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Abstract 

 

It is estimated there are 1.7 million cases of traumatic brain injuries (TBI) each 

year where falls and motor vehicle crashes (MVCs) are the number one and two 

contributors.  From 2002-2006 TBI accounted for 30% of all injury related deaths seen 

from emergency department visits despite the lower injury occurrence rate of 5%.  

Furthermore the TBIs from MVCs resulted in the largest number of TBI-related deaths 

(31.8%).  Although studies have been conducted analyzing TBI from blunt loading 

conditions, more information is needed to understand the biomechanical contributors to 

the type and severity of TBI.  One important contributor is believed to be skull 

deformation, and characterizing the skull’s thickness and how it changes is an important 

step toward understanding skull deformation potential and its attribution to TBI. 

The research here is comprised of two parts.  The first part presents the validation 

of a new cortical density based method to accurately determine the cortical thickness of 

the inner and outer skull tables from clinical computed tomography (CT) scans.  The 

second part covers the application of this validated method to a large database of clinical 

CT scans and evaluates how cortical and full skull thickness measurements change with 

age and sex.  The work presented combines clinical radiology and engineering to identify 

trends for the development of an age and sex morphed finite element (FE) head model.  

This work is valuable and can lead to improved biofidelity of FE models and thereby 

provide more insight into skull deformation, and its impact on traumatic brain injury. 
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Chapter 1: Introduction 
This chapter provides an overview of skull anatomy, bone remodeling, clinical 

methods to evaluate bone, and the research goals of this thesis.  Subsequent chapters of 

this thesis are planned or submitted manuscripts detailing skull cortical thickness research 

efforts. 

SKULL ANATOMY 

The skull is a complex component of the skeletal system whose main function is 

to protect the brain. It is comprised of 22 bones, 8 of which form the neurocranium and 

are connected by synarthrodial joints called sutures. Most of these cranial bones are 

categorized as flat bones and can be identified by their layered bone structure where a 

cancellous bone layer, called diploë, is sandwiched between layers of dense cortical bone 

(cortex).  These cortical layers can be identified as the inner and outer tables of the skull 

(Figure 1) [1]. 

 

Figure 1. MicroCT image showing cortical tables and the middle diploic layer. 

 The skull can be viewed as having two main components:  the viscerocranium, 

which consists of the bones of the face and jaw, and the neurocranium, containing the 

bones of the skull encapsulating the brain.  Several of the largest bones of the 

file:///E:/Thesis%20Chapter%201.docx%23_ENREF_1
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neurocranium are the frontal, parietal, occipital, temporal, and sphenoid bones (Figure 2).  

These bones are joined together by the fibrous synarthrodial joints called sutures.  The 

base of the skull is formed by the union of parts of the occipital, temporal, and sphenoid 

bones.   

 

Figure 2. Main bones of the skull. 

BONE REMODELING 

 Bone is a living tissue that is constantly remodeling to maintain bone integrity and 

mineral homeostasis. Roughly 2-5% of cortical bone is remodeled every year while the 

rate is much larger for cancellous bone due to the significantly higher surface to volume 

ratio [2].  This remodeling is done through a tight coupling of bone resorption and 

formation.  Regulation of this coupling is done both systemically and mechanically [2-7]. 

The four main hormones that contribute osteoclastic bone resorption and remodeling 

include calcitonin, parathyroid hormone, vitamin , and estrogen.  An increase in 

parathyroid hormone or decrease in estrogen results in increased bone resorption and 

file:///E:/Thesis%20Chapter%201.docx%23_ENREF_2
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reduced bone density [4].  Increasing calcitonin or vitamin  opposes a parathyroid 

hormone increase and down regulates bone resorption thereby increasing bone density.  It 

has been shown that parathyroid hormone levels increase with age and contributes to a 

reduction in bone integrity over time.  Likewise, estrogen levels in women are known to 

decrease with age, also increasing the amount of bone resorption.  Given the understood 

influence from hormones and mechanical stimulation, healthy aging adults normally 

experience a decrease in cortical bone, an increase in trabecular porosity, and an increase 

in bone diameter in long bones [2]. 

CLINICAL EVALUATION OF BONE 

Bone imaging is traditionally done using computed tomography (CT) scans.  

From a clinical CT scan bone can easily be distinguished from the surrounding soft 

tissue. However, cortical thickness of bone is difficult to quantify due to the resolution 

limitation of clinical CT scans. Traditionally cortical thickness is determined using a full 

width half max (FWHM) approach as shown in Figure 3.  The FWHM technique 

determines thickness based on the light intensity change across profile line that crosses 

the cortical region of interest along the surface normal Figure 3A.  The light intensity 

changes as the profile line passes from soft tissue, to cortical bone, to cancellous bone.  

The edges of the cortical bone are identified as having half the light intensity of the two 

adjacent tissues and the thickness of the bone is the distance between these two markers 

Figure 3B.  Thickness measurements of structures thinner than 2.5 mm are overestimated 

using the standard full width half max (FWHM) technique from images taken using most 

common clinical scan parameters [8, 9]. In these thin structures, the blur represented by 

the imaging system’s point spread function (PSF) dominates the reconstructed image 

file:///E:/Thesis%20Chapter%201.docx%23_ENREF_4
file:///E:/Thesis%20Chapter%201.docx%23_ENREF_2
file:///E:/Thesis%20Chapter%201.docx%23_ENREF_8
file:///E:/Thesis%20Chapter%201.docx%23_ENREF_9
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resulting in blurry boundaries of the cortical bone.  Recently, Treece et al (2010) 

presented an algorithm to estimate cortical thickness of thin structures that improves upon 

this limitation.  The algorithm developed by Treece et al (2010) has been developed and 

validated for the femur and utilizes cortical density to estimate thicknesses [10-12].   

A. B. 

 

 

Figure 3. (A) CT scan slice with an intensity profile line to measure cortical 

thickness of the outer table. (B) Schematic of the intensity profile line, red dashes 

identify the soft tissue to cortical bone edge, green dot dashes show the cortical to 

cancellous bone edge.  Thickness is identified as the distance between the two yellow 

points. 

 

RESEARCH GOALS 

The research here is comprised of two parts.  The first part presents the validation 

of a new cortical density based method to accurately determine the cortical thickness of 

the inner and outer skull tables from clinical computed tomography (CT) scans.  The 

second part covers the application of this validated method to a large database of clinical 

CT scans and evaluates how cortical and full skull thickness measurements change with 

age and sex.  The work presented combines clinical radiology and engineering to identify 

trends for the development of an age and sex morphed finite element (FE) head model.   

file:///E:/Thesis%20Chapter%201.docx%23_ENREF_10
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ABSTRACT 

Brain injuries resulting from motor vehicle crashes (MVC) are extremely 

common yet the details of the mechanism of injury remain to be well characterized.  

Skull deformation is believed to be a contributing factor to some types of traumatic brain 

injury (TBI).  Understanding biomechanical contributors to skull deformation would 

provide further insight into the mechanism of head injury resulting from blunt trauma.  In 

particular, skull thickness is thought be a very important factor governing deformation of 

the skull and its propensity for fracture.  Current computed tomography (CT) technology 

is limited in its ability to accurately measure cortical thickness using standard techniques.  

