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Abstract 

Thoracic anthropometry variations with age and gender are expected to affect 

thoracic injury mechanisms and tolerance. The objective of this research was to quantify 

the age and gender-specific variations in the thoracic skeletal morphology for both 

genders and across the entire age spectrum (ages 0-100).  A semi-automated image 

segmentation and registration algorithm was developed to collect homologous thoracic 

skeleton landmarks from 343 normal computed tomography (CT) scans. Rigid, affine, 

and symmetric diffeomorphic transformations were used to register landmarks from an 

atlas to homologous locations to each subject-specific coordinate system. Between 2,700 

and 11,000 landmarks were collected from each rib and sternum and over 55 million total 

landmarks were collected from all subjects.  

The Generalized Procrustes Analysis (GPA) was used to analyze the homologous 

landmark data. Age and gender-specific functions of 3D rib and sternum morphology 

were produced representing the combined size and shape variation and the isolated shape 

variation of each bony structure. Statistically significant changes in the size and shape 

variation (all p < 0.0001) and shape variation (all p < 0.0053) of all 24 ribs and the 

sternum were found to occur with age in males and females. From birth through 

adolescence, the rib cage experienced an increase in size, a decrease in thoracic kyphosis, 

and inferior rotation of the ribs relative to the spine within the sagittal plane. From young 

adulthood into elderly age, the rib cage experienced increased thoracic kyphosis and 

superior rotation of the ribs relative to the spine within the sagittal plane. More dramatic 

changes in sternum morphology occurred in childhood and young adulthood when the 

sternum was undergoing ossification. From birth through age 30, the sternal size 

increased, the manubrium became wider in relation to the sternal body, and the distal 
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sternal body became wider than the proximal sternal body. The morphological functions 

were used to create detailed models representing thoracic variation with age and gender. 

These models can be used to study age and gender variations in thoracic injury patterns 

due to motor vehicle crashes (MVCs) or falls, and clinically relevant changes due to 

chronic obstructive pulmonary disease (COPD) or other diseases. 
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Chapter 1: Introduction 

This chapter provides an overview of injury, aging, and anatomy of the thorax. An 

overview of medical imaging is also presented along with the research goals of this 

dissertation.  Subsequent chapters of this dissertation are planned or submitted 

manuscripts detailing separate aspects of this study to characterize thoracic morphology 

with age and gender. 

THORACIC INJURY AND AGING 

In motor vehicle crashes (MVCs), thoracic injury ranks second only to head 

injury in terms of the number of fatalities and serious injuries, the body region most often 

injured, and the overall economic cost (Cavanaugh 2002; Ruan, El-Jawahri et al. 2003).  

Thoracic injuries account for 13% of all minor to moderate injuries, 29% of all serious to 

fatal injuries, and up to 25% of traumatic deaths (Dougall, Paul et al. 1977; Galan, 

Penalver et al. 1992; Allen and Coates 1996; Ruan, El-Jawahri et al. 2003).  While MVCs 

are associated with 60-70% of blunt chest trauma, 20% is attributed to falls that are more 

commonly seen in the elderly (Galan, Penalver et al. 1992; Allen and Coates 1996). 

Adults 65 years of age and older currently constitute more than 12% of the total 

population and with increases in life expectancy, the elderly population is projected to 

reach nearly 20% by 2030 (U.S. Census Bureau 2008).  MVC is a common source of 

trauma among the elderly population, with the elderly having the second highest crash-

related death rate compared to all age groups (National Center for Health Statistics 2003).  

The incidence of thoracic injury increases with age for both belted and unbelted 

occupants (Hanna and Hershman 2009).  Skeletal and physiological resilience are known 

to decline with age, resulting in a decreased ability for the body to withstand traumatic 

insults (Burstein, Reilly et al. 1976; Zioupos and Currey 1998).  Thoracic injury tolerance 
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in the elderly has been shown to decrease by 20% for blunt loading and up to 70% for 

concentrated belt-loading (Zhou, Rouhana et al. 1996). 

The morbidity and mortality associated with thoracic trauma also increase with 

age.  Older patients sustaining a thoracic injury present with more comorbidities, develop 

more complications, remain on a ventilator longer, and require longer stays in the 

intensive care unit and hospital (Finelli, Jonsson et al. 1989; Shorr, Rodriguez et al. 1989; 

Perdue, Watts et al. 1998; Holcomb, McMullin et al. 2003; Hanna and Hershman 2009).  

Complications from thoracic injury include pneumonia, atelectasis, acute respiratory 

distress syndrome, and respiratory failure.  Elderly patients with rib fractures have two to 

five times the risk of mortality of younger patients with increases in risk observed as the 

number of rib fractures increase (Bergeron, Lavoie et al. 2003; Stawicki, Grossman et al. 

2004).  Each additional rib fracture results in a 19% increase in mortality and 27% 

increase in pneumonia (Bulger, Arneson et al. 2000). 

Previous studies have found that the rib cage geometry changes significantly with 

age (Jit, Jhingan et al. 1980; Kent, Lee et al. 2005; Gayzik, Yu et al. 2008; Sandoz, 

Badina et al. 2013).  However, these studies had several limitations.  Geometrical 

changes such as the shape, size, and angle of the ribs were quantified using a limited 

number of landmarks or measurements that were collected manually from medical 

images.  Also, some age groups were under-represented in the subject samples.  Gender-

specific variations in sternums have been observed, with males having increased sternum 

lengths compared to females, but full quantification of sternum morphology across ages 

and genders is lacking in the literature (Jit, Jhingan et al. 1980). Age and gender-specific 

variations in the geometry and mechanics of the thoracic skeleton are expected to relate 
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to thoracic injury. Previous studies have altered the geometrical and/or material 

characteristics in finite element (FE) models of the rib cage to represent subjects of select 

ages and differences in the biomechanical response have been observed (Kent, Lee et al. 

2005; Gayzik, Loftis et al. 2006; El-Jawahri, Laituri et al. 2010).   

RELEVANT ANATOMY 

The thoracic skeleton surrounds the thoracic organs and helps protect the lungs, 

heart and major blood vessels from physical trauma.  The thoracic skeleton is composed 

of 24 ribs (arranged in 12 pairs), the sternum, costal cartilage, and the thoracic spine 

(Figure 5).  The superior-most seven sets of ribs are known as "true ribs" that are directly 

attached to the sternum through the costal cartilage.  The five sets of ribs in the inferior-

most portion of the rib cage are known as "false ribs".  The eighth through tenth ribs 

connect to the sternum via shared costal cartilage, while the eleventh and twelfth ribs are 

known as "floating ribs" and are not connected to the sternum.  The sternum, located in 

the anterior section of the rib cage, consists of the manubrium, sternal body, and xiphoid 

process. The sternum continues to develop throughout young adulthood (Ashley 1956; 

Stark and Jaramillo 1986).  Ossification centers are present at birth in the manubrium and 

four segments called sternebrae that make up the sternal body.  These centers ossify and 

fuse throughout the pediatric and young adult years in a caudal to cranial progression to 

develop into the fully ossified sternum at age 25 as shown in Table 1 (Stark and Jaramillo 

1986). The sternum type (Type I, II, III, or  IV) can be classified by the morphology of 

the ossification centers as seen in Figure 2 (Ashley 1956). Variations in the sternal 

ossification, fusion, and other anomalies including sternal clefts, foramina, and sclerotic 
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bands have been documented in the literature (Ashley 1956; Stark and Jaramillo 1986; 

Yekeler, Tunaci et al. 2006). 

 
Figure 1. Thoracic skeleton anatomy including the ribs, sternum, costal cartilage, and the thoracic 

spine (Gayzik, Moreno et al. 2011). 

Table 1. Age of the appearance and the fusion of the sternal ossification centers in normal sternal 

development (Stark and Jaramillo 1986). 

Ossification Center Appearance Fusion of Ossification Centers 

Structure Age Joint Age or Frequency 

Manubrium 5-6 fetal 

months 

Manubriosternal 

joint 

10% of adults 

1
st
 Sternebrae 5-6 fetal 

months 

1
st
-2

nd
 Sternebrae 16-25 years 

2
nd

 Sternebrae 6-7 fetal 

months 

2
nd

-3
rd

 Sternebrae Late childhood to 

puberty 

3
rd

 Sternebrae 7-8 fetal 

months 

3
rd

-4
th

 Sternebrae Early childhood 

4
th

 Sternebrae 1
st
 year Xiphisternal joint 30% of adults 

Xiphoid 

Process 

5-18 years  

 

SternumTrue ribs

(Ribs 1-7)

False ribs

(Ribs 8-12)

Floating ribs (Ribs 11-12)

Manubrium

Sternal 

body

Xiphoid 

process

Thoracic spine

Costal 

cartilage
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Figure 2. Segmentations of pediatric sternums with ossification center patterns characteristic of Type 

I, II, and III sternums (Ashley 1956). From left to right: Type I sternum of a 6 month female. Type II 

sternum of an 8 month female. Type III sternum of a 1 year old female. 

 

MEDICAL IMAGING 

Computed tomography (CT) is a medical image modality known for optimal 

visualization of the three-dimensional (3D) morphology of bone in live human subjects 

(Figure 4).  Advanced image processing techniques can be applied to CT images to 

quantify bone morphology.  Image segmentation can be applied to identify structures of 

interest in a CT scan and generate masks and 3D models of anatomical structures (Figure 

2).  Image registration has been used in the literature to align anatomical structures from 

different subjects so that data can be analyzed in a common coordinate system (Avants 

and Gee 2004; Pieper S 2004; Avants, Schoenemann et al. 2006; Avants, Epstein et al. 

2008; Klein, Andersson et al. 2009; Surgical Planning Laboratory 2010).  Image 

registration is perhaps most widely used in neuroimaging to identify structural and 

functional differences in the human brain. Identification of brain imaging differences in 

populations is highly dependent on precise alignment between different subjects. 

Symmetric diffeomorphic registration (SyN) is an image registration technique that uses 
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diffeomorphisms (differentiable and invertible maps with a differentiable inverse) to 

capture both large deformations and small shape changes (Klein, Andersson et al. 2009).  

In the largest evaluation of nonlinear brain registration algorithms to date, SyN provided 

the most consistent and highest accuracy across subjects and label sets (Avants and Gee 

2004). Although these nonlinear registration algorithms were assessed for brain images, 

these algorithms are applicable to other anatomy including the thoracic skeleton.  These 

image processing techniques present a methodological framework for the proposed 

project to quantify age and gender-specific variations in thoracic skeleton morphology. 

 
Figure 3.  3D CT reconstructions (left to right): 6, 29, and 73 year old subjects.  

