated inferiorly at various levels ranging from the superior orbit to
the chin. All scans included the full cranial base. Due to varied scan
acquisitions depending on the original reason for collecting the
head CT scan (i.e. trauma, neurological disease, etc.), the scans were
grouped according to common cutting planes for image registra-
tion (Fig. 2). An initial plane was defined by three bony landmarks:
left external auditory meatus (EAM), right EAM, and right zygo-
matic synchondrosis using Geomacic stubio (v12.1.0; Geomagic,
Research Triangle Park, NC, USA). The first group of scans were cut
from the middle orbit by translating the cutting plane to below the
occipital condyles (Fig. 2A). The second group of scans were cut at
the inferior orbit by translating the cutting plane to the inferior
orbit (Fig. 2B). The third group of scans were cut with two planes
(Fig. 2Q). The initial plane (P1) was translated below the occipital
condyles. A second plane (P2) was established by locating the two
translated points from the EAM on the initial plane and the right
infraorbital foramen. The fourth group of scans was cut similar to
the third group; however, the second plane (P2) was established by
locating the translated points from the EAM and the inferior nasal
bone (Fig. 2D). The cuts of the 3rd and 4th planes were made
inferiorly from the combination of the two planes intersecting.

Each subject scan was registered to map homologous pseudo-
landmarks from a skull atlas to each subject. The Global Human
Body Models Consortium (GHBMC) 50th percentile male computer-
aided design (CAD) geometry is a symmetric model (Gayzik et al.
2011). Skull atlases were created from the CAD to reflect the four
cutting planes. The CAD was converted to Digital Imaging and
Communications in Medicine (DICOM) images using AmIrA (v 5.4.3;
Visage Imaging, San Diego, CA, USA). The CAD DICOMs were
segmented in mimics (v14.0; Materialise, Leuven, Belgium) and a 3D
model was created using ceomacic stubio (v12.1.0; Geomagic).

m Male

Number of scans

20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99
Age group by decade

Fig. 1 Distribution of head CT scans analyzed by decade.
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This resulted in four atlas skulls that would be registered to the
scans in the respective cutting plane group. Deviation analysis was
performed to compare the 3D models segmented from the original
CT and the CAD DICOMS to ensure the anatomy was not overly
smoothed. The average deviation between the two models was
0.183 + 0.187 mm, which is within the scanner resolution and was
therefore deemed appropriate.

Each subject CT scan was segmented in mimics using bone thres-
holding to create a binary label map. Image registration was per-
formed to determine the optimal transformation between atlas
space and subject space (Fig. 3). First, rigid registration was per-
formed to globally align the atlas to the subject (Fig. 3A,B) using
3D Slicer (Fedorov et al. 2012). Then, affine and non-linear registra-
tion was performed to normalize the atlas to the subject using
symmetric diffeomorphic registration (SyN) within the Advanced
Normalization Tools (ants) software (Avants & Gee, 2004; Avants
et al. 2008) (Fig. 3C,D). Parameters for the normalization procedure
included a three-level Gaussian pyramid as the multi-resolution
strategy using the cross-correlation similarity metric (iterations of
100 x 100 x 20), including initial affine registration using the
default mutual information option. This process uses diffeomor-
phisms (differentiable and invertible maps with a differentiable

A B c
Atlas skull
Rigid _
transformation . l?fﬂne ;
to subject ransformation
space

Subject skull

Fig. 2 Four cutting planes utilized for
improved image registration. (A) Mid-orbit:
translated below the occipital condyles. (B)
Below Orbit: translated below the orbit. (C)
Infraorbital Foramen: one plane translated to
below the occipital condyles with another at
the infraorbital foramen. (D) Nose: one plane
translated to below the occipital condyles
with another at the inferior nasal bone.

(P1 = Plane 1, P2 = Plane 2).

inverse) to capture both large deformations and small shape
changes (Avants et al. 2008). A set of diffeomorphisms was output
that mapped the atlas to each subject.