A method using cortical density to evaluate cortical thickness from CT data has been 

developed.  This effort validates this technique for measurement of skull table thickness 

in clinical head CT’s using two post mortem human specimens.  Bone samples were 

harvested from the skulls of two cadavers and scanned with microCT to evaluate 

accuracy of the estimated cortical thickness measured from clinical CT.  Clinical scans 

were collected at 0.488 and 0.625 mm in plane resolution with 0.625 mm thickness.   The 

overall cortical thickness error was determined to be 0.078 ± 0.58 mm for cortical 

samples thinner than 4 mm.  It was determined that 91.3% of these differences fell within 

the scanner resolution.  Color maps of clinical CT thickness estimations are comparable 

to color maps of actual microCT thickness measurements indicating good quantitative 

agreement.  This data confirms that the cortical density algorithm successfully estimates 

skull table thickness from clinical CT scans.  To evaluate population data it is not feasible 

to gather postmortem measurements or to microCT subject’s skulls, therefore the 
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application of this technique to clinical CT scans allows for this evaluation of cortical 

thicknesses of the population. 

Keywords: Cortex, Skull, Cranium, Thickness, Cranial Vault, Computed Tomography 

 

INTRODUCTION 

It is estimated there are 1.7 million cases of traumatic brain injuries (TBI) each 

year [6].  TBI contributed to roughly 5% of all the injuries seen by emergency 

departments from 2002-2006, but accounted for 30% of all injury-related deaths.  Falls 

and motor vehicle crashes (MVCs) are the number one and two contributors to TBI.  The 

TBIs from MVCs, however, resulted in the largest number of TBI-related deaths (31.8%) 

[7].  Although studies have been conducted analyzing TBI from blunt loading conditions, 

more information is needed to understand the biomechanical contributors to the type and 

severity of TBI [8-10].  One important contributor is thought to be skull deformation, and 

characterizing the skull’s thickness is an important step toward understanding skull 

deformation potential. 

The skull is a complex component of the skeletal system whose main function is 

to protect the brain. It is comprised of 22 bones, 8 of which form the neurocranium and 

are connected by synarthrodial joints called sutures. Most of these cranial bones are 

categorized as flat bones and can be identified by their layered bone structure where a 

cancellous bone layer, called diploë, is sandwiched between layers of dense cortical bone 

(cortex).  These cortical layers can be identified as the inner and outer tables of the skull 

[11]. Previous studies have utilized cadavers and primates to evaluate the physical and 

mechanical properties of the skull [12-16].  These studies have found the flexural 
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properties of the skull to be highly dependent on skull thickness.  Additionally, Stanley et 

al (1974) and Nusholtz et al (1984) have reported reversible skull deformations from 

blunt impacts even in the absence of skull fracture [17, 18].  The physical deformations 

are believed to contribute to the occurrence and severity of brain injury.  Skull flexure is 

also thought to play a critical role in the mechanical load on the brain from blast impact 

conditions where the pressure wave generates flexural ripples in the skull [19].   

The thickness of the layers of the skull, as well as bone quality and surface 

contours determine the deformation of the skull during an impact [20].  Through finite 

element analysis Ruan et al demonstrated increased skull thickness enabled the brain to 

withstand increased peak accelerations before reaching a known concussive shear stress 

threshold of 22 kPa [20]. Previous cadaveric work has been performed to quantify the 

mechanical and physical characteristics properties of the skull through   various loading 

conditions.  These include mechanical characteristics, such as ultimate stress, ultimate 

strain, and modulus of elasticity, as well as physical characteristics such as cortical 

thickness and bone mineral density [12, 13, 21].  These data have been collected from 

both full skull thickness samples containing cortical tables and the diploё, as well as the 

isolated outer table.  Additionally, studies have been performed to characterize flexural 

stiffness and strength from transverse loading of the cranial bones and the sutures binding 

them [14-16].  More recently, the effect these physical properties, particularly skull 

thickness, have on dynamic head response due to blunt loading has been evaluated using 

finite element analysis.  A series of blunt loading simulations applied with a linear 

impactor to a skull of various predetermined skull thickness demonstrated a direct 
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correlation between increased full thickness and the peak acceleration the head could 

withstand before meeting a shear stress threshold [20]. 

Despite the important role the skull plays in protecting the brain, there is a dearth 

of information regarding the variability of its physical properties. Previous studies 

evaluating skull thickness were limited by the need to physically measure samples from 

cadavers or primates [4-13].  It would be beneficial and more informative to have a 

method to measure cortical and full skull thickness throughout the skull without the 

requirement of obtaining physical samples.  A method utilizing medical images, 

particularly clinical computed tomography (CT) head scans, to determine thickness 

measurements would enable the evaluation of a significantly larger sample size. This 

would allow the study of population-based variations in skull thickness due to age, 

gender, and a variety of disease conditions.  This expansion is possible due to the ease 

and ubiquity of clinical CT data collection.  Such an approach would also allow for 

uniform sampling throughout the skull instead of at specified test sites.  However, 

cortical thickness of bone is difficult to quantify due to the resolution limitation of 

clinical CT scans. Thickness measurements of structures thinner than 2.5 mm are 

overestimated using the standard full width half max (FWHM) technique from images 

taken using most common clinical scan parameters [22-25]. In these thin structures, the 

blur represented by the imaging system’s point spread function (PSF) dominates the 

reconstructed image resulting in blurry boundaries of the cortical bone.  Recently, Treece 

et al (2010) presented an algorithm to estimate cortical thickness of thin structures that 

improves upon this limitation.  The algorithm developed by Treece et al (2010) has been 

developed and validated for the femur and utilizes cortical density to estimate thicknesses 
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[22, 26, 27].  While this method is valuable in estimating cortical thickness of the femur, 

it has not been validated for other bones, including the skull.  The objective of this study 

is to apply this cortical density method (CDM) to the skull to validate thickness 

measurements from clinical CT data of the cranial vault.   

 

METHODS 

 Two male cadavers of ages 49 (skull A) and 56 (skull B) were used to evaluate 

the cortex and full thickness of the skull.  Clinical head CT scans were collected with an 

in-plane resolution ranging from 0.488 to 0.625 mm with a slice thickness of 0.625 mm 

for both specimens.  The scans were visually inspected by a neuroradiologist to confirm 

normal bone quality.  After the clinical CT was obtained, the skulls were removed from 

the bodies and all soft tissue was removed from the skulls.  The skulls were wrapped in 

gauze and saline, and placed in a freezer.  The fresh frozen skulls were thawed to room 

temperature and kept moist to harvest three centimeter diameter cylindrical samples using 

a craniotome.  A notch was placed on the posterior or inferior region on each sample to 

identify sample orientation.  Ten samples were taken from the frontal (2), parietal (2), 

occipital (4), and temporal (2) bones between the two skulls (Figure 4). The samples from 

the occipital bones were harvested superior to the occipital protuberance as well as near 

the foramen magnum. Sampled locations were carefully selected to be contained within 

the bounds of each bone. 
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A B C 

 

  

Figure 4. (A) Skull samples were collected using a craniotome. (B) Sample locations 

to be validated from the occipital bone. (C) Sample locations to be validated from 

the parietal, temporal, and frontal bone. 