Morphological thoracic skeletal differences of the pediatric, young adult, and elderly subjects are 

evident. 

 

RESEARCH OBJECTIVES 

The overall goal of this dissertation research is to fully quantify the age and 

gender-specific variations in the thoracic skeletal morphology for both genders and 

across the entire age spectrum (ages 0-100).  Specific research objectives are listed below 

and are addressed in the designated chapters of this dissertation: 
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 Objective 1: Collect high resolution homologous landmark data from the ribs and 

sternum for males and females aged 0-100 years using image segmentation and 

registration techniques (Chapter 2) 

 Objective 2: Quantify the morphological variations in the ribs for males and 

females of ages 0-100 years (Chapter 3) 

 Objective 3: Quantify the morphological variations in the sternum for males and 

females of ages 0-100 years (Chapter 4) 
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ABSTRACT 

 

Thoracic anthropometry variations with age and gender have been reported and 

likely relate to thoracic injury risk and outcome. The objective of this study was to collect 

a large volume of homologous landmark data from the thoracic skeleton for the purpose 

of quantifying thoracic morphology variations for males and females of ages 0-100 years. 

A semi-automated image segmentation and registration algorithm was developed to 

collect homologous thoracic skeleton landmarks from 343 normal computed tomography 

(CT) scans. Rigid, affine, and symmetric diffeomorphic transformations were used to 

register landmarks from an atlas to homologous locations in the subject-specific 

coordinate system. Homologous landmarks were successfully collected from 92% (7,077) 

of the ribs and 100% (187) of the sternums included in the study. Between 2,700 and 

11,000 landmarks were collected from each rib and sternum and over 55 million total 

landmarks were collected from all subjects. The extensive landmark data collected will 

be used in future studies to more fully characterize thoracic skeleton morphology across 

ages and genders. Characterization of thoracic morphology with age and gender may help 

explain variations in thoracic injury risk and has important implications for vulnerable 

populations such as pediatrics and the elderly. 
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1. INTRODUCTION 

Up to 70% of blunt chest trauma is attributed to motor vehicle crashes (MVCs) 

with another 20% attributed to falls that are common in the elderly population (Adams et 

al., 2010; Allen and Coates, 1996; Galan et al., 1992). In MVCs, the thorax is the second-

most injured body region and thoracic injury ranks second with respect to mortality, the 

incidence of serious injuries, and overall economic cost (Cavanaugh, 2002; Ruan et al., 

2003). Thoracic injuries alone or in combination with injuries to other body regions are 

the leading cause of death across all ages in MVCs and account for up to 25% of all 

traumatic deaths (Allen and Coates, 1996; Galan et al., 1992; Hanna and Hershman, 

2009).    

The elderly population aged 65+ years currently constitutes more than 13% of the 

total United States (US) population and is projected to reach nearly 20% by 2030 due to 

increases in life expectancy (U.S. Census Bureau, 2008; Vincent and Velkoff, 2010; 

Werner, 2011). The incidence of thoracic injury is known to increase with age due to age-

related decreases in skeletal and physiological resilience (Burstein et al., 1976; Hanna 

and Hershman, 2009; Kahane, 2013; Zhou et al., 1996; Zioupos and Currey, 1998). The 

morbidity and mortality associated with thoracic injury increases with age and injuries 

such as rib fractures and pulmonary contusion are more likely to result in pneumonia, 

acute respiratory distress syndrome, and respiratory failure in the elderly (Bergeron et al., 

2003; Bulger et al., 2000; Finelli et al., 1989; Hanna and Hershman, 2009; Holcomb et 

al., 2003; Perdue et al., 1998; Shorr et al., 1989; Stawicki et al., 2004; Stitzel et al., 2010). 

Thus, a compounding effect is seen in the elderly due to increased fragility and frailty 

where there is an increased risk of sustaining a thoracic injury and increased likelihood of 
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death and complications following thoracic injury. Women have also been shown to have 

a 26% increased risk of sustaining an Abbreviated Injury Scale (AIS) 2+ thoracic injury 

and 9% increased risk of death from thoracic injury compared to males of the same age 

(Kahane, 2013).  

Age and gender-related variations in rib cage geometry and mechanics likely 

relate to thoracic injury risk and outcome. Significant changes in the rib cage geometry 

with age and gender have previously been reported (Gayzik et al., 2008; Jit et al., 1980; 

Kent et al., 2005; Sandoz et al., 2013). However, these studies were limited in that 

geometrical changes were quantified using select landmarks or manual measurements, 

the three-dimensional (3D) changes in the rib cage were not fully characterized, and some 

age groups and specific genders within these age groups were not represented.  

Advanced image processing techniques can be applied to computed tomography 

(CT) images to quantify bone morphology. In previous studies, image segmentation has 

been used to identify anatomical structures and image registration has been used to align 

anatomical structures from different subjects so that data can be analyzed in a common 

coordinate system (Avants and Gee, 2004; Avants et al., 2008; Avants et al., 2006; Klein 

et al., 2009; Maintz and Viergever, 1998; Pieper et al., 2004; Surgical Planning 

Laboratory, 2010).  Image registration is widely used by the neuroimaging community to 

identify structural and functional differences in the human brain because identification of 

brain imaging differences in populations is highly dependent on precise alignment 

between different subjects.  The registration algorithms used in neuroimaging are 

applicable to other anatomy including the thoracic skeleton.  
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The objective in the current study was to collect homologous landmark data from 

the thoracic skeleton for the purpose of fully quantifying 3D thoracic morphology 

variations for both genders and across the entire age spectrum (ages 0-100). This goal 

was accomplished using a semi-automated image segmentation and registration algorithm 

to collect a large volume of high resolution homologous landmark data from the ribs and 

sternum of hundreds of subjects. 

2. METHODS 

Homologous landmarks (i.e. landmarks in comparable locations on each subject) 

were collected from the thoracic skeleton using methodology developed for this study. 

The main steps of the methodology included: 1) Collection of Normal Medical Images, 2) 

Image Segmentation, 3) Atlas Development, 4) Image Registration, and 5) Deviation 

Analysis. 

2.1 Collection of Normal Medical Images 

 

CT is a medical image modality known for optimal visualization of the 3D 

morphology of bone in live human subjects.  For this study, existing chest CT scans of 

subjects with normal thoracic skeleton anatomy were collected from the radiological 

database at Wake Forest University Baptist Medical Center (Figure 4). The collected 

scans were de-identified to protect patient confidentiality and Institutional Review Board 

approval was obtained for the study. A musculoskeletal radiologist was consulted to 

identify exclusion criteria and ensure that only CT scans of normal thoracic skeleton 

anatomy were collected. Exclusion criteria included, but were not limited to: congenital 

abnormalities, infections, fractures, and cancers of the ribs and sternum, scoliosis, 

kyphosis, sternotomy, thoracotomy, and osteopenia or osteoporosis present in individuals 
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younger than 50.  Patient medical records including radiology reports were reviewed and 

CT scans were visually inspected to determine if the subject met the inclusion criteria of 

normal thoracic skeleton anatomy.  CT scans with a smaller slice thickness (nearer to 

0.625 mm) and those that captured the full geometry of the 24 ribs and the sternum were 

prioritized when selecting scans for inclusion in the study. A minimum of 10 male and 10 

female CT scans were collected for each of the following age groups: 0-3 months, 3-6 

months, 6-9 months, 9-12 months, 1-3 years, 3-6 years, 6-10 years, and 10-100 year olds 

by decade (i.e. 10-20 years, 20-30 years, etc). These sample sizes are comparable to 

sample sizes used in other shape analysis studies in the literature that obtained 

statistically significant results (Bastir et al., 2005; Danelson et al., 2008; Gayzik et al., 

2008; Kimmerle and Jantz, 2005; McKeown and Jantz, 2005).   
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Figure 4.  3D CT reconstructions (top to bottom): 6, 29, and 73 year old subjects.  Morphological 

thoracic skeletal differences of the pediatric, young adult, and elderly subjects are evident. 

2.2 Image Segmentation 

 

The thoracic skeleton is composed of 24 ribs (arranged in 12 pairs), the sternum, 

costal cartilage, and the thoracic spine (Figure 5A).  The superior-most seven sets of ribs 

are known as "true ribs" that are directly attached to the sternum through the costal 

cartilage.  The five sets of ribs in the inferior-most portion of the rib cage are known as 

"false ribs".  The eighth through tenth ribs connect to the sternum via shared costal 

cartilage, while the eleventh and twelfth ribs are known as "floating ribs" and are not 
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connected to the sternum.  In this study, the 24 ribs and sternum were segmented from 

each subject’s CT scan using a semi-automated method. Segmentation was performed 

using Mimics (Materialise, Plymouth, MI) or 3D Slicer (3D Slicer, Version 3.6, 

www.slicer.org, Boston, MA) software.  Automated threshold and region growing 

operations were applied followed by manual editing to ensure the entire rib or sternum 

was selected and surrounding soft tissue was excluded. Calcified costal cartilage was 

excluded when present and a semi-automated hole-filling operation was used to enclose 

the rib and sternum interior.  The xiphoid process was excluded from the sternum 

segmentation and will be characterized in a separate analysis due to widespread 

population variability in the morphology and development of the xiphoid. Xiphoid 

foramina and bifurcated processes are frequent variations seen in 27% of the population 

and xiphoid ossification is known to occur anywhere between the ages of 5 to 18 years 

(Stark and Jaramillo, 1986; Yekeler et al., 2006). Segmentation of the ribs and sternum of 

each subject were completed in one to five hours depending on the subject size, bone 

density, and other factors. Results of the segmentation include binary images (masks) of 

the ribs and sternum on the two-dimensional (2D) slices of the medical images as well as 

3D models for each rib and the sternum (Figure 5B). 
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Figure 5. A) Thoracic skeleton anatomy including the ribs, sternum, costal cartilage, and the thoracic 

spine (Gayzik et al., 2011). B) 3D models of the 24 ribs and sternum obtained from the segmentation 

of a chest CT of a 23 year old male subject. 

2.3 Atlas Development 

Rib and sternum atlases were developed from existing computer aided design 

(CAD) geometry of a 50th percentile male thorax (Gayzik et al., 2011).  An atlas was 

created for each rib and sternum (consisting of the manubrium and sternal body only) 

from the CAD geometry depicted in Figure 5A.  To create the atlases, the CAD geometry 

for each rib and sternum was converted to stereolithography (STL) models and 

Neuroimaging Informatics Technology Initiative (NIfTI) binary images.  Grids of 

homologous landmarks were placed on the rib and sternum atlases with an even spacing 

of 1.7 mm between landmarks (Figure 6).  This resulted in 100,805 total landmarks, with 

2,769 – 10,904 landmarks per structure.  The atlases and the landmarks placed on the 

atlases were symmetric about the median plane to allow for quantification of rib and 

sternum asymmetry in the study subjects.   
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Figure 6. The surface areas and number of landmarks placed for the rib and sternum atlases. Grids 

of landmarks were placed at an even spacing of 1.7 mm such that more landmarks were placed on 

structures with larger surface areas. 