Map homologous coordinates

A grid of 28 641 landmarks was established in atlas space at a 2 mm
uniform resolution to capture the curvature of the skull defined at
the highest cutting plane (at the level of the mid-orbit) (Fig. 2A).
The landmark set was generated by converting the 3D model of the
highest cutting plane to a point cloud. An algorithm within ceomacic
sTubio was used to superimpose a virtual grid over the landmark set
at 2 mm resolution. In this algorithm, the landmark closest to the
center of each grid cell was retained in the landmark set. This land-
mark set was selected to be analyzed because the full landmark set
of this cutting plane was included in each of the cutting planes.
These landmarks were mapped to each subject by applying the
unique forward registration transformations from atlas space to
individual subject space. The landmarks for each subject were then
partitioned to anatomically applicable regions including the inner
cranial vault, outer cranial vault, inner frontal region and anterior

D

Nonlinear
transformation

Fig. 3 The image registration process: (A)
atlas skull and subject skull begin in original
image space, (B) rigid transformation from
atlas space to subject space, (C) affine
transformation to better align atlas to the
subject, (D) nonlinear transformation using
SyN to fully register the atlas to the subject.
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cranial fossa, sphenoid crest and middle cranial fossa, and posterior
cranial fossa. The inner cranial vault, anterior cranial fossa, middle
cranial fossa, and posterior cranial fossa landmark sets were all iso-
lated to the inner skull surface (Fig. 4).

Generalized Procrustes analysis (GPA)

Geometric morphometric analysis is used to analyze Cartesian coor-
dinate landmark datasets to assess group differences or sample vari-
ation. GPA, a geometric morphometric technique, utilizes
multivariate statistical analysis to independently assess size and
shape variations from landmarks while retaining geometric infor-
mation. The GPA used is a true landmark method based on the
homologous landmark method (Slice & Stitzel, 2004; Slice, 2005).
This method was selected due to the high degree of accuracy result-
ing from the transformations computed during image registration
from atlas space to subject space. The first step of the GPA itera-
tively computes the Procrustes mean of the x, y, and z coordinates
of the respective structure for males and females, separately. Each
landmark set was translated and rotated to align with an iteratively
computed mean configuration. To isolate shape changes, the land-
marks were scaled to a unit size through an isometric compression
or dilatation based on the centroid size (CS). The CS is the square
root of the summed squared Euclidian distances of the landmarks
and their respective centroid. Following GPA, the landmark loca-
tions were linearly regressed with age and regression coefficients
were output describing each landmark position with respect to age.
A global GPA was performed for the full skull, as well as each ana-
tomic region.

Statistical significance for many landmarks is commonly assessed
using permutation testing (Good, 2000). Permutation testing
assesses whether random configurations of regression coefficients

Anterior

Anterior Cranial Fossa

Middle Cranial Fossa

- -

CAAY
Posterior Cranial Fossa

¢

Posterior

Fig. 4 Superior view of the cranial base. The colored regions label the
cranial fossae. The dotted line highlights the border along the inner
surface of the frontal bone and the solid line highlights the sphenoid
crest.
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better predict the landmark locations than the regression model.
Permutation testing with 1 x 10° random trials was used to assess
statistical significance by comparing the sum of variance between
the predicted and actual landmark locations to calculate a P-value
(Good, 2000; Gunz et al. 2005). This measures the sum of the
squared model error between the predicted and actual landmark
locations.

Results

Results were evaluated separately for the outer cranial
vault, inner cranial vault, anterior cranial fossa, middle cra-
nial fossa, and posterior cranial fossa for each sex. The num-
ber of homologous pseudo-landmarks collected for each
anatomic region was as follows: 7728 (outer cranial vault),
6635 (inner cranial vault), 1820 (anterior cranial fossa), 1195
(middle cranial fossa), and 1618 (posterior cranial fossa).
Each structure was evaluated separately to determine regio-
nal changes in shape with age for each sex, and finally a
global GPA was performed to assess the landmark set for
the whole skull.