 

The bone samples were scanned using a GE CT-120 microCT scanner 

(Biomedical Research Imaging Center, University of North Carolina at Chapel Hill) to 

acquire high resolution images.  The scans were collected at 25 micron resolution and 

reconstructed at 50 micron isotropic resolution. The high resolution bone sample scans 

allowed for accurate boundary establishment, within 50 microns, differentiating between 

air, cortical bone, and trabecular bone. The FWHM technique was applied to the high 

resolution images to determine the true thicknesses of the inner and outer tables.  The 

contrast between the intensity profile of both a high (microCT) and low (clinical CT) 

resolution image is shown in Figure 5. To address the spatial localization differences 

between the low resolution clinical CT and high resolution microCT, the microCT 

images were blurred parallel to the cortical tables to match the clinical CT resolution in 

this dimension [27]. This technique improved the estimation localization of the thickness 

measurement without affecting the thickness estimation accuracy.  
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The CDM developed by Treece et al (2010) was applied to the clinical CT scans 

[26, 27].  This method produces thickness measurements by optimizing the cortical 

density measurement from the scan when considering both in-plane and out-of-plane 

PSFs. The in-plane PSF is the spatial resolution blur and is modeled using a Gaussian 

curve and the out-of-plane PSF is the error associated with the orientation of the cortical 

bone within each imaging plane [26, 27]. The representative cortical density for each CT 

scan was determined through the collection of hundreds of density measurements of the 

soft tissue, cortical bone, and trabecular bone throughout the skull and optimized using 

the Levenberg-Marquardt method [28].  The thicknesses collected from the blurred 

microCT images were directly compared with the estimated thicknesses of the clinical 

CT.  Thickness measurements for both the microCT samples, as well as the clinical CT of 

the skull were associated with point clouds located on the inner and outer skull surfaces.  

A normal unit vector indicating the normal to the skull surface contour was also 

established at each landmark in the point cloud. 
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A. 

 

 

 

B. 

 

C. 

 

D. 

 

Figure 5.  (A) An image slice of a parietal bone microCT sample with an intensity 

profile line drawn from the outer through the inner table. (B) A sample of the 

intensity profile of the microCT sample. (C) An image slice from the clinical CT of 

the parietal bone with an intensity profile line drawn from the outer through the 

inner table. (D) A sample of the intensity profile in a similar location on the skull 

from the clinical CT image. 
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Three dimensional (3D) reconstructions of the clinical CT scans for the cadaver 

skulls and microCT samples were rendered using Mimics (v 14.0 Materialise, Leuven, 

Belgium). The location sampled for microCT was identified on the 3D reconstruction of 

the skull.  Alignment was performed in Geomagic Studio (v 12.1.0 Geomagic, Research 

Triangle Park, NC) by manually translating and rotating the microCT sample to the 

clinical CT surface reconstruction. The sample locations were identified for alignment 

through photographs, anatomical landmarks, and surface contours.  Alignment was not 

achieved for three of the ten samples due to a lack of photographic documentation thus 

these samples were excluded from the validation study. After alignment, the 3D surface 

model was converted to a point cloud (Figure 6A).  For each microCT sample, the skull 

point cloud was reduced to a subsample containing only points in contact with each 

aligned microCT sample as shown in Figure 6B.  Thickness measurements at these 

subsampled clinical CT points were compared to the nearest true thickness measurements 

in the microCT sample. Validation results were evaluated qualitatively from thickness 

color maps and quantitatively by determining the estimation error as the difference 

between the microCT and clinical CT thickness measurements.  Additionally, clinical CT 

thickness results were regressed against the actual microCT thickness and the resulting 

slopes, R
2
, and the root mean squared error (RMSE) values were compared.  Given n 

thickness measurements for the clinical CT (tc) and microCT (tμ) the RMSE was 

calculated as shown in Equation 1. 
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Equation 1: Root Mean Squared Error 

 

 

A. B. 

 
 

Figure 6. (A) 3D point cloud of the skull with aligned parietal bone microCT 

sample. (B) Sub-selected points from the clinical CT with the aligned microCT. 

 

RESULTS 

Each microCT sample was aligned to the clinical CT to observe the general 

thickness results.  The actual thicknesses for the seven aligned skull samples were 

determined using the FWHM technique on the microCT images and are reported in 
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Table 1. The new CDM was applied to both the inner and outer tables of seven aligned 

samples from the frontal, occipital, parietal, and temporal bones of two cadaver skulls.  

The accuracy of the CDM was compared qualitatively by evaluating the measured 

thicknesses as color maps (Figure 7).  
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Table 1. Actual and Estimated thickness data from microCT measurements, 

reported as mean ± standard deviation 

 Inner Table Outer Table 

Bone 

Actual 

Thickness 

(mm) 

Estimated 

Thickness 

(mm) 

Actual 

Thickness 

(mm) 

Estimated 

Thickness 

(mm) 

Frontal B 2.58 ± 0.443 2.34 ± 0.0811 3.75 ± 0.427 3.79 ± 0.189 

Frontal A 1.05 ± 0.362 1.09 ± 0.0483 1.76 ± 0.385 1.73 ± 0.0887 

Parietal B 1.68 ± 0.678 1.10 ± 0.437 1.42 ± 0.441 1.28 ± 0.143 

Parietal A 0.620 ± 0.179 0.644 ± 0.0787 1.05 ± 0.342 1.11 ± 0.0532 

Occipital A1 0.758 ± 0.408 0.766 ± 0.169 0.700 ± 0.305 0.621 ± 0.0944 

Occipital A2 0.655 ± 0.283 0.547 ± 0.0285 1.31 ± 0.378 1.01 ± 0.0835 

Temporal B 2.78 ± 0.823 3.02 ± 0.785 2.83 ± 0.770 2.932 ± 0.671 

 

 

A 

  

 

B 

 

 

 

Figure 7. Cortical thickness color maps for the outer table of the two cadaveric 

skulls A and B using the CDM with actual microCT thickness of samples overlaid. 
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For each of the seven samples, an average of 400 thickness measurements were 

taken and compared between the clinical and microCT.  The estimated thickness 

measurements from clinical CT were regressed against the actual thickness measurements 

from microCT (Figure 8). Four measurements were excluded because the microCT 

thickness was determined to be several millimeters thicker than the average sample 

thickness and likely included the diploe in the measurement.  The line of best fit was 

determined to have a slope of 0.842 with an intercept of 0.157 mm and an R
2
 value of 

0.733.  When the line of best fit was constrained to the origin the slope was determined to 

be 0.916 with an R
2
 value of 0.725. 

 

A. B. 

 

 

 

Figure 8. Scatterplots of all cortical thickness measurements.  The line of best 

fit is shown by the solid line and the 95% confidence interval of the data is bounded 

by the hashed line. (A) The unconstrained line of best fit. (B) The line of best fit 

when constrained to the origin. 
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Thickness deviations of the estimated thicknesses from the actual thickness 

measurements were used to quantify the accuracy of the CDM. The mean and standard 

deviations of the difference between the actual thickness and the estimated thickness are 

shown for each bone in Table 2. Mean estimation error ranged from -0.096 mm 

(underestimation) to 0.305 mm (overestimation).  The right most column shows the 

standard deviation of the difference in thickness of the microCT minus clinical CT.  The 

distributions of the differences were all normal narrow, and centered on average at 0.078 

mm difference (Figure 9A).  The distribution of the absolute value of the difference is 

also shown in Figure 9B and displays a heavily right skewed distribution.  The inner and 

outer table color maps of four samples are shown in Figure 10.   