 

2.4 Image Registration 

 

Image registration involves using normalization techniques to find the optimal 

transformation which maps each voxel from one image to a location in a second image 

and minimizes a cost function describing the similarity between the two images (Avants 

et al., 2011). Primary components of image registration techniques are a transformation 

model (linear, elastic, diffeomorphic, etc), a similarity (or correspondence) measure, and 

an optimization strategy. 

A semi-automated image registration algorithm was developed to collect 

homologous landmarks from the rib and sternum segmentations. For every subject, each 

segmented rib and sternum was registered with the corresponding rib or sternum in the 

atlas (i.e. the sternum of each subject is registered with the atlas sternum).  The 

registration algorithm uses a series of rigid, affine, and nonlinear transformations to 
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morph the atlas and the point cloud of atlas landmarks to the rib or sternum of each 

subject (Figure 7).  

First, a rigid transform consisting of translation and rotation operations was 

computed and applied to the atlas.  Then, an affine transform consisting of translation, 

rotation, and scaling operations was computed using the iterative closest point (ICP) 

algorithm and applied to the atlas (Besl and McKay, 1992). The rigid and affine 

transformations were linear 4 x 4 matrices that were computed and applied to the atlas 

STL model and the atlas NIfTI images using 3D Slicer or custom Matlab code (The 

MathWorks, Inc., Natick, MA).  

Following rigid and affine registration, nonlinear registrations were performed on 

the NIfTI images using the Advanced Normalization Tools (ANTS) software (Penn 

Image Computing and Science Laboratory, University of Pennsylvania, PA) (Avants et 

al., 2011).  Symmetric diffeomorphic registrations that produce differentiable and 

invertible maps with a differentiable inverse and capture both large and small 

deformations were performed (Avants et al., 2008). The symmetric image normalization 

transformation model (SyN) was used for maximizing cross-correlation between the atlas 

and subject images that were registered. SyN has been shown to provide consistent, 

highly accurate results across subjects and for different anatomical structures (Avants et 

al., 2008; Klein et al., 2009). In one of the largest evaluations of nonlinear brain 

registration algorithms, SyN provided the most consistently high accuracy across subjects 

and label sets (Klein et al., 2009). Cross-correlation was used as the similarity measure 

for the algorithm to quantify the correspondence between the two registered images. The 

cross-correlation metric performs well when paired with SyN and adapts to situations 
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where locally varying intensities occur, providing robust results even in the presence of 

image illumination and inhomogeneity (Avants et al., 2008). Custom Matlab code that 

calls the ANTs registration algorithm was used to batch the process of applying the series 

of registration transformations to morph the atlas images to the subject images. 

After the atlas image was registered to the subject image, custom Matlab code 

was used to apply the rigid, affine, and symmetric diffeomorphic registration transforms 

to morph the point cloud of landmarks on the atlas structure to the subject structure. By 

applying all steps of the registration algorithm, the landmark points on each atlas are 

transformed to homologous locations in the subject-specific coordinate system of the CT 

scan (Figure 7). Effectively, this image registration algorithm allows for the collection of 

homologous rib and sternum landmarks across subjects of all ages and genders. 

Atlas Rib 

Landmarks
Subject 

Rib

Original Configuration Rigid TFM Affine TFM Nonlinear TFM
 

Figure 7. Rigid, affine, and nonlinear transforms (TFMs) applied to the right sixth rib of a 23 year 

old subject to register the atlas rib landmarks to the subject rib. Only 1,000 landmarks are visualized 

in this example. 

 

2.5 Deviation Analysis 

To assess the quality and robustness of the registration algorithm, deviations were 

computed between the STL model for each subject structure (rib or sternum) and the 

homologous landmarks collected for that structure. The deviation analysis is a form of 
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error analysis that computes distances (deviations) between the STL surface and the point 

cloud of homologous landmarks.  Deviations were computed using Geomagic Qualify 

software (version 2012, Geomagic, Inc., Morrisville, NC). Outputs of the deviation 

analysis included quantitative and visual summaries of the deviations to provide a quality 

check of the homologous landmarks collected for each subject.  

3. RESULTS 

A total of 343 CT scans from 168 males and 175 females were collected (Table 

2).  The majority of the CT scans were collected at a 2.5 mm slice thickness and 

reconstructed to a slice thickness of 0.625 mm (223 scans).  The reconstructed slice 

thickness was 1.25 mm in 118 scans and 2.5 mm in two scans.  The in-plane resolution of 

all CT scans collected ranged from 0.21 - 0.98 mm with a median of 0.75 mm.  While 

every effort was made to select CT scans of the complete rib cage (24 ribs and the 

sternum), in some cases incomplete scans were included and ribs that were incomplete in 

the scans were excluded from further analysis (see fourth column in Table 2). Overall, 

93% of the ribs from subjects were included in the study (7,663 ribs included out of the 

8,232 total ribs present in the 343 subjects).  The percentage of ribs excluded due to an 

incomplete scan or other abnormality (i.e. scan artifact) was highest for the pediatric and 

elderly groups (ages 0-1 and 90-100) due to the paucity of normal CT scans of the full 

chest in the radiological database for these ages. The first rib and the “false” ribs (ribs 8-

12) were more frequently incomplete in scans, resulting in lower numbers of these ribs 

that were available for analysis (Figure 8).  

All complete ribs and sternums were segmented from the 343 chest CT scans. 

Registrations for all the ribs were attempted for the segmentations of all subjects (ages 0 
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to 100). Since ossification of the sternum is largely incomplete in pediatric subjects under 

10 years of age, registrations of the segmented sternums were only attempted for subjects 

of ages 10 to 100 (Stark and Jaramillo, 1986).  Of the 330 sternums included in the study, 

there were 187 sternums from 10-100 year olds that were registered and 143 sternums 

from 0 to 10-year-olds that were not registered. The sternums of subjects less than 10 

years old will be characterized and reported in a future publication.  

Homologous landmarks were collected for 100% of the 10-100 year old sternums 

(90 male and 97 female; Table 2). Over 2 million landmarks were collected from the 187 

sternums. Registrations and subsequent homologous landmark collection were successful 

for 92% of the subject ribs included in the study (ranging from 77-98% within age 

groups).  Good quality registrations were not produced for a small number of ribs and 

thus homologous landmarks were not collected from these ribs and they were excluded 

from further analysis. The percentage of ribs with low quality registrations was higher for 

the pediatric groups (ages 0-1), indicating a possible size effect between the subject and 

atlas that is responsible for some registrations failing to produce quality results (Table 2). 

Homologous landmarks were collected from 7,077 (86%) of the 8,232 total ribs present 

in the 343 subjects.  Over 53 million landmarks were collected from these 7,077 ribs. 

For a particular rib, homologous landmarks were collected from an average of 

147 subjects for each gender across the 16 age groups (Figure 8). Within a particular age 

group, homologous landmarks were collected from an average of 442 ribs across both 

genders. On average, homologous landmarks were collected from 9.2 different subject 

ribs within each unique age/gender category. For example, for the 20-30 year age group, 

an average of 9.2 male right sixth ribs and 9.2 female right sixth ribs were used for 
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homologous landmark collection. The 9.2 average is only slightly below the 10 males and 

10 females per age group originally targeted. 

Table 2. Summary of subjects, ribs, and sternums included in the study.  Registration and 

homologous landmark collection completion totals by age group are provided for the ribs and the 

sternum. 

Age 

Group 

(yrs) 

Subjects 

M/F 

All Ribs 

(24 x # 

subjects) 

Included Ribs 

(Complete, 

Normal) 

Ribs/Sternums Registered & 

Homologous Landmarks Collected 

  
N N N 

% All 

Ribs 

Sternums 

N 
Ribs 

N 

% All 

Ribs 

% Included 

Ribs 

0.00 - 0.25 11/11 528 466 88.26 0 411 77.84 88.20 

0.25 - 0.50 11/11 528 474 89.77 0 363 68.75 76.58 

0.50 - 0.75 10/10 480 392 81.67 0 329 68.54 83.93 

0.75 - 1 10/10 480 426 88.75 0 356 74.17 83.57 

1 - 3 14/14 672 655 97.47 0 614 91.37 93.74 

3 - 6 10/11 504 487 96.63 0 476 94.44 97.74 

6 - 10 10/10 480 465 96.88 0 451 93.96 96.99 

10 - 20 10/12 528 526 99.62 22 508 96.21 96.58 

20 - 30 11/11 528 478 90.53 21 462 87.50 96.65 

30 - 40 10/13 552 487 88.22 23 475 86.05 97.54 

40 - 50 10/10 480 477 99.38 20 466 97.08 97.69 

50 - 60 10/10 480 470 97.92 20 450 93.75 95.74 

60 - 70 10/11 504 495 98.21 20 460 91.27 92.93 

70 - 80 10/10 480 462 96.25 20 435 90.63 94.16 

80 - 90 10/11 504 463 91.87 21 414 82.14 89.42 

90 - 100 11/10 504 440 87.30 20 407 80.75 92.50 

Total 168/175 8232 7663 93.09 187 7077 85.97 92.35 
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Figure 8. The number of unique subjects that were used to register and collect homologous 

landmarks for each rib. The x-axis indicates the rib (right ribs 1-12: R1-R12; left ribs 1-12: L1-L12). 

From the deviation results, the percentage of deviations greater than 1.5 mm 

between the landmarks and the STL model was computed for each rib and sternum. The 

1.5 mm deviation threshold was chosen because it is two times the median in-plane scan 

resolution of 0.75 mm. Quantiles (2.5-97.5%) summarizing the percentage of deviations 

more than 1.5 mm for all 7,077 ribs and 187 sternums are reported in Table 3. These 

descriptive statistics indicate that the percentage of deviations greater than 1.5 mm 

between the landmarks and the STL model is between 0-0.04% for 50% of the ribs, 0-

0.44% for 80% of the ribs, and 0-3.26% for 95% of the ribs. Similarly, the percentage of 

deviations greater than 1.5 mm between the landmarks and the STL model is between 

0.03-0.27% for 50% of the sternums, 0.01-0.59% for 80% of the sternums, and 0-1.36% 

for 95% of the sternums. These small percentages indicate that the homologous 

landmarks were successfully collected from the ribs and sternums. 
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Table 3. Deviation analysis results: The percentage of deviations greater than 1.5mm between the 

landmarks and the STL model was computed and quantiles summarizing these percentages for all 

7,077 ribs and 187 sternums are reported. 