Shape

One result of the full landmark location analysis was a set
of coefficients for linear parametric equations describing
how shape changes as a function of age. From the permuta-
tion test, the test statistic, )/, is the sum of the squared dif-
ferences in the model. The summed squared difference, 1, is
calculated for each permutation and compared with V.
Statistical significance is achieved when <5% of the permu-
tations have a A less than /. The )\’ values and respective
P-values are provided in Table 1. For males, all anatomic
regions reveal significant shape changes with age except
the posterior cranial fossa. For females, only the middle cra-
nial fossa and anterior cranial fossa were found to have
significant shape changes with age. However, each region
demonstrated a relationship between shape and age. In
addition to region-specific analysis, a global GPA analysis of
the whole skull (with the landmark set selected from the

Table 1 )/ and permutation-based P-values calculated for each ana-
tomic region by sex. *denotes statistically significant result.

Structure Sex N P-value
Outer Female 0.0528 0.0985
Outer Male 0.0606 0.0333*
Inner Female 0.0634 0.0852
Inner Male 0.0707 0.0344*
Anterior cranial fossa Female 0.1378 0.0002*
Anterior cranial fossa Male 0.1426 0.0007*
Middle cranial fossa Female 0.1095 0.0016*
Middle cranial fossa Male 0.1030 0.0001*
Posterior cranial fossa Female 0.1379 0.0517
Posterior cranial fossa Male 0.1462 0.0569




842 Morphological changes in the adult skull, J.E. Urban et al.

first cutting plane) was performed yielding a significant
change in shape with age for the female and male popula-
tion (L = 0.1094, P = 0.0141, L = 0.0717, P = 0.0510, respec-
tively).

Cranial vault — outer and inner skull

The significant shape changes of the outer cranial vault
include relative expansion of lateral portions of the skull,
primarily in the inferior parietal and temporal regions, with
relative compression in the anterior and posterior regions
near the frontal and posterior parietal regions. There is less
shape change for the outer female skull. The significant
changes in the inner cranial vault for males were relative
expansion of the temporal, anterior parietal, and occipital
regions. The relative compression of the inner skull is coinci-
dent with that of the outer skull. The female inner cranial
vault expands in a manner similar to the males; however,
much of the relative compression is within the frontal
region and along the midline. The predictive shape models
demonstrating these results are provided in Fig. 5.

Male
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—=0.0051

-0.014

—-0.005 0 0.005 0.01 0.015

R

-0.015  -0.01

Cranial base — anterior cranial fossa, middle cranial
fossa, posterior cranial fossa

The anterior cranial fossa landmarks include the anterior
cranial fossa and the inferior portion of the inner frontal
bone surrounding the prefrontal region of the brain. The
significant changes in the anterior cranial fossa for males
and females are demonstrated by a relative bilateral widen-
ing, as well as relative compression toward the cerebrum in
the inner frontal region (Figs 5 and 6). The compression is
more pronounced in females than males. The significant
middle cranial fossa changes for males and females are simi-
lar. The middle cranial fossa compresses inward with age
along the sphenoid crest, posteriorly accompanied with a
slight relative compression along the medial portion of the
middle cranial fossa and the base of the fossa (Fig. 7). The
relative compression of the sphenoid crest is more pro-
nounced in males than females. There is a slight relative
bilateral expansion along the lateral middle cranial fossa
edges. The posterior cranial fossa shape changes were not
significant; however, the predictive model results reveal a