 

Table 2. Error in the new CDM is presented as the mean and standard deviation of 

the actual thickness minus the estimated thickness 

Bone 
Mean Estimation 

Error (mm) 

Standard 

Deviation of 

Estimation Error 

(mm) 

Temporal B -0.096 0.834 

Frontal B -0.049 0.480 

Frontal A 0.029 0.372 

Parietal B 0.141 0.425 

Parietal A -0.060 0.347 

Occipital A1 0.079 0.287 

Occipital A2 0.305 0.375 

All 0.078 0.538 
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A B 

 

Figure 9. (A) Mean thickness error distribution of actual minus calculated 

thickness.  (B) Distribution of the absolute value of mean thickness error in A. 

 

Bone Outer Table Inner Table 

 

Parietal 

A 

 
 

Frontal 

A 
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Occipital 

A2 

  

Tempora

l B  

 

 

Figure 10. Thickness color maps for the inner and outer table of four bone samples 

for the microCT and clinical CT from left to right. 

DISCUSSION 

Cortical thickness was evaluated on two cadaver skulls with both a high 

resolution microCT FWHM measurement as well as a cortical density based 

measurement on the matched clinical CT.  Average thickness values of the microCT 

samples were determined to be below 3 mm with the exception of the outer table of one 

frontal bone sample and part of the temporal bone. The determined thicknesses compared 

well with those reported in the literature determined through physical measurement with 

calipers or ultrasonic transducers on isolated bone samples [20, 29, 30].  Thin cortical 

layers of the skull present a need for the application of an improved method to overcome 

the known error associated with FWHM technique on structures thinner than 3 mm [22-

25].  Data presented in this study demonstrate that cortical thickness measurements of the 

main flat bones of the cranial vault can be evaluated more accurately from clinical CT 

scans using a cortical density based approach [26, 27].   
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Temporal bone thicknesses were collected from the squamous region of this bone 

where it is known to contain only cortical bone with no diploic layer.  For this reason, 

table thicknesses were similar because each measurement was over the full thickness of 

the cortical bone, making this bone appear thicker compared to other samples [13]. The 

results from the thickness deviation analysis between the high (microCT) and low 

(clinical CT) resolution thickness measurements indicate an overall error of 0.078 mm 

(±0.58mm) where the cortical density based method slightly underestimates the thickness 

values measured using microCT.  Moreover 91.3% of the observed error fell within the 

scanner resolution of the clinical CT indicated by the heavily right skewed mean 

difference distribution in Figure 9B.  In comparison, a larger sample of 16 cadaveric 

femurs were evaluated by Treece et al (2010) and presented an overall error of -0.01 mm 

(±0.58 mm) using the CDM [26]. To explain the slightly greater underestimation in the 

current study, the data were evaluated with respect to the predicted error presented in 

Treece et al [27].  The CDM was predicted to underestimate sample thickness by less 

than 10% (“slight” underestimation) for structures between 0.9 and 3 mm [27]. Nearly 

60% of the actual thickness measurements fell within this “slight” range and could 

explain the small deviations between this method applied to the skull and the work 

previously presented from femurs. Additionally, underestimation of the clinical CT data 

in thinner bones likely stemmed from an overestimation of the optimized cortical density 

value for each scan used within the CDM algorithms. Thicker cortical bone led to a more 

accurate optimized cortical density which was more favorable to measurements of the 

femoral shaft than is likely for the thinner tables of the skull [27].   
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To further quantify the validity of the CDM on the skull, estimated thicknesses 

were regressed against the actual thicknesses as shown in Figure 8. Analysis indicated an 

unconstrained slope of 0.842 and a slope of 0.916 when constrained to the origin.  In a 

perfect model the slope of such a regression would be 1 and intersect the origin.  The root 

mean square error was compared for the regressions that were unconstrained, constrained 

to the origin, and constrained to the origin with a slope of 1. The resulting errors were 

0.515, 0.525, and 0.682 mm respectively.  The RMSE values can be evaluated as the 

standard deviation determined through linear regression and therefore are compared to 

the standard deviations seen in the thickness and difference in thickness results. RMSE 

increased with the constrained intercept and slope model, however this value remained 

lower than some of the standard deviations seen within the thickness and difference in 

thickness results in this study as well as those reported by Treece et al [26]. The results of 

the quantitative comparisons indicated good accuracy with this method.  The CDM used 

in this study provides a more accurate thickness estimation than what would be calculated 

using the FWHM approach.  This method enables a reasonable estimation of cortical 

thickness from clinical CT scans.  The ability to determine thickness from such images 

allows for the analysis of cortical thickness values from a much broader spectrum, 

beyond cadaveric data.  An expanded data set of thickness values will enable the pursuit 

of numerous anatomical variation studies to further understand the changes and 

variability of cortical thickness in the skull.  

The validation performed was limited by scanner resolution, sample size, sample 

alignment, and limitations present in the CDM. Higher resolution images from clinical 

CT scans would further improve the ability to discern cortical thickness and minimize the 
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issue of blur characterized by the PSF [23].  This however, would not be a feasible 

approach because higher resolution CT scans are not permitted for patient use due to the 

increased radiation exposure.  An increased number of cadaveric subjects and samples 

from each subject would have increased the power associated with this validation.  

Manual alignment between the microCT and the clinical CT of the samples could also 

have contributed to some error observed in thickness estimation. Lastly, the CDM 

requires all sampling profile lines to be of a set line length where this length is selected to 

be at least 3 times the expected cortical thickness [26].  Anticipating cortical thicknesses 

less than 4 mm, a line length of 12 mm was used. This set length could have an effect on 

thickness measurements in the few regions where the cortical bone was thicker than 4 

mm. 

CONCLUSION 

 The objective of this work was to validate the CDM algorithms for the evaluation 

of skull cortical thickness.  The cortical thickness of two cadaveric skulls was estimated 

using a CDM applied to clinical CT scans.  The accuracy of the thickness estimations 

were compared to those of microCT samples and validated for the cranial vault.  This 

method, when applied to the skull, had results comparable to those previously expressed 

in literature.  An average cortical thickness error of 0.078 ± 0.58 mm was observed with 

91.3% of the error contained within the clinical CT scanner resolution, which is a 

significant improvement from the standard FWHM technique. With this method validated 

for the skull, there are many more opportunities to evaluate changes in skull cortical 

thickness. Identifying some of this variability may help shed light on the biomechanical 

and anatomical basis for traumatic brain injury.  
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ABSTRACT 

Brain injuries resulting from motor vehicle crashes (MVC) are extremely 

common, yet the details of the mechanism of injury remain to be well characterized.  