Quantiles 
% of Rib 

Deviations > 1.5 mm 

% of Sternum 

Deviations > 1.5 mm 

97.5% 3.26 1.36 

90.0% 0.44 0.59 

75.0% (3
rd

 quartile) 0.04 0.27 

50.0% (median) 0.00 0.12 

25.0% (1
st
 quartile) 0.00 0.03 

10.0% 0.00 0.01 

2.5% 0.00 0.00 

 

Deviations between the subject STL and homologous landmarks collected were 

also visually inspected. In the example shown in Figure 9, deviations are depicted with a 

color bar at 1, 1.5, and 2 mm increments. This particular subject’s CT scan had an in-

plane resolution of 0.799 mm and slice thickness of 0.625 mm. The average of all the 

deviations was 0.044 mm and over 99% of the deviations fell within the scanner 

resolution range, indicating excellent quality for the registration algorithm. Similar results 

were observed for the other subjects in the study. 
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Figure 9. Deviation analysis results for a 23 year old male subject with color bar indicating 

differences in millimeters. The average of all the deviations was 0.044 mm (0.378 mm average for 

the positive deviations and -0.319 mm for the negative deviations) with a standard deviation of 

0.561 mm.  

4. DISCUSSION 

A semi-automated image segmentation and registration algorithm was developed, 

providing a technique for collecting extensive homologous landmark data from the 

thoracic skeleton.  The algorithm utilizes the full 3D information in the scan which 

presents an improvement on previous methods of measuring thoracic skeleton geometry 
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(Gayzik et al., 2008; Jit et al., 1980; Kent et al., 2005; Sandoz et al., 2013).  Landmarks 

collected from anatomical structures can be classified as true anatomical landmarks 

representing a homologous structure, pseudo-landmarks defined by relative locations 

such as the most lateral point, or semi-landmarks defined relative to other landmarks.  

Many previous studies have relied on manual methods to identify landmarks and collect 

measurements to characterize geometry.  True homologous landmarks can often be 

difficult to detect manually, particularly for pseudo-landmarks or semi-landmarks 

(Gayzik et al., 2008).  Manually collecting a high resolution point cloud of true 

homologous landmarks would be nearly impossible to complete with accuracy. The 

algorithm developed and used for this study is largely automated, allowing for the 

collection of thousands of landmarks from hundreds of subjects with relatively little user 

interaction.  Intra-observer and inter-observer error is minimized by reducing the amount 

of user interaction required.  

Medical image registration has been widely used to study injuries, 

neurodegenerative diseases, cancers, and aging of the brain, but the current study takes an 

innovative approach in applying these algorithms to collect homologous landmark data 

from the thoracic skeleton (Avants et al., 2008; Avants et al., 2007; Lee et al., 2010; 

Maldjian and Whitlow, 2012).  The approach taken and the algorithm developed could be 

used in subsequent studies to collect homologous landmark data and characterize other 

bony and soft tissue anatomy.  The algorithm could also be used to study pathology such 

as pulmonary contusion or lung cancer in order to volumetrically characterize the 

location and extent of injured or diseased tissue (Danelson et al., 2011; Danelson and 

Stitzel, 2013).  
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4.1 Limitations 

The CT scan resolution presents a study limitation, but efforts were made to select 

higher resolution clinical CT scans to minimize inaccuracies in the homologous landmark 

coordinates collected. The majority of the CT scans were collected at a 2.5 mm slice 

thickness which represents the highest resolution used in standard clinical CT scanning 

protocols. The majority of the CT scans were reconstructed to have the minimum slice 

thickness available for clinical chest CT scans (0.625 mm). With the exception of two 2.5 

mm slice thickness scans, the remaining subject scans had a reconstructed slice thickness 

of 1.25 mm. The benefits of using clinically obtained CT data to characterize anatomy 

from a large number of individuals far outweigh the drawbacks related to scanner 

resolution. The potential introduction of error for the manual portion of the image 

segmentation is another limitation of the study, but is expected to be minimal as the 

persons performing the segmentations were trained to use consistent techniques and the 

segmentations were all qualitatively checked for accuracy by a single observer with 

extensive experience in image segmentation. Alternative transformation models and 

similarity measures were not extensively evaluated for comparison to the SyN 

transformation model and cross-correlation similarity measure used in the algorithm.  

Future studies could be undertaken to evaluate the impact of different transformation 

models and similarity measures on registration accuracy. Image registration utilizes 

mathematical techniques including regularization to minimize a cost function defining the 

similarity between two images, and convergence to a non-optimal solution is possible. 

However, extensive quantitative and qualitative checks were performed on all the 

registration results and a small number of ribs (8%) were excluded due to registration 



  30 

inaccuracies. The deviation analysis performed to compute the differences between the 

point cloud of homologous landmarks collected and the subject geometry provided a final 

check for registration inaccuracies. Thus, the inherent limitations in image registration 

techniques are expected to have very minimal effects on the homologous landmarks 

collected. 

4.2 Future Work and Applications 

The homologous landmarks will be analyzed with known geometric 

morphometric techniques, particularly the Generalized Procrustes Analysis, to formulate 

age and gender-specific shape and size variation functions of the thoracic skeleton (Slice, 

2005). The results of this morphological analysis will be reported in future publications. 

The functions derived from the landmark data collected in this study will capture 

substantially more information on thoracic skeleton morphology variation with age and 

gender than is currently available in the literature. These functions could be used to create 

age and gender-specific parametric finite element (FE) thoracic models to evaluate 

vehicle crashworthiness or explain variations in thoracic injury patterns due to MVCs or 

falls. Previous studies that have altered geometrical and structural characteristics of 

thoracic FE models to represent subjects of specific ages could be extended to study the 

full age spectrum and investigate gender differences (El-Jawahri et al., 2010; Ito et al., 

2009; Kent et al., 2005).  The algorithm and the landmark data collected in this study can 

be used to quantify normal thoracic anthropometry across populations, which is essential 

to distinguish deviations from the norm.  Models of human anatomy that can be 

developed from data gathered in this study have applications that include traumatic injury 

prediction, surgical simulation and planning, and orthotic brace fitting. This research 
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could also advance diagnostic techniques to distinguish abnormalities such as scoliosis, 

kyphosis, lordosis, and congenital thoracic skeleton defects. 

5. CONCLUSION 

A semi-automated segmentation and registration algorithm was developed and 

used to collect homologous landmarks from the thoracic skeleton of 343 normal CT 

scans. Rigid, affine, and symmetric diffeomorphic transformations were used in the 

algorithm to morph a point cloud of landmarks from an atlas to homologous locations in 

the subject-specific coordinate system. The efficiency and efficacy of the algorithm 

allowed for the collection of between 2,700 – 11,000 landmarks from each rib and 

sternum. Homologous landmarks were successfully collected from 92% (7,077) of the 

ribs and 100% (187) of the sternums included in the study. Over 55 million homologous 

landmarks were collected from males and females ranging in age from 0-100 years. The 

extensive amount of data collected supplements existing data in the literature and will be 

used in future studies to more fully characterize thoracic skeleton morphology across 

ages and genders. Characterization of thoracic morphology with age and gender may help 

explain variations in thoracic injury risk and has important implications for vulnerable 

populations such as pediatrics and the elderly. 
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ABSTRACT 

Rib cage morphology changes with age and gender are expected to affect thoracic 

injury mechanisms and tolerance, particularly for vulnerable populations such as 

pediatrics and the elderly.  The size and shape variation in the ribs were characterized for 

males and females aged 0 to 100 years. Computed tomography (CT) scans from 340 

subjects were analyzed to collect between 2,700 – 10,400 homologous landmarks from 

each rib. Rib landmarks were analyzed using the geometric morphometric technique 

known as Procrustes superimposition. Age and gender-specific functions of 3D rib 

morphology were produced representing the combined size and shape variation and the 

isolated shape variation. Statistically significant changes in the size and shape variation 

(p < 0.0001) and shape variation (p < 0.0053) of all 24 ribs were found to occur with age 

in males and females. Rib geometry, location, and orientation varied according to the rib 

level. From birth through adolescence, the rib cage experienced an increase in size, a 

decrease in thoracic kyphosis, and inferior rotation of the ribs relative to the spine within 

the sagittal plane. From young adulthood into elderly age, the rib cage experienced 

increased thoracic kyphosis and superior rotation of the ribs relative to the spine within 

the sagittal plane. The increased roundedness of the rib cage and horizontal angling of the 

ribs relative to the spine with age influences the biomechanical response of the thorax. 

With the plane of the rib oriented more horizontally, loading applied in the anterior-

posterior direction will result in increased deformation within the plane of the rib and an 

increased risk for rib fractures. Thus, morphological changes may be a contributing factor 

to the increased incidence of rib fractures in the elderly. The morphological functions 

derived in this study capture substantially more information on thoracic skeleton 
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morphology variation with age and gender than is currently available in the literature. 

The developed models of rib cage anatomy can be used to study age and gender 

variations in thoracic injury patterns due to motor vehicle crashes (MVCs) or falls, and 

clinically relevant changes due to chronic obstructive pulmonary disease (COPD) or 

other diseases evidenced by structural and anatomic changes to the chest. 
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INTRODUCTION 

Thoracic injuries sustained in motor vehicle crashes (MVCs) are a leading cause 

of mortality, morbidity, and economic cost (Allen and Coates 1996; Cavanaugh 2002; 

Galan et al. 1992; Hanna and Hershman 2009; Ruan et al. 2003). Injuries to the thorax 

account for 13% of all minor to moderate injuries, 29% of all serious to fatal injuries, and 

up to 25% of traumatic deaths (Allen and Coates 1996; Dougall et al. 1977; Galan et al. 

1992; Ruan et al. 2003). MVCs are the leading source of blunt chest trauma (70%), 

followed by falls (20%) which are more frequent and more harmful in the elderly 

population (Adams et al. 2010; Galan et al. 1992).  

The aging population is a growing concern as the increased fragility and frailty of 

the elderly results in an elevated incidence of thoracic injuries as well as an increased risk 

of mortality and morbidity (Bergeron et al. 2003; Bulger et al. 2000; Burstein et al. 1976; 

Finelli et al. 1989; Hanna and Hershman 2009; Holcomb et al. 2003; Kahane 2013; 

Perdue et al. 1998; Shorr et al. 1989; Stawicki et al. 2004; Stitzel et al. 2010; Zhou et al. 