Female
L
0.01-
0.005 -
01 A
—0.005 -
—0.01-
—0.015 —0.01 —0.005 0 0.005  0.01 0.015
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Fig. 5 (Top left: male outer, top right: female outer, bottom left: male inner, bottom right: female inner): shape change from 20 (blue) to 100
(red) years of age. Shape changes are unitless and may be scaled to represent a certain CS. Regions with blue landmarks are considered to be
regions of relative compression with age (i.e. frontal region). Landmark regions with red landmarks are considered to be regions of relative expan-
sion with age (i.e. temporal regions). L, left; R, right; A, anterior; P, posterior.
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Fig. 6 Left: isometric view of the female anterior cranial fossa and inner frontal region landmarks. This view is taken from the right posterior
region of the skull, looking toward the left anterior view of the skull. Right: top view of the female anterior cranial fossa and inner frontal region
facing inferiorly toward the base of the skull demonstrating the change in shape from 20 (blue) to 100 (red) years. L, left; R, right; A, anterior;

P, posterior.
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Fig. 7 Top view of the interior of the left male middle cranial fossa
facing inferiorly toward the base of the skull demonstrating the
change in shape from 20 (blue) to 100 (red) years. L, left; R, right;
A, anterior; P, posterior.

relationship between shape and age, evident from the con-
centrated locations of relative compression and expansion
with age (Fig. 8).

Discussion

The primary goal of this analysis was to utilize GPA to
describe how anatomic regions of the skull change in shape

© 2014 Anatomical Society

with age. Anatomic regions were selected for analysis due
to their hypothesized role in head injury biomechanics. Sex
differences were explored due to the possible sex-based
allometry as well as differences in hormone changes with
age between males and females. This study is the first of its
kind to analyze the adult skull shape changes using a high
density of landmarks from sub-millimeter CT data. The
semi-automated method is valuable for studying age-
related morphology and associated injuries which may be
affected by geometric variations with age and sex.

Previous studies have focused on geometric descriptions
of the cranial vault and cranial base (Marcus et al. 2008).
These measurements are traditionally two-dimensional (2D)
including the degree of curvature, skull width, and skull
length. Many of the adult population studies focused on
quantifying the average measurements of a population or
subject variability. Pirouzmand et al. (2008) collected several
measurements from lateral scout x-rays and 3D head CT
reconstructions but the radius measurements were collected
manually and may not be compared one-to-one with a high
degree of confidence as a set of homologous pseudo-
landmarks can be (Pirouzmand & Muhajarine, 2008).

Previous studies have hypothesized that with age, the cra-
nial bones thicken as a result of decreased ICV (May et al.
2012; Royle et al. 2013). The hypothesized mechanism is
that the skull compensates for the ICV loss and increases
CSF to maintain a relatively constant ICP. The structural
changes in skull shape with age may be a physiological
response to mechanical force (Crockett et al. 2011). Local
pressure changes due to gray matter volume (GMV) loss
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0.02} 0.02f
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Fig. 8 (Left: male, Right: female): Shape
—0.01F —0.01F change from 20 (blue) to 100 (red) years of
age. Landmark regions with blue landmarks
—0.02f —0.02f . . :
are considered to be regions of relative
—0.03} —0.03f compression with age (i.e. anterior portion of
the FM for both male and female). Landmark
—0.04r —0.04 regions with red landmarks are considered to
00 ‘ . . . ) . i be regions of relative expansion with age (i.e.
%50 —o02 o1 0 oo o0z 003 %03 —0.02 001 0 00l 002 0.03 region posterior to FM). L, left; R, right; A,
R R anterior; P, posterior.

and increased CSF may cause localized mechanical forces,
contributing to bone remodeling.