Skull deformation is believed to be a contributing factor to some types of traumatic brain 

injury (TBI).  Understanding biomechanical contributors to skull deformation would 

provide further insight into the mechanism of head injury resulting from blunt trauma.  In 

particular, skull thickness is thought be a very important factor governing deformation of 

the skull and its propensity for fracture.  Previously, skull cortical thickness was difficult 

to evaluate with age and sex based on the need for cadaveric skulls.  In this study, skull 

thickness changes with age have been evaluated at homologous landmarks using 

validated cortical density-based algorithms for accurately evaluating cortical thickness 

from 123 high resolution clinical computed tomography (CT) scans.  General trends 

indicated a slight thickening of the full skull thickness, mostly attributed to an increase in 

the thickness of the diploic layer.  Females demonstrated a significant amount of cortical 

thinning for both tables of the frontal, occipital, and parietal bones ranging between a 36 

and 60 percent decrease from ages 20 to 100.  Understanding how cortical and full skull 

thickness changes with age from a wide range of subjects can have implications in 

improving the biofidelity of age and sex morphed finite element models and therefore aid 

in the prediction and understanding of TBI from impact and blast injuries.  

 

Keywords: Cortical thickness, Skull, Cranial Vault, Computed Tomography, Age 

Changes 

INTRODUCTION 
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It is estimated there are 1.7 million cases of traumatic brain injuries (TBI) each 

year, with falls and motor vehicle crashes (MVCs) being the number one and two 

contributors, respectively [1].  From 2002-2006 TBI accounted for 30% of all injury 

related deaths seen from emergency department visits despite the lower injury occurrence 

rate of 5%.  The TBIs from MVCs resulted in the largest number of TBI-related deaths 

(31.8%) [2].  Although studies have been conducted analyzing TBI from blunt loading 

conditions, more information is needed to understand the biomechanical contributors to 

the type and severity of TBI [3-5].  One important contributor is believed to be skull 

deformation.  Characterizing the skull’s thickness and how it changes with age is an 

important step toward understanding the role skull thickness plays in skull deformation. 

The skull’s main function is to protect the brain. It is comprised of 22 bones, 8 of 

which form the neurocranium and are connected by synarthrodial joints called sutures. 

Most of these cranial bones are categorized as flat bones and can be identified by their 

layered bone structure where a cancellous bone layer, called diploë, is sandwiched 

between two layers of dense cortical bone (cortex).  These cortical layers are denoted as 

the inner and outer tables of the skull, as shown in Figure 11 [6]. Previous studies have 

utilized cadavers and primates to evaluate the mechanical properties of the skull [7-11].  

McElhaney et al evaluated spatial, material, and structural properties of full skull samples 

from cadavers [7].  Skull flexural stiffness and strength was modeled by Hubbard et al 

using a layered beam testing technique [9, 10].  These studies have found the flexural 

properties of the skull to be highly dependent on skull thickness.  Cortical thickness of 

the outer table has been measured and reported at various locations across the skull by 

Peterson et al.  Bone specimens were harvested from locations in the frontal, parietal, 
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occipital, and temporal regions of the skull, the outer table was isolated and the thickness 

was physically measured with calipers or ultrasonic transducers.  Thicknesses measured 

from physical specimens were found to vary within and between bones with an overall 

average of 2.4 0.8 mm [8, 12].  Additional studies have evaluated skull deformation 

from linear impacts concluding skull deformation can occur below mechanical failure 

and contribute to the occurrence and severity of brain traumatic brain injury [13-15]. 

 

 

Figure 11. Cross section of microCT image the frontal bone of a skull.  Diploë is 

sandwiched between cortical bone tables. 

The population variation seen in the reported fracture tolerance of the human skull 

can largely be explained by skull thickness variation and impact duration [16].  Ruan et al 

sought to quantify this variation and the effect on concussive brain injury through finite 

element analysis of a dynamic head impact at variable full skull thicknesses.  Full skull 

thickness approximations for the models were based on cadaveric data in literature and 

developed for 5
th

, 40
th

, 80
th

, and 98
th

 percentile skulls.  As skull thickness increased, the 

peak accelerations required to reach a defined peak shear stress threshold in the brain also 

increased for all impact durations, where the shear stress threshold was selected as a 
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concussive threshold based on the head injury criterion (HIC) tolerance curve [16].  

Therefore it is important to consider the implications of skull thickness when studying 

TBI. 

Bone is a living tissue that is constantly remodeling. This physiologic process 

maintains bone integrity and mineral homeostasis [17]. This remodeling is done through 

a tight coupling of bone resorption and formation [17, 18].  Regulation of this coupling is 

done both systemically and mechanically and is well documented in literature [17-24].  

Given the understood influence from hormones and mechanical stimulation, healthy 

aging adults normally experience a decrease in cortical bone, an increase in trabecular 

porosity, and an increase in bone diameter in long bones [17].  Despite the important role 

the skull plays in protecting the brain, there is a dearth of information regarding the 

variability of its physical properties with age.  

Previous studies evaluating skull thickness have been limited by the need to 

physically measure samples from cadavers or primates [4-13].  This study aims to 

improve this limitation by utilizing medical images, particularly clinical computed 

tomography (CT) head scans, to determine thickness measurements.  The methodology 

presented in this study allows for the study of population-based variations in skull 

thickness due to age and sex.  The objective of this study is to apply a cortical density 

method (CDM) to a large repository of clinical CT scans of subjects between ages 20 and 

100 to evaluate how cortical and full skull thicknesses change with age.  Trends emerging 

from this study could be used to better understand the relationship between cortical 

thickness variation and the biomechanical basis for age-related differences in head injury 

mechanisms. 
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METHODS 

A total of 123 clinical head CT scans were collected from the Wake Forest Baptist 

Health Picture Archiving and Communication System, Radiology (PACS) database.  The 

Wake Forest School of Medicine Institutional Review Board approved the study protocol.  

The in plane resolution for each scan ranged from 0.488 to 0.625 mm with a maximum 

slice thickness of 0.625 mm.  All scans spanned the base to the top of the skull.  The ages 

of the scans range from 20 to 99 years with approximately one scan per year for both 

males (60 scans) and females (63 scans).  Scans were visually inspected and radiology 

reports were reviewed to exclude skulls with anatomic or pathologic abnormalities such 

as skull or facial fractures, previous surgeries, congenital deformities, brain cancer, 

osteomyelitis, and prior TBI.   

Cortical thickness of bone is difficult to quantify due to the resolution limitation 

of clinical CT scans. Thickness measurements of structures thinner than 2.5 mm are 

overestimated using the standard full width half max (FWHM) technique from images 

taken using most common clinical scan parameters [25-28]. Recently, Treece et al (2010) 

presented an algorithm utilizing cortical density to estimate cortical thickness of thin 

structures that improves upon this limitation [25, 29, 30].  This method, referred to as 

CDM, was recently validated by Lillie et al for skull cortical thickness application. To 

determine the cortical thickness for the subjects in this study, the CDM developed by 

Treece et al was applied to all 123 head CT scans. This method produced thickness 

measurements by optimizing the cortical density measurement from each scan when 

considering both in-plane and out-of-plane PSFs. The in-plane PSF was the spatial 

resolution blur and is modeled using a Gaussian curve. The out-of-plane PSF was the 



  35 

error associated with the orientation of the cortical bone within each imaging plane.  

Through the application of this method, a point cloud of the skull was created with over 

100,000 points and associated cortical thickness values (Figure 12).  The point cloud 

spanned the outer surface of both the inner and outer cortical tables thereby establishing 

cortical thickness measurements for both tables.   