1996; Zioupos and Currey 1998). In the next 40 years, the United States is projected to 

experience a rapid growth in the elderly population, with the proportion of adults aged 

65+ years in the population increasing from 13% in 2010 to 20% by 2040 (Vincent and 

Velkoff 2010). By 2050, the population of persons aged 65+ years is projected to reach 

16% globally and 26% in more developed countries (Haub 2011; U.S. Census Bureau 

2013). The projected increase in the elderly population creates a critical need for further 

research into the biomechanics of the human thorax with age. Advancements in restraint 

systems (i.e. airbags, seatbelts, load limiters) have improved vehicle safety; however, the 

incidence of thoracic injury has been shown in recent studies to increase with age for 
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both belted and unbelted occupants (Hanna and Hershman 2009).  Thoracic injuries are 

still prevalent in MVCs, especially for particular age groups. Restraint systems that are 

tailored to the occupant’s age could reduce injuries in vulnerable populations such as 

pediatrics and the elderly. 

Normal pediatric rib cage anatomy has been previously characterized in several 

studies using select X-ray and computed tomography (CT) measurements (Comeau 2010; 

Daunt et al. 2004; Derveaux et al. 1989; Haller et al. 1987; Sandoz et al. 2013). Kent et 

al. (2005) found a significant age effect on rib angles measured in the sagittal plane from 

161 males of ages 18 to 89 years (Kent et al. 2005). The ribs were found to become more 

perpendicular to the spine as age increased, with the rib angle of the ninth rib increasing 

from 50 degrees in an 18 year old to 57 degrees in an 89 year old. Gayzik et al. (2008) 

quantified age-related shape changes in the rib cage using a geometric morphometric 

technique known as Procrustes superimposition to analyze 106 rib cage landmarks from 

63 normal adult males (Gayzik et al. 2008; Slice 2005). This study found a significant 

quadratic relationship between the landmark locations and age that resulted in shape 

changes such as increased kyphosis and rounding of the rib cage with aging. Increased 

kyphosis of the thoracic spine with age has been well established in other studies (Goh et 

al. 2000; Hammerberg and Wood 2003; Korovessis et al. 1998; Milne and Williamson 

1983; Puche et al. 1995; Vafa 2012). Respiratory system changes with age result in 

increased chest wall stiffening, declining vital lung capacity, and decreased respiratory 

muscle strength that likely have an effect on the thoracic skeleton geometry (Campbell 

and Lefrak 1978). 
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Rib cage geometry and material property data have been used to create thoracic 

finite element (FE) models representative of specific ages for measuring the thoracic 

response to impact (El-Jawahri et al. 2010; Ito et al. 2009; Kent et al. 2005).  Kent et al. 

(2005) altered rib angles, cortical bone thickness, and bone material properties to create 

FE models representative of a “young” versus “old” thorax. In FE simulations, the 

structural versus material property changes had approximately equivalent effects on the 

force-deflection response of the thorax. Ito et al. (2009) and El-Jawahri et al. (2010) used 

geometrical measurements from Kent et al. (2005) and Gayzik et al. (2008), as well as 

material property data from the literature to create thoracic FE models representing a 35 

year old male and a 75 year old male.  Age and gender-specific models of normal rib 

cage anatomy can be used to better understand the mechanisms of thoracic injury and 

how factors such as age and gender affect injury incidence and outcome. 

Previous studies that have characterized or modeled pediatric and adult rib cage 

anatomy are limited in that geometrical changes were quantified using select landmarks 

or measurements that were often manually collected. The three-dimensional (3D) 

changes in the rib cage have not been fully characterized and are important for creating 

models of normal rib cage anatomy. Furthermore, the full spectrum of ages was not 

investigated in any previous studies and females in particular are under-represented. 

Merging and comparing data from independent studies of pediatric versus adult rib cage 

geometry is difficult as the measurements and landmarks collected vary between studies. 

Thus, there is a need for high resolution data that accurately describes the 3D rib cage 

geometry for males and females across the entire age spectrum (ages 0-100 years). This 

morphometric data could be used to create thoracic FE models representative of 
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particular ages and genders to study the effects of age and gender on thoracic injury risk. 

This data could also be used in statistical models, as the inclusion of morphometric 

variables in addition to vehicle and demographic variables has been shown to improve 

the predictive power of thoracic injury risk models (Zhang et al. 2013).  

The objective of the current study was to quantify the size and shape variation in 

the ribs for males and females aged 0-100 years. This goal was accomplished by 

analyzing high resolution homologous landmark data from the ribs using geometric 

morphometrics, particularly Procrustes superimposition. 

METHODS 

Homologous landmark collection 

Homologous landmarks from the thoracic skeleton were previously collected by 

applying a semi-automated image segmentation and registration algorithm to analyze 343 

normal chest CT scans of males and females aged 0-100 years (Weaver et al. 2013). The 

analyzed scans were de-identified to protect patient confidentiality and Institutional 

Review Board (IRB) approval was obtained for the study. Full details on the image 

segmentation and registration algorithm are described in a separate publication (Weaver 

et al. 2013). Briefly, the 24 ribs and sternum were segmented from the CT scans to define 

the thoracic skeleton in each subject. Of the 343 CT scans analyzed in the previous study, 

the ribs were segmented in 340 CT scans. The segmentations from each subject were 

used in a registration algorithm that applied rigid, affine, and symmetric diffeomorphic 

transformations to register landmarks from an atlas to homologous locations in each 

subject-specific coordinate system. The outputs from the algorithm were the subject-

specific coordinate locations of homologous landmarks on the ribs. Homologous 
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landmarks were collected from a total of 7,077 ribs with 2,700 – 10,400 homologous 

landmarks collected per rib. The number of landmarks collected varied by rib level such 

that more landmarks were collected for larger ribs. Over 53 million rib landmarks were 

collected across all subjects to be utilized in geometric morphometric analysis. 

Generalized Procrustes Analysis (GPA) 

Rib morphology was quantified from the homologous landmark data using a 

geometric morphometrics technique known as Procrustes superimposition (Slice 2005). 

Procrustes superimposition is a least-squares method to estimate location and orientation 

parameters that minimizes the sum of the squared distances between homologous 

landmarks in two different configurations. The comparison of two structures using 

Procrustes superimposition is called an Ordinary Procrustes Analysis (OPA). The 

comparison of more than two structures with a mean configuration is known as the 

Generalized Procrustes Analysis (GPA) and is used widely in geometric morphometric 

studies of anthropology and anatomy (Bookstein et al. 1999; Danelson et al. 2008; 

Gayzik et al. 2008; Neubauer et al. 2009; Slice 2005; Slice and Stitzel 2004; Weber et al. 

2001). The GPA fits the configurations of all structures in a given sample to a reference 

mean configuration to minimize the sum of the squared deviations of the sample 

configurations around the mean configuration. A full Procrustes analysis applies 

translation, rotation, and scaling to find the least-square solution that minimizes the 

distance between homologous landmarks in different configurations (Dryden and Mardia 

1998). A full Procrustes analysis isolates the shape changes by applying scaling to 

remove any size effects. In a partial Procrustes analysis, scaling is not performed and the 
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sizes of the structures are preserved allowing for the quantification of the combined size 

and shape changes. 

The GPA was used to develop age and gender-dependent functions describing 

changes in the size and shape of the ribs for males and females of ages 0-100. The GPA 

matrix equation provided in Equation 1 was used to isolate the shape difference, E, 

between two structures (Slice 2005).  In these equations, X1 and X0 are the homologous 

landmarks of the two structures compared, t is the translation that mean centered each 

configuration, H is a rotation matrix, and CS is the centroid size, an isometric scaling 

factor. The centroid size is a descriptor for the size of a structure and is calculated as the 

square root of the sum of the squared coordinate values in all dimensions (Equation 2).  

To quantify the combined size and shape changes, a partial GPA was also performed in 

which scaling was not applied.  

 

  
(     )       Equation 1 

   √  (  
   ) Equation 2 

The GPA was conducted using in-house software developed using Matlab (The 

Math Works, Natick, MA).  The GPA was performed for each individual rib on a per-

gender basis using subjects from the entire age spectrum (0-100 years). For example, the 

GPA was applied to analyze the homologous landmarks collected from the first rib of all 

males to quantify 1) the size and shape changes, and 2) the shape changes. Thus, the GPA 

was applied 96 separate times in this study to produce 1) size and shape and 2) shape 

results for each of the 24 ribs in each gender (2 GPA techniques x 24 ribs x 2 genders).    
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Landmark regression equations and statistical analysis 

The results from the GPA were used to calculate landmark regression equations 

relating landmark location to age (Equation 3, Equation 4, and Equation 5).  The number 

of subjects used in the GPA is defined as n and the number of landmarks for a particular 

rib is defined as k.  An n x 4 age matrix, A, is calculated using Equation 3, where age is 

an n x 1 matrix of the subjects’ ages. A global n x (k x 3) landmark data matrix, X, is used 

in Equation 4.  This matrix consists of one row for each subject, with the coordinate 

triplets for each landmark concatenated in a single row.  The matrix regression 

coefficients, β, are used to calculate the predicted landmark locations, Xp (Equation 5). A 

landmark regression equation was computed for each of the 96 GPA outputs, resulting in 

a total of 96 regression equations that describe the location of the homologous rib 

landmarks for particular ages and genders. This produced four regression functions for 

each rib representing the size and shape variation with age for 1) males and 2) females 

and the shape variation with age for 3) males and 4) females. 

                         Equation 3 

  (   )       Equation 4 

      Equation 5 

Permutation tests were used to assess the statistical significance of the landmark 

regression equations describing rib morphology.  Due to the large number of variables 

(landmark regression coefficients), traditional statistical methods are not appropriate.  

The permutation test evaluates how many random combinations of the regression 

coefficients are better predictors of landmark location than the regression equation (Gunz 
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2005).  The permutation test computes a test statistic, λ’, representing the sum of the 

variance of the regression model.  This is compared to the sum of variance, λ, of the 

random combination model.  The number of permutation test loops was set to 100,000, 

such that 100,000 different random combination models were computed for the sum of 

variance comparison with the regression model.  The null hypothesis of the permutation 

test is that no relationship exists between subject age and landmark location in the rib of 

interest.  Statistical significance (p < 0.05) is reached if less than 5% of the random trials 

have a sum of variance less than the regression model.  A p-value less than 0.05 results in 

rejection of the null hypothesis, indicating statistically significant changes in rib 

morphology occur with age. 