GPA results gathered from thousands of homologous
pseudo-landmarks demonstrate statistically significant adult
skull changes in shape. Similarities were observed between
sexes; however, the statistically significant shape changes
occurred predominantly in the males. The cranial vault
results demonstrate localized regions of shape change with
relative compression in the frontal and posterior parietal
regions and relative expansion in the inferior parietal and
temporal regions. Relative compression in the frontal and
posterior parietal regions parallels those regions of GMV
loss most prominent in the dorsal frontal and parietal
regions of the brain with age (Sowell et al. 2003). The rela-
tive expansion of the inferior parietal and temporal regions
may correspond to the late increase in GMV (to age 30), fol-
lowed by a stable decline (Sowell et al. 2003). The localized
changes of inner skull shape are similarly reflected by
changes in the outer skull. Further consideration of skull
shape and volumetric brain changes may explain the rela-
tionship between age-related changes in brain volume and
skull morphology.

Surface anatomy changes in shape in the anterior and
middle cranial fossae are particularly interesting in relation
to injury. The middle cranial fossa surrounds the base of the
temporal lobe with the sphenoid crest along the anterior
border. This particular structural arrangement may cause
vulnerability to the frontal and temporal regions of the
brain (Bigler, 2007). The significant anterior cranial fossa
changes were attributed to relative compression of the
inner surface of the frontal bone for both sexes; however,
the compression was more pronounced in females. The sig-
nificant shape change of the inner frontal region for
females may be attributed to a benign physiological condi-
tion known as hyperostosis frontalis interna (HFI), which
causes a thickening of the skull frontal region. HFI patients

are considered to be anatomically normal and are noted as
unremarkable in radiology reports (May et al. 2010, 2012;
Raikos et al. 2011). Upon visual inspection of the scans ana-
lyzed, 11% of the subjects had changes compatible with
HFI, in parallel with estimations of the incidence of HFI in
the population (She & Szakacs, 2004). Therefore, these scans
were not excluded. The middle cranial fossa displayed rela-
tive compression with age along the sphenoid crest posteri-
orly, including the medial base of the middle cranial fossa
with a slight relative bilateral expansion along the lateral
edges of the middle cranial fossa. The combined relative
compression of the inner frontal region with the medial
compression and lateral expansion of the middle cranial fos-
sa may play a role in the biomechanical response of the
brain to head impact and subsequent injury location. Inves-
tigation into the biomechanical role of the cranial fossae
during impact is needed to fully understand this phenome-
non. There were no significant changes in posterior cranial
fossa shape for either sex. However, predictive model results
reveal a relationship between age and shape in the poster-
ior cranial fossa.

There are limitations inherent to scan collection for a
population-based study. Random sampling of normal adult
head CT scans may introduce a range of subject variability
in head size and bone quality, especially in the elderly.
However, the regressions represent average predictive mod-
els for each age and sex from the data. Additionally, the
inclusion of approximately one scan per year of age may be
a limitation of the represented population. Larger popula-
tion-based studies may provide more robust representations
of each age and sex. There may be slight inter- and/or intra-
observer variation in the cutting planes that may affect the
image registration; however, the error as a result of this is
minimal due to the selection of the cutting plane from ana-
tomic landmarks. Lastly, the accuracy of the landmark map-
ping is limited by the scan resolution.
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Concluding remarks

A methodology was presented to identify homologous skull
landmarks from 122 subject head CT scans. A 3D geometric
morphometric analysis of the adult cranial vault and cranial
base was performed to assess shape variation in specific
anatomic regions of the skull with age. Results demonstrate
significant adult skull shape changes with increasing age.
Shape changes were mostly notable within the inner cranial
vault and the anterior and middle cranial fossae. Males
revealed the most significant shape changes with age, par-
ticularly in the outer cranial vault, inner cranial vault, ante-
rior cranial fossa, and middle cranial fossa. Females revealed
significant shape changes with age within the anterior cra-
nial fossa and middle cranial fossa. The methods and data
may be extended to pediatrics to assess developmental
changes in the skull. The shape functions may also be used
in forensics to predict skull age from postmortem CT data.
These data will be used in conjunction with brain shape
and size definitions to morph finite element models to rep-
resent different ages. Ultimately, the data presented will be
used to better understand how skull morphology influences
the biomechanics of TBI.
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