 

 

 
Figure 12. Point Cloud raw skull thickness measurements from the new cortical 

density method 

 

Surface normal vectors were established at each point ( ) in the point cloud 

(Figure 13).  These vectors were used in relation to the skull’s center of mass to 

differentiate between inner and outer table points on the large flat bones of the skull 

(Figure A1).  If the normal was pointing away from the center of gravity (CG) of the 

head, the initial location was assumed to be on the outer table.  On the contrary, if the 

surface normal was pointing toward the CG of the head, the initial location was assumed 

to be on the inner table.  Successful application of the CDM was dependent on the 

porosity, density, and thickness of the diploë, or trabecular bone, between the two tables.  

In regions where the diploë was dense, thin, or low in porosity, this method was likely to 
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estimate cortical thickness as the actual full thickness through the skull.  Filtering 

algorithms were developed to identify locations where full thickness was measured 

versus cortical thickness to accurately identify the appropriate thickness measurement.  

 

Figure 13. Schematic of thickness measurements of the skull. (a) Outer table cortical 

thickness measurement. (b) Full thickness measurement initialized at the outer 

table. (c) Full thickness measurement initialized at the inner table. (d) Inner table 

cortical thickness measurement. 

Thickness measurements from the CDM could be one of four different types of 

measurements: an outer table cortical thickness measurement (Figure 13A), a full 

thickness measurement initiated from the outer table point cloud (Figure 13B), a full 

thickness measurement initiated from the inner table point cloud (Figure 13C), or an 

inner table cortical thickness measurement (Figure 13D).  Measurements were initiated at 

the skull surface and were indicated by  and the determined end locations were 

indicated as .  All  measurements were evenly spaced on the inner and outer surface 

of the skull at approximately 0.8 mm resolution.  The estimated thickness was the 

Euclidean distance between the two points.  To differentiate between full thickness and 
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cortical thickness measurements the data were filtered using an exhaustive nearest 

neighbor search of  for all  and identified the Euclidean distance between the 

respective  and  locations.  Based on a study by Peterson et al., a minimum cortical 

thickness of 1 mm was assumed [8].  Given this assumption, in the case where the 

distance between the nearest  and any end point  exceeded 1 mm, the thickness 

measurement was assumed to be a cortical thickness measurement.  In the case where  

was less than 1 mm from the nearest  point,  was considered to lie on the same skull 

surface as the respective  value, the thickness measurement was assumed to be a full 

thickness measurement. 

Homologous landmarks were established for each of the 123 subjects to 

accurately compare thickness measurements throughout the skull.  The symmetric 

computer-aided design (CAD) data from the 50
th

 percentile male Global Human Body 

Models Consortium was selected as the atlas skull geometry [31]. A series of rigid, 

affine, and nonlinear transformations were applied to medical images developed from the 

CAD of the atlas skull to warp the atlas skull to each of the subject skulls  [32-34].  These 

transformations were applied to a point cloud of 28,641 uniformly spaced landmarks (2 

mm resolution) in atlas space to warp them to each subject [34, 35].    Best fit alignment 

transformations were used to align subject thickness point clouds to each subject’s 

homologous landmarks.  The average of the nearest four subject thickness measurements 

to each homologous landmark was used as the smoothed thickness at that respective 

location.  Landmarks subsections were created for each of the main bones of the cranium 

from the full skull point cloud.   The reduced point clouds were created to evaluate 
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cortical and full thickness changes of the frontal, parietal, occipital, and temporal bones 

and avoid inclusion of thickness measurements at the sutures (Figure 14).  

 

  
Figure 14. Sub-sampled point clouds (black) of the frontal (A), parietal (B), 

temporal (C), and occipital bones (D). 

 

Additional algorithms were developed to fully evaluate full skull thickness 

measurements from the cortical thickness measurements.  An optimization of two 

distance minimization algorithms was utilized to pair points on the skull surface ( ) and 

calculate a full thickness measurement normal to the outer skull surface at the respective 

point.  The first method was the application of a nearest neighbor search.  Using the 

Euclidean distance all  points on the outer table of the skull were matched to the 

nearest  point on the inner table of the skull (Figure 15A).  Full thickness 

measurements were calculated as the minimum distance between the two points.  The 

second method was to determine the inner table point  nearest a projected line. The 

surface normal unit vector for each  in the outer table was used to project a line 

through the skull, identified as   in Figure 15B.  The Euclidean distance was determined 

from each projected line for all of the  points of the inner table.  The point nearest the 

line projection was identified as the most likely paired point to measure full thickness 
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perpendicular to the outer table.  The optimization of these two methods enabled accurate 

skull surface landmark pairing to calculate the full thickness of the skull.   Diploë 

thickness was computed as the difference between paired full thickness measurements 

and cortical thickness measurements in regions where it was clearly defined. 

 

 

A. 

 

B. 

 
Figure 15. (A) Example from a sagittal slice of the skull point cloud demonstrating 

an exhaustive nearest neighbor search to find the minimum Euclidean distance 

between an  in the outer table against the  points of the inner table. The 

example pairing from such a search is marked by the bold orange arrow. (B) 

Example from a sagittal slice of the skull point cloud demonstrating the method in 

determining the nearest point of the inner table to the projected surface normal 

vector.  The example paired landmark from this method is denoted by the orange 

star. 
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A logarithmic transformation was applied to the thickness data at the homologous 

landmarks to satisfy the assumptions of normality.  Several approaches were used to 

identify potential skull thickness trends with age.  Linear regressions of the log-

transformed full and cortical thickness data were produced for all landmarks, as well as 

over averaged regions of 3 cm
2
 grids.  Sexual dimorphisms were evaluated through the 

comparison of nonlinear regressions for all subjects, males only, and females only.  

Statistical significance was determined using ANOVA at alpha level 0.05.  

 

RESULTS 

Cortical thickness was determined for all 123 subjects using the CDM algorithm.  

Through the application of the pipelined filtering and alignment algorithms, raw 

thickness data was evaluated at each landmark and assigned an inner or outer cortical 

thickness measurement, the associated full thickness calculation, and the determined 

thickness regressions. Resulting regressions were first evaluated for all subjects, 

independent of sex.  Thickness and regression trends exhibited bilateral symmetry, so 

results are presented for the right hemisphere of the skull.  In evaluating all subjects, 

trends are non-uniform across all landmarks and vary between and within the four main 

skull bones.  The average trends for the entire skull indicated a slight increase in full skull 

thickness and a decrease in cortical bone thickness with age (Figure 16).   
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Thickness 

 

Inner 

Table 

Thickness 

Figure 16. Color map of the nonlinear regression coefficient and associated % 

change per decade of all subjects.  Top to bottom: full skull thickness changes, outer 

table thickness changes, and inner table thickness changes. 

 

Males and females were compared by recalculating the nonlinear regressions with 

sex as a differentiator.  Additionally, regressions were created for all landmark data, as 

well as for average thickness values, spanning 3cm
2 

sections.  Section based nonlinear 

regression coefficients for the outer tables are shown in Figure 17.  Sex-based 

differentiation lead to the development of more distinct and significant regression trends.  