Location and orientation of the individual ribs within the rib cage 

The landmark regression equations were evaluated for the following ages to 

produce the resulting geometries of the 24 ribs for each specified age and gender: 0 

month, 3 month, 6 month, 9 month, and 1-100 years in one year increments. Since the 

GPA was conducted on an individual rib basis, a separate analysis was necessary to 

reconstruct the full rib cage and locate and orient the individual ribs relative to each 

other. The rib cage from each subject is initially defined in a subject-specific coordinate 

system with a unique origin. Each subject-specific coordinate system is unique and is 

different than the coordinate system and origin of the atlas used in the registration 

algorithm to collect landmarks (Figure 10a). The steps to locate and orient the individual 

ribs involved: 1) alignment of the subjects and the atlas to a global coordinate basis, 2) 

alignment of each atlas rib and subject rib to a local coordinate basis, 3) regression of rib 

translation and rotation parameters to describe the location and orientation of each rib 
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with age relative to the global and local coordinate bases, and 4) evaluation of the 

regression functions to translate and rotate the individual ribs to the appropriate 3D 

location for particular ages and genders. 

Alignment of the subjects and the atlas to a global coordinate basis. A global 

coordinate basis was defined for each subject and the atlas using three homologous 

landmarks selected from the posterior heads of the right and left sixth ribs (R6 and L6) 

and either the right or left seventh rib (R7 or L7). Subjects with previously collected 

homologous landmarks for the left and right sixth ribs and a seventh rib were analyzed 

(Weaver et al. 2013). In total, 145 male subjects and 154 female subjects met the 

inclusion criteria and these were stratified by gender in all analyses to produce gender-

specific results. A total of 40 subjects were excluded from the analysis to locate and 

orient the ribs because they did not meet the inclusion criteria. These subjects did not 

meet the inclusion criteria because homologous landmarks were not collected from some 

ribs due to various exclusion criteria described by Weaver et al. (2013) such as abnormal 

rib geometry (ex: rib fractures) or landmark collection algorithm insufficiencies. These 

40 subjects were incorporated in all other analyses, including the GPA. 

An example of the global coordinate basis that uses the R6, L6, and R7 posterior 

landmarks is illustrated in Figure 10b. The vector, <L6-P, R6-P>, was used to define one 

axis of the coordinate basis (i). A second vector, <R7-P, R6-P>, was defined within the 

global plane created by the three landmarks. The cross product of vectors <L6-P, R6-P> 

and <R7-P, R6-P> was computed to define the j axis of the global coordinate basis. 

Finally, the cross product of i and j was computed to define the k axis of the global 

coordinate basis. The origin of the global coordinate system was defined as the midpoint 
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between the posterior landmarks on the sixth ribs. This global coordinate basis was 

defined for each subject in the analysis as well as for the atlas. A translation operation 

was applied to align each subject and the atlas with the origin the standardized 

anthropomorphic test device (ATD) coordinate system defined by SAE J211 (Society of 

Automotive Engineers 2007).  A rotation operation was then applied about the origin for 

each subject and the atlas to align the ijk axes of the global coordinate basis with the ijk 

axes of the SAE J211 standard coordinate basis. Following the translation and rotation 

operation, each subject and the atlas were considered to be aligned with the SAE J211 

coordinate system (Figure 10c). 

 Alignment of each atlas rib and subject rib to a local coordinate basis. Once the 

subjects and the atlas were aligned to the SAE J211 coordinate system, rib location and 

orientation information could be determined. Three landmarks were selected on each left 

rib of the atlas at anterior, lateral, and posterior locations. The left rib landmarks selected 

on the atlas were mirrored about the median plane to select analogous landmarks on the 

right atlas ribs.  For each subject, the homologous landmark locations of the anterior, 

lateral, and posterior landmarks on each of the 24 ribs were obtained. These homologous 

landmarks were with respect to the SAE J211 coordinate system since subject alignment 

was performed in the previous step.  

The anterior, lateral, and posterior landmark locations were analyzed for all 

subjects to quantify the location and orientation of the ribs relative to each other with age 

and gender.  A local rib coordinate basis (lmn) was calculated for each rib on the atlas 

and each subject using the anterior, lateral, and posterior landmarks (Figure 10b). The 

vector from the posterior to anterior points, <R7-A, R7-P>, was used to define one axis 
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of the coordinate basis (l). A second vector from the posterior to lateral points, <R7-L, 

R7-P>, was defined within the plane created by the anterior, lateral, and posterior points. 

The cross product of vectors <R7-A, R7-P> and <R7-L, R7-P> was computed to define 

the n axis of the coordinate basis. Finally, the cross product of l and n was computed to 

define the m axis of the coordinate basis.  

The local rib coordinate basis was used to calculate a rotation matrix about the 

posterior landmark that aligned the atlas local rib coordinate basis to each subject local 

rib coordinate basis (ex. the rotation matrix necessary to align the R7 atlas lmn coordinate 

basis with the R7 lmn coordinate basis of subject #1, etc.).  This rotation matrix was then 

decomposed into three Euler angles representing rotations about the l, m, and n axes. 

Regression of rib translation and rotation parameters to describe the location 

and orientation of each rib with age relative to the global and local coordinate bases. 

The x, y, and z-coordinates of the posterior landmark of each rib with respect to the 

origin of the SAE J211 coordinate system were regressed with age using Equation 3, 

Equation 4, and Equation 5. In these equations, age is an n x 1 matrix of the subjects’ 

ages and X is a global n x (1 x 3) landmark data matrix containing the posterior landmark 

x, y, and z-coordinates. The three Euler angles for each subject that were derived from 

the decomposition of the rotation matrix previously were regressed with age using 

Equation 3, Equation 4, and Equation 5. In these equations, age is an n x 1 matrix of the 

subjects’ ages and X is a global n x (1 x 3) landmark data matrix containing the three 

Euler angles.  Separate regression equations were computed for each gender. These 

regression equations describe, for each gender, how the location and orientation of a 

particular rib changes with age relative to the atlas configuration. 
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(a) 

 

(b) 

 

 
(c) 

Figure 10. a) Example of the initial difference in coordinate systems for one subject and the atlas. b) 

Posterior view of the right and left sixth ribs (R6 and L6) and the right seventh rib (R7) of the atlas. 

The landmarks selected on the posterior head of the three ribs to define the global coordinate basis 

are depicted as white points (R6-P, L6-P, and R7-P). The origin was defined as the midpoint between 

the posterior landmarks on the sixth ribs and is depicted as a black point. Three landmarks located 

anteriorly, laterally, and posteriorly on R7 that were used to define a local rib coordinate basis are 

also depicted as white points (R7-A, R7-L, and R7-P). c) Right side view of the subject from (a) and 

the atlas after global alignment to the SAE J211 coordinate basis. 

Evaluation of the regression functions to translate and rotate the individual ribs 

to the appropriate 3D location for particular ages and genders. The gender-specific 

regression equations were evaluated for the following ages: 0 month, 3 month, 6 month, 9 

Atlas

Subject

X+

Z+

Y+

SAE J211
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month, and 1 - 100 years in one year increments. To generate a full rib cage model 

representing the size and shape variation that occurs with age and gender, the results of 

the posterior rib landmark and Euler angle regressions were applied to translate and rotate 

the GPA results for individual ribs to appropriate 3D locations for particular ages and 

genders.  

To generate a full rib cage model representing just the shape variation that occurs 

with age and gender, the GPA results for the individual ribs were first scaled using the 

centroid size of the corresponding rib in the atlas. For example, the first rib shape 

variation results for every age and gender were scaled to have a centroid size equivalent 

to the first rib of the atlas. As the atlas was previously created from a 50
th

 percentile male 

subject, the centroid size scaling resulted in rib cage models scaled to the 50
th

 percentile 

male thorax size (Weaver et al. 2013). For each age and gender, the 24 ribs were then 

translated so that the y- and z- coordinates of the posterior landmark location of each rib 

were equivalent to the location of the homologous posterior landmark in the atlas rib. 

This ensured that the chest width and height was approximately consistent across all ages. 

In the x-direction, the 24 ribs were translated using a normalized version of the x-

coordinate of the posterior landmark regression. The x-coordinate from the posterior 

landmark regression equation was normalized by multiplying by the ratio of the centroid 

sizes of 1) the atlas rib and 2) the rib in the size and shape model for a particular age and 

gender. The normalized x-coordinate of the posterior landmark was used to translate each 

rib in the anterior-posterior (x) direction within the full rib cage model. The centroid size 

scaling, translation of each rib to a standard y- and z- coordinate, and translation of each 

rib in the anterior-posterior direction using a distance scaled by centroid sizes ensured 
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that size effects were not introduced into the rib cage shape models. By applying different 

translations in the anterior-posterior direction, differences in thoracic kyphosis with age 

can be quantified. Finally, the results of the regressions of the Euler angles were applied 

to rotate the GPA results for individual ribs to appropriate 3D locations within the full rib 

cage shape model. The regressions that quantified the rotation of the ribs within the full 

rib cage are a characterization of the shape variation and do not introduce any size effects 

into the results. The result of this analysis produced a full rib cage model that represents 

just the rib cage shape variation for particular ages and genders.  

RESULTS 

Study population 

The study population consisted of 168 males and 171 females ranging in age from 

0-97 years (Figure 11). Height and weight measurements near the CT scan date were 

collected from 45% and 69% of the subjects, respectively. Height and weight 

measurements were considered to be near the scan date if measured within two weeks of 

the scan date for ages less than 1, within one month of the scan date for ages 1-20, and 

within one year of the scan date for ages 20+. A range of heights and weights were 

observed in the pediatric and adult study populations (Figure 11).  

Height, weight, and body mass index (BMI) measures in the pediatric population 

(ages less than 18 years) followed similar trends as pediatric growth charts for 50
th

 

percentile males and females (National Center for Health Statistics 2000). The median 

height and weight for adult (ages 18+) males was 179 cm (Interquartile range, IQR: 173-

183 cm) and 83.5 kg (IQR: 74.0-96.1 kg). This median height and weight represent 

approximately a 70
th

 percentile male as opposed to the 50
th

 percentile male (175 cm, 77.7 

kg) that is often used to approximate the average male (Gordon et al. 1989). The median 
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height and weight for adult females was 163 cm (IQR: 157-168 cm) and 68.7 kg (IQR: 

59.5-79.6 kg). This median height corresponds to a 50
th

 percentile female (163 cm, 61.3 

kg), but the median weight is higher and corresponds to approximately a 80
th

 percentile 

female (Gordon et al. 1989). The median BMI for adult males and females was 26.4 and 

25.1, respectively (IQR: 24.1-30.7 for males and 22.1-29.8 for females). The correlation 

between BMI and age in adults was very low (R
2
=0.01). 

  

 
 

Figure 11. Distribution of height, weight, and age 

among the study population. In each plot the x-

axis bin label corresponds to the upper value of 

the bin. The subjects are stratified into pediatric 

and adult age groups (less than 18 versus 18+) for 

the height and weight plots and by gender for the 

age plot. 