There was significant thinning of both the inner and outer tables for the female in the 

parietal, occipital and frontal bones, as indicated in Figure 17 buy the blue shades 

representing a negative nonlinear regression coefficient.  For males, cortical tables tended 
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to increase in thickness very slightly but not significantly.  The region of the highest rate 

of change for the men was in the mastoid of the temporal bone.  Additionally, both males 

and females expressed a trend toward an overall increase in skull thickness.  Examples of 

the regressions created for the 3cm
2
 sections in Figure 17 are shown in Figure 18 at the 

respective region of the skull.  The thinning noted in the females parietal bone with age 

was nearly a flat line in men indicating little to no change in thickness over time (Figure 

18). The reverse was seen when considering the temporal bone, where the women 

expressed minimal changes while a slight increase in cortical thickness was identified in 

the men. 

 

 
Figure 17. Female (left) and male (right) nonlinear regression coefficients (m) for 

averaged 3cm
2
 sections. 
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Femal

e 

 

Male 

 
Figure 18. Representative regression trends of female (top) and male (bottom) outer 

table cortical thickness from 3cm
2
 sections. 

 The calculated regression equations were then used to create age specific 

predictive thickness estimation models.  For ages 30, 60, and 90, the landmark-based 

regression equations were used to calculate the predicted thickness values of the outer 
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table for females and males displayed on a 0 to 5 mm scale (Figure 21).  As expected, the 

most change observed in the female outer table was correlated with the areas 

demonstrating the significant regressions shown in Figure 17, Figure 18, and Table 3.  

Predictive full thickness skulls for both a 50 year old male and female are also shown in 

Figure 20.  In Table 3, percent changes in bone thickness, and associated confidence 

intervals, from 20 to 100 are shown for males and females for inner, outer, and full 

thickness measurements. Statistically significant regressions were identified by the 95% 

confidence interval that excluded zero and are highlighted in gray.  These results, as well 

as the associated predicted thicknesses, average percent change, and confidence intervals 

are shown in Figure 21.  Similar figures for the frontal, occipital, temporal, and parietal 

bones can be found in the appendix as well as a table showing the predicted thickness 

values and the respective confidence intervals (Table A1 & Figure A2).   
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Figure 19. Outer table cortical thickness predictions for females (top) and males 

(bottom) at 30, 60 and 90 years of age. 

Male Female 

 

Figure 20. Full thickness skull predictions for a male and female at age 50. 
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Table 3. Percent change in bone thickness from 20 to 100 for the inner table, outer 

table, and full skull thickness measurements.  Confidence intervals (CI) are based 

on alpha level 0.05.  Statistically significant results are shaded gray. 

  
Inner Table Outer Table Full Thickness 

  
Mean 

(%) 
CI 

Mean 
(%) 

CI 
Mean 

(%) 
CI 

Female 

Frontal -41 [-62, -10] -38 [-53,-18] 10 [-18,47] 

Temporal -30 [-51,1] -19 [-40,9] 5 [-20,38] 

Parietal -60 [-73, -39] -42 [-56,-23] 11 [-13,41] 

Occipital -48 [-65,-24] -41 [-57,-18] 9 [-16,43] 

All -48 [-65, -22] -36 [-52,-14] 9 [-16,42] 

Male 

Frontal -15 [-42,24] 12 [-12,43] 12 [-18,53] 

Temporal -3 [-33, 40] 16 [-14,58] 2 [-23,35] 

Parietal -8 [-36,33] 9 [-15,41] 18 [-12,57] 

Occipital -23 [-47,14] -4 [-33,36] 3 [-22,37] 

All -11 [-39,28] 9 [-18,44] 10 [-18,47] 
 

  

 
Figure 21. Average bone changes for the whole skull for females (top) and males 

(bottom) from age 20 to 100.  Thickness values represent the averaged predicted 

outer table (OT), inner table (IT), and full thicknesses from the regression 

equations. 
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DISCUSSION 

Cortical and full skull thickness changes with age and sex were evaluated from 

the clinical CT scans of 123 subjects.  Thickness regressions were created for thousands 

of homologous landmarks, as well as over larger averaged subsections.  From these 

regressions, predicted thickness values could be calculated for any age.  The predicted 

cortical thickness values spanning the subject age range produced thickness values that 

were comparable to those reported in the literature that were determined through physical 

measurements with calipers or ultrasonic transducers on isolated bone samples [12, 16, 

36]. 

For both the males and females, the general trend of the full skull thickness was a 

slight increase with age.  This trend was greatest in the frontal and parietal regions of the 

skull.  Bone growth and remodeling is a product of both systemic and mechanical loading 

and regulation [17, 18, 21, 23, 37]. The skull, by nature, is not exposed to the degree of 

gravity and exercise induced mechanical loading experienced by other parts of the 

skeletal system that is known to increase bone mineral density and growth [38].  

Although there is a lack of external mechanical loading in skull, studies have shown that 

micro strains on bone increase intra-cortical remodeling [39, 40].  A study by Sowell et al 

evaluated the change in gray matter density of the brain with age and discovered the most 

significant cortex thinning to occur in the frontal and parietal regions [41].  The 

increasing thickness trends in the frontal and parietal bones of the skull could partly be in 

response to the micro strains expressed by balance of intracranial pressure (ICP) due to 

the regional loss in gray matter density and increase in cerebrospinal fluid (CSF) below 

these bones.  
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In addition to mechanical loading, systemic hormone regulation has a large 

impact on bone remodeling [17, 20, 21, 23, 37].  The four main hormones that contribute 

osteoclastic bone resorption and remodeling include calcitonin, parathyroid hormone, 

vitamin , and estrogen [18].  An increase in parathyroid hormone or decrease in 

estrogen results in increased bone resorption and reduced bone density.  Increasing 

calcitonin or vitamin  opposes a parathyroid hormone increase and down regulates 

bone resorption thereby increasing bone density [18].  It has been shown that parathyroid 

hormone levels increase with age and contributes to a reduction in bone integrity over 

time [19, 24].  Likewise, estrogen levels in women are known to decrease with age, also 

increasing the amount of bone resorption [18, 21, 23].  With these known compounding 

age dependent changes, it would be expected that the aging population, particularly 

women, displayed some degree of cortical thinning.  Cortical bone regressions for 

females in this study confirmed that cortical bone decreases significantly with age for the 

majority of the cranial vault.  With the thinning cortical bone, as well as the slight full 

thickness increase, it is also likely the remodeling and increase in osteoclast activity is 

occurring on the inner edge of the cortical tables in contact with the diploë.  

Controlling for inter-subject variability was a major limitation in quantifying skull 

thickness changes with age and resulted in weak correlations for many thickness 

regressions.  Subject scans were selected on the premise of normal bone quality from 

radiologic reports and visual inspection.  Selection criteria did not include lifestyle 

information including drug use, activity level, activity type, diet, or hormone levels all of 

which can contribute to bone density and thickness [38, 42-45].  An additional limitation 

was associated with the error in evaluating cortical thickness from clinical CT scans.  The 
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CDM algorithm applied provided a method for improved cortical thickness 

measurements over the traditional FWHM technique [29, 30].  In thin structures of the 

skull, particularly when the diploë was determined to be below 1.5 mm thick, the CDM 

would sometimes fail to differentiate between cortical tables and only calculate a full 

thickness measurement and cortical thicknesses could not be determined for landmarks 

where this occurred.  Despite the limitations our study has provided insight into trends of 

skull cortical thickness changes with age and sex, providing results where previous 

methods in literature were too limited to characterize such trends. 

 

CONCLUSION 

The goal of this study was to characterize how cortical and full skull thickness 

measurements change with age and sex.  Cortical thickness measurements were 

determined using the CDM algorithm established by Treece et al and were then post-

processed to establish nonlinear cortical and full thickness regressions for homologous 

landmarks on the inner and outer tables of the skull.  Significant cortical thinning was 

found in the outer and inner tables of the frontal, occipital, and parietal bones of females, 

predicting a loss between 36 and 60 percent of the original bone thickness from ages 20 

to 100.  These regression equations can be used in conjunction with finite element models 

of the head to create age- and sex-specific models for the prediction of injury.  These data 

provide a repository of high resolution thickness data for the adult skull that may be used 

to better understand the complex relationship between cortical thickness, skull 

deformation, and the resulting biomechanics of TBI-related blunt and blast impacts. 
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APPENDIX 

Table A4.  Predicted thickness values from nonlinear regressions of the skull bones 

for ages 20 and 100 

  

Inner Table 
Thickness 

Outer Table 
Thickness Full Thickness 

  

20 yrs 
(mm) 

100 yrs 
(mm) 

20 yrs 
(mm) 

100 yrs 
(mm) 

20 yrs 
(mm) 

100 yrs 
(mm) 

Females 

Frontal 1.89 1.11 2.69 1.67 6.40 7.03 

Temporal 1.90 1.33 2.33 1.88 3.32 3.48 

Parietal 2.13 0.86 2.50 1.46 6.37 7.05 

Occipital 1.91 0.99 2.91 1.73 4.46 4.88 

All 1.98 1.03 2.57 1.64 5.15 5.61 

Males 

Frontal 1.82 1.53 2.11 2.36 5.83 6.53 

Temporal 1.64 1.59 2.05 2.38 3.58 3.66 

Parietal 1.52 1.41 1.88 2.05 5.62 6.61 

Occipital 1.58 1.22 2.39 2.29 4.61 4.76 

All 1.62 1.44 2.06 2.24 4.93 5.43 
 

 
Figure A22. Surface normal vectors  used in relation to the center of gravity (CG) 

to differentiate between cortical tables. 
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Frontal 

  

Temporal 

   

Parietal 

 

Occipital 

   
Figure A23. Average bone changes for females (top) and males (bottom) from age 20 

to 100.  Thickness values represent the averaged predicted outer table (OT), inner 

table (IT), and full thicknesses from the regression equations. 
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Summary of Research 
 The research presented in this thesis will aid in the understanding of the complex 

relationship between cortical thickness, skull deformation, and the resulting 

biomechanics of TBI-related blunt and blast injuries.  The following objectives have been 

outlined in this research 

1. A validation of a new cortical density based method to accurately determine the 

cortical thickness of the inner and outer skull tables from clinical computed 

tomography (CT) scans.  

2.  An application of this validated method to a large database of clinical CT scans 

to evaluate how cortical and full skull thickness measurements change with age 

and sex. 

Application of the validation and evaluation of cortical and full skull thickness changes 

with age and sex will aid in the understanding of the biomechanics behind TBI-related 

blunt and blast injuries.  Research presented in chapters 2 and 3 is expected to be 

presented at conferences and published in scientific journals. 

 

Table 5. Publication plan for research outlined in this thesis. 

Chapter Topic Journal / (Conference) 

2 Estimation of Skull Table Thickness 

with Clinical CT and Validation with 

MicroCT 

Journal of Neurotrauma* 

3 Skull Tabular and Full Thickness 

Changes with Age 

Nature: Neuroscience** 

*Submitted 

**Plan for submission
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Society of Women Engineers 2008-present 

 
Professional Memberships 

Biomedical Engineering Society 2008-present 
IEEE 2012-present  

 
Professional Workshops 

 
1. Hyperworks Training, Winston-Salem, NC, October, 2012 
2. LS-DYNA and LS-PrePost Training, Troy, MI, August, 2012 

 
Conferences, Publications, and Papers 
 

1. DA Markov, EM Lillie,   PC Samson, JP Wikswo, and LJ McCawley, 
“Chips &Tips: A method for periodic sterile sample collection during 
continuous cell culture in microfluidic devices” 
http://www.rsc.org/Publishing/Journals/lc/Chips_and_Tips/microfluidi
c_devices.asp Lab on a Chip, August 17, 2010. 

2. EM Lillie, DA Markov, SP Garbett, LJ McCawley. “Comparing 
diffusion coefficients through thin PDMS membranes exposed to 
various surface treatments”, BMES 2010, Austin, TX, 2010. 

3. EM Lillie, JE Urban, JD Stitzel, "Evaluation of the extent and distribution 
of diffuse axonal injury from real world motor vehicle crashes-biomed 2013." 
Biomedical sciences instrumentation 49 (2012): 297-304. 

4. Markov DA, Lillie EM, Garbett SP, McCawley LJ. “Variation in 
diffusion of gases through PDMS due to plasma surface treatment and 
storage conditions.” Biomedical Microdevices, September 2013. 

 

Conference Abstracts 

1. Lillie EM, Urban, JE, Weaver AA, Stitzel JD. “Estimation of Skull Table 

Thickness form Clinical CT.” VT-WFU SBES Graduate Research 

Symposium Poster Session, Virginia Tech, Blacksburg, VA, May 2013. 

2. Lillie EM, Urban JE, Weaver AA, Stitzel JD. “Estimation of Skull Cortical 

Thickness from Clinical CT.” American Society of Biomecahnics Annual 

Meeting, Omaha, NE, September 2013. 

3. Lillie EM, Urban JE, Weaver AA, Stitzel JD. “Estimation of Skull Cortical 

Thickness from Clinical CT.” Biomedical Engineering Sociecty Annual Fall 

Scientific Meeting, Seattle, WA, September 2013. 

4. Lillie EM, Urban JE, Weaver AA, Powers AK, Stitzel JD. “Validation and 

Evaluation of Cortical and Full Skull Thickness with Age from Clinical CT 
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Scans.” 41
st
 International STAPP Workshop on Human Subjects for 

Biomechanical Research, Orlando, FL, November 10, 2013. 

Additional Presentations at Professional Meetings/Conferences 

 

1. Urban JE, Lillie EM, Maldjian JA, Whitlow CT, Stitzel JD.  “SIMon Elderly 

Population Morphing.”  Head and Thoracic Injury: Epidemiological, 

Experimental, and Computational Approaches to Injury Reduction 

NHTSA Agency Briefing, Washington, DC, July 2013. 

2. Urban JE, Lynch SK, Melyiani M, Lillie EM, Whitlow CT, Maldjian JA, 

Powers AK, Meredith W, Takhounts E, Stitzel JD, “Understanding Brain 

Injury Mechanism: Integrating Real-World Lesions, ATD Response and 

Finite Element Modeling” CIREN Public Meeting, Washington, DC, 

September 2013. 

3. Lillie EM, Urban JE, Weaver AA, Powers AK, Stitzel JD. “Validation and 

Evaluation of Cortical and Full Skull Thickness with Age from Clinical CT 

Scans.” 41
st
 International STAPP Workshop on Human Subjects for 

Biomechanical Research, Orlando, FL, November 10, 2013. 

 

 