Landmark regression equations and statistical analysis 

Landmark regression equations were produced for every rib landmark and the 

compilation of the regression equations for every landmark in a rib describes how the 

rib’s geometry changes with age and gender. Four regression functions were computed 

for each of the 24 ribs representing the size and shape variation with age for 1) males and 

2) females and the shape variation for 3) males and 4) females. The landmark regressions 

for the combined size and shape changes in the individual ribs were statistically 

significant with age in males and females for all 24 ribs (p < 0.0001 for all ribs). The 
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landmark regressions for the isolated shape changes in the individual ribs were 

statistically significant with age in males and females for all 24 ribs (p < 0.0001 for all 

male ribs and ribs 1-11 in females; p = 0.0053 and 0.0004 for the female left and right 

twelfth ribs, respectively). These results indicate that the landmark regression equations 

are better predictors of rib morphology compared to at least 95% of the random 

combination models and each of the individual 24 ribs in both genders undergo 

significant combined size and shape, as well as isolated shape changes with age. An 

example of the permutation test results for the shape changes in the female right twelfth 

rib is provided in Figure 12.  

 
Figure 12. Permutation test results for the shape changes in the female right twelfth rib. The dotted 

line represents the test statistic, λ’. Areas to the left of the test statistic line represent cases where the 

random combination model had a better (lower) sum of variance, λ, than the regression model.  

Areas to the right of the test statistic line represent cases where the regression model had a better 

(lower) sum of variance, λ, than the random combination model.  In this example, the sum of the 

probabilities to the left of the line (p = 0.0004) indicated that the null hypothesis should be rejected 

and significant shape changes occur in the female right twelfth rib with age. 

Test Statistic, λ’ = 1.41E-04
p = 0.0004
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Rib location and orientation results 

Regressions of the posterior landmark x, y, and z-coordinates relative to the 

global SAE J211 coordinate system were produced for each of the 24 ribs for each 

gender. The posterior landmark regressions were used to translate the rib to the 

appropriate location within the rib cage for ages 0-100. Regressions of the Euler angles 

about the l, m, and n-axes of the local rib coordinate system were produced for each of 

the 24 ribs for each gender. The Euler angle regressions are relative to the local rib 

coordinate system of the analogous atlas rib. The Euler angle regressions were used to 

rotate the rib from the original atlas orientation to the orientation specified for a particular 

age and gender by the regression equation. Relative differences for a particular Euler 

angle can be computed between specific ages as all angles are relative to a common 

coordinate system (i.e. the local rib coordinate system of the atlas rib). Results for the 

male right ninth rib posterior landmark coordinates and Euler angles are provided in 

Figure 13 with individual subjects plotted along with the regression line.  

The form of the regression equations for the posterior landmark coordinates and 

Euler angles is provided in Equation 6, where age is in years and βx are the regression 

coefficients. Coefficients and R
2
 values for the regression equations for the posterior 

landmark location and Euler angles are provided in the Appendix for the right ribs of 

males and females. Similar magnitudes and trends were observed for the left ribs.  

 

 

                             Equation 6 
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Figure 13. Results for the male right ninth rib (R9M) with individual subjects plotted along with the 

regressions fit to the data. Euler angles about the l, m, and n-axes (top plots) are regressed with age. 

Euler angles are relative to the local rib coordinate system of the atlas. The x, y, and z location of the 

posterior rib landmark relative to the global SAE J211 coordinate system (bottom plots) are 

regressed with age. Trend lines illustrating the regression are plotted. 

In general, the posterior landmark coordinates increased in magnitude from birth 

through adolescence, indicating the increasing size of the rib cage during development. 

The x-coordinate regressions indicated an increase in thoracic kyphosis with age with the 

posterior rib of upper ribs 1-5 and some of the lower ribs 7-12 moving in the anterior 

direction relative to the origin at the posterior sixth rib. The y-coordinate regressions 

indicated an increase in lateral chest width with age. The z-coordinate regressions 

indicated an increase in superior-inferior chest height with age.  
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The Euler angles represent the rotation about the l, m, and n-axes of a local rib 

coordinate system. Euler angles are relative to the orientation of the l, m, and n-axes of 

the local rib coordinate system defined for the atlas rib. Thus, for a rib oriented with the 

atlas rib, the Euler angles are all equal to zero. To illustrate the rotational effect of each 

Euler angle, the Euler angle regressions were evaluated for the male ninth right rib for 

ages 20 and 90 (Figure 14). The Euler angle about the l-axis becomes more negative with 

age (-1.56 degrees at age 20 versus -5.64 degrees at age 90), resulting in rotation of the 

rib in the superior-medial direction (Figure 14a). The Euler angle about the m-axis 

becomes more positive with age (-0.25 degrees at age 20 versus 5.21 degrees at age 90), 

resulting in rotation of the rib in the superior direction (Figure 14b). The Euler angle 

about the n-axis becomes more negative with age (-0.87 degrees at age 20 versus -3.19 

degrees at age 90), resulting in rotation of the rib in the medial direction within the local 

rib plane defined by the anterior, lateral, and posterior landmarks (Figure 14c). The 

resulting configurations when applying all three Euler angle rotations to the male ninth 

right rib for the 20 and 90 year olds are displayed in Figure 14d. 
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(a) 
 

(b) 

 

 
(c) (d) 

Figure 14. Euler angle results for the male ninth right rib. a) Euler angle about the l-axis changes 

from -1.56 degrees at age 20 to -5.64 degrees at age 90, resulting in rotation of the rib in the superior-

medial direction, b) Euler angle about the m-axis changes from -0.25 degrees at age 20 to 5.21 

degrees at age 90, resulting in rotation of the rib in the superior direction, c) Euler angle about the n-

axis changes from -0.87 degrees at age 20 to -3.19 degrees at age 90, resulting in rotation of the rib in 

the medial direction within the local rib plane defined by the anterior, lateral, and posterior 

landmarks, d) Resulting configurations of the 20 and 90 year olds when applying all three Euler 

angle rotations to the male ninth right rib. 

Rib cage morphometric changes with age and gender 

As described in the methods, the posterior landmark location and Euler angle 

regressions were applied to the GPA results for the individual ribs to construct models of 

the rib cage representing the size and shape changes with age. Models of the rib cage 

representing the shape changes with age were also produced using the posterior landmark 

y- and z-coordinates from the atlas, posterior landmark x-coordinate regressions, and 

Euler angle regressions to locate and orient the individual ribs from the GPA. The 

geometry, location, and orientation of the left and right ribs at each rib level were very 

similar. To simplify reporting of the results and ensure that the resulting rib models were 
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symmetric, the results for one half of the rib cage were mirrored about a median plane. 

The median plane was defined by three midpoints calculated from homologous 

landmarks on the 1) posterior left and right first ribs, 2) posterior left and right sixth ribs, 

and 3) anterior left and right sixth ribs. Unless otherwise specified, results are reported 

from the symmetric rib cage models. 

Size and shape morphometric changes. The rib cage models illustrating the size 

and shape morphological changes for males and females of select ages ranging from 6 

months to 100 years are depicted in Figure 15 and Figure 16. A visible increase in the 

overall size of the rib cage is evident from 6 months to 20 years of age in both genders. A 

slight increase in rib cage size is observed from age 20 to 30, but rib cage size appears 

fairly constant for ages 30-100. There are also visible shape changes that occur with age, 

particularly for the angle of the ribs relative to the spine and the kyphosis of the spine. 

The maximum height of each rib cage model was measured in the superior-

inferior direction (Figure 17). The depth and width of the rib cage models were measured 

at the level of the posterior head of the third, fifth, seventh, and ninth ribs in the anterior-

posterior and left-right directions using techniques adapted from the literature (Bellemare 

et al. 2003; Bertrand et al. 2008; Sandoz et al. 2013). The average of the anterior-

posterior and left-right dimensions from all four rib levels are reported in Figure 17. The 

thoracic index was calculated as the ratio of the average anterior-posterior and left-right 

measurements (Figure 17). Figure 17 illustrates the increase in the size of the rib cage in 

all three dimensions from birth until approximately age 30. After age 30, the rib cage 

dimensions become more constant, with the anterior-posterior and left-right dimensions 

increasing slightly from age 30-60 and then decreasing after age 60. The thoracic index 
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decreased from infancy through early childhood and then began to increase. The thoracic 

index increases steadily from age 20-70 before increasing sharply in the elderly females. 

The increasing thoracic index in the elderly females may be indicative of increased 

rounding of the rib cage referred to as “barrel chesting” (Oskvig 1999). If the thoracic 

index is calculated differently using the maximum anterior-posterior and left-right 

dimensions from the entire rib cage, the thoracic index remains fairly constant for ages 

20-70, but increases sharply in elderly males and females indicating increased rounding 

of the rib cage in both genders.  
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Figure 15. Rib cage models illustrating the size and shape changes in males. 



  63 

 
Figure 16. Rib cage models illustrating the size and shape changes in females. 
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Figure 17. Anterior-posterior rib cage depth (A-P), left-right rib cage width (L-R), superior-inferior 

rib cage height (S-I) measurements, and thoracic index for males (M) and females (F) plotted with 

age. All measurements were collected from rib cage size and shape models. 

 

Shape morphometric changes. In Figure 18, centerlines of the longitudinal axis 

of the right ribs from the shape models are overlaid for select ages ranging from 6 months 

to 90 years. For the shape models, size is controlled for through centroid size scaling 

techniques. The angle of the ribs relative to the spine in the sagittal plane and the 

kyphosis of the thoracic spine vary visibly with age. 
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Figure 18. Overlaid centerlines of the right rib shape models for select ages. The change in the angle 

of the rib relative to the thoracic spine in the sagittal plane with age is indicated by the anteriorly-

located arrows with gray shading. The change in thoracic kyphosis with age is indicated by the 

posteriorly-located arrows. 

The x-coordinate of the posterior rib landmark of each rib after normalization 

using centroid size scaling techniques varies with age indicating changes in the kyphosis 
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of the thoracic spine as the posterior aspect of the rib is moving anteriorly relative to the 

global origin near the sixth thoracic spine vertebrae (Figure 18 and Figure 19). The upper 

rib (first and third ribs) trends indicate decreasing upper thoracic spine kyphosis from 

birth through adolescence, followed by increased kyphosis after age 20 with a more 

dramatic increase for females compared to males. The lower rib (ninth and eleventh ribs) 

trends also show an increase in lower thoracic spine kyphosis with age, especially for 

males. Less dramatic changes in kyphosis are observed for the fifth and seventh ribs 

because these ribs are near the origin at the sixth thoracic vertebrae. 

The Euler angle about the m-axis is an approximate representation of the angle of 

the rib relative to the thoracic spine in the sagittal plane (Figure 14b). The change in this 

angle from age 6 months to 100 years is illustrated in Figure 18 and plotted in Figure 19. 

From birth through adolescence, the angle of the rib with the spine in the sagittal plane 

becomes smaller with age indicating the ribs are rotating in the inferior direction within 

the sagittal plane. Around age 20, the angle of the rib with the spine in the sagittal plane 

becomes larger with age, indicating the ribs are rotating in the superior direction within 

the sagittal plane. Rotation of the ribs in the superior direction continues until about age 

60-70, after which the lower ribs (seventh, ninth, and eleventh) maintain similar angles 

with the exception of the male eleventh rib, which continues to rotate superiorly. After 

age 70 in males, the third and fifth ribs begin to rotate in the inferior direction, while the 

first rib continues to rotate superiorly until age 80 when it maintains a similar angle. After 

age 60 in females, the upper ribs (first, third, and fifth) rotate in the inferior direction. 

Taken together, these changes indicate downward (inferior) rotation of the ribs relative to 

the spine in the sagittal plane from birth through adolescence. From young adulthood 
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through age 60-70, the ribs undergo upward (superior) rotation relative to the spine in the 

sagittal plane. In the elderly, the upper ribs undergo downward (inferior) rotation with 

some upward (superior) rotation of the lower ribs in the males. These trends in rib angles 

observed for the elderly are possibly due to increased thoracic kyphosis.  

  

  
Figure 19. The posterior x-coordinate normalized by the centroid size ratio and used to locate the 

ribs in the shape models for males (top left) and females (top left) is plotted versus age. A larger x-

coordinate indicates movement of the posterior aspect of the rib in the anterior direction relative to 

the sixth thoracic vertebrae. The change in the Euler angle about the m-axis relative to the Euler 

angle for a 6 month old is plotted versus age for males (bottom left) and females (bottom right). For 

these plots, the Euler angle about the m-axis for a 6 month old was normalized to zero and the 

change in the Euler angle between the 6 month old and each specific age is plotted (i.e. the difference 

in the first rib Euler angle between a 6 month old male and 40 year old male is -14.44 degrees). In 

these plots, the markers are used to plot specific ages: 6 months, 1, 3, 6, 10, 20, 30, 40, 50, 60, 70, 80, 

90, and 100 years. Results are reported for right ribs 1, 3, 5, 7, 9, and 11 (curves labeled as R1, R3, 

R5, R7, R9, and R11). 

DISCUSSION 

Using the GPA, the size and shape variation of the ribs was characterized from 

high resolution homologous landmark data for males and females to generate functions 
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describing rib morphology. The functions derived in this study capture substantially more 

information on thoracic skeleton morphology variation with age and gender than is 

currently available in the literature. These functions quantify normal thoracic 

anthropometry for both genders and for the entire age spectrum, which can help clinicians 

and researchers distinguish deviations from the norm. The full 3D changes in rib 

geometry with age and gender were characterized, which represents an improvement on 

previous methods of measuring rib cage geometry (Gayzik et al. 2008; Jit et al. 1980; 

Kent et al. 2005; Sandoz et al. 2013). Shape variation was characterized separately from 

the size and shape variation and regression models describing these variations were 

statistically significant with age. 

The size of the rib cage increased in all three dimensions from birth through 

adolescence as would be expected during this time of growth and development. Some 

slight changes in the size of the rib cage with age were also seen in the adult population. 

The rib cage dimensions increased at different rates with age as indicated by the varying 

slope of the rib cage dimensions and thoracic index (Figure 17).  The rib cage dimensions 

and thoracic index were measured from only the ribs in this study while other studies 

have measured dimensions from the entire chest including the sternum and soft tissue 

(Meredith and Knott 1937; Openshaw et al. 1984). During the first years of life, the ribs 

are not fully ossified and a larger proportion of the anterior aspect of the rib is 

cartilaginous (Sandoz et al. 2013). Thus, the anterior-posterior dimension is particularly 

reduced in comparison to the total chest depth for the pediatric population. Nonetheless, 

the measurements in this study are in the range of dimensions collected from the ribs 
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alone or from the internal thoracic cage by other imaging studies of pediatric and adult 

subjects (Bellemare et al. 2003; Bertrand et al. 2008; Comeau 2010; Sandoz et al. 2013). 

The angle of the ribs relative to the thoracic spine in the sagittal plane changed 

with age with the ribs rotating inferiorly from birth through adolescence. This trend is 

consistent with the reported roundedness of the chest in infancy and decreases in the 

thoracic index and rib angles that occur with age in pediatrics (Meredith and Knott 1937; 

Openshaw et al. 1984). Young adults undergo superior rotation of the ribs in the sagittal 

plane into their elderly years, which is consistent with the literature (Gayzik et al. 2008; 

Kent et al. 2005; Oskvig 1999). These changes could possibly be influenced by obesity or 

pulmonary pathologies, or they may be a result of the normal aging process. Gayzik et al. 

(2008) observed increased roundedness of the rib cage with the ribs becoming more 

horizontal with the spine in the elderly. Kent el al. (2005) reported a 7 degree increase in 

the rib angle from 18-89 years indicating superior rotation of the lower ribs (Kent et al. 

2005). Direct comparison to the previous study is not possible due to differences in 

measurement techniques. However, the Euler angle about the m-axis in the current study 

exhibited similar trends with the lower ribs (seventh, ninth, and eleventh) rotating 

superiorly an average of 6.79 degrees in males and 4.06 degrees in females from 20-90 

years. The increased roundedness of the rib cage and horizontal angling of the ribs 

relative to the spine with age influences the biomechanical response of the thorax. With 

the plane of the rib oriented more horizontally, a loading vector applied in the anterior-

posterior direction will result in increased deformation within the plane of the rib and an 

increased risk for rib fractures (Kent et al. 2005). 
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Thoracic kyphosis increased with age for adults in this study which is consistent 

with the literature (Gayzik et al. 2008; Goh et al. 2000; Hammerberg and Wood 2003; 

Korovessis et al. 1998; Milne and Williamson 1983; Puche et al. 1995; Vafa 2012). The 

points of articulation on the ribs were used as an indicator of thoracic kyphosis in this 

study, which differs from kyphosis measures such as the Cobb angle measured from the 

vertebral bodies or discs. Lordosis, kyphosis, segmental angulation, sacral inclination, 

pelvic tilt, and other factors also change with age and may influence thoracic kyphosis 

and thoracic biomechanics (Hammerberg and Wood 2003; Korovessis et al. 1998; Vafa 

2012). 

Rib morphology was quantified from clinical CT scans in which subjects were 

instructed to take a deep breath and hold during the entirety of the scan. Thus, rib 

morphology is quantified in this study at near maximal inspiration. Rib dimensions, the 

thoracic index, rib angles, and other rib cage morphological characteristics will differ 

according to the stage of the respiratory cycle (Bellemare et al. 2003; Bellemare et al. 

2001). Spinal curvature, rib angles, and rib coverage for thoracic and abdominal organs 

are also influenced by posture (Beillas et al. 2009; Hayes et al. 2013; Lafon et al. 2010).  

Due to postural influences on the location and orientation of the ribs, the morphology 

characterized from supine scans in this study may be different for seated and standing 

postures.   

Limitations 

As with any medical imaging study, the resolution of the CT scan poses a 

limitation. Efforts were made to select higher resolution clinical CT scans to minimize 

inaccuracies in the homologous landmarks collected and the majority of the CT scans had 
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the minimum slice thickness available for clinical chest CT scans (2.5 mm reconstructed 

to 0.625 mm). Adherence of the subjects to the “breath hold” scanning protocol was not 

verified and is a potential source of inaccuracy for CT scans taken at different stages of 

the respiratory cycle. The stage of the respiratory cycle at which the CT scan was taken 

may be less controlled in the pediatric subjects that were too young to understand and 

follow the scanning protocol. However, the utility of using clinically obtained CT scans 

to characterize the anatomy from a large number of individuals far outweighs the 

scanning limitations. 

The choice of the regression model fit to the landmark data affects the resulting 

functions of morphology. Different regression fits including linear, quadratic, and higher-

order polynomial functions were investigated in this study using an optimization software 

package (TableCurve 2D, Systat Software, Inc., San Jose, CA).  While many different 

types of regression models were investigated, the study is limited in that all possibilities 

were not exhausted. The regression model used in this study was selected because it 

provided a good fit to the landmark data (higher R
2
 value) and produced smoother rib 

geometries that captured some local morphology changes.  Some of the higher-order 

polynomial functions captured very small local morphology changes resulting in rougher 

geometries, while lower-order functions (i.e. linear and quadratic) produced smooth 

geometries but poorer data fits.  

Height and weight were not controlled for in the regression models characterizing 

rib cage size and shape, which presents a limitation. Age and gender were controlled for 

in the analysis and thus the increase in height and weight from birth through adolescence 

and gross size differences between genders are accounted for. However, size variability 
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within similarly aged subjects of the same gender is not directly controlled for in the size 

and shape rib cage models produced.  Also, the median height and weight of the adult 

males was larger than the average 50
th

 percentile male. In adult females, the median 

weight of the subjects was larger than the average 50
th

 percentile female.  Thus, the rib 

cage size and shape models may represent a population of individuals slightly larger than 

average.  The shape models address any limitations associated with height and weight by 

eliminating the effect of size.  

Future work and applications 

The sternum is an integral part of the thoracic skeleton and its morphology 

characterization will be reported in a separate publication. The sternum, as well as the 

costal cartilage, thoracic spine, and surrounding thoracic musculature and organs will be 

incorporated into future models of the rib cage. In this study, the shape models were 

scaled to represent a 50
th

 percentile male height and weight so that comparisons could be 

made between ages and genders. In future studies, these shape models could be scaled to 

represent different percentile males and females so that effects of height and weight can 

be assessed.  

The models of rib cage anatomy developed in this study have applications that 

include traumatic injury prediction, surgical simulation and planning, and orthotic brace 

fitting. These models of normal anatomy could improve diagnostic techniques for 

abnormalities such as scoliosis, kyphosis, lordosis, and congenital thoracic skeleton 

defects. The rib cage morphology functions will be used in the future to create age and 

gender-specific parametric FE thoracic models. Cortical thickness and bone density 

changes in the ribs with age and gender will be integrated into these parametric models to 
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represent both the structural and material property effects on thoracic response (Kemper 

et al. 2005; Kemper et al. 2007; Stitzel et al. 2003).  These models will be validated 

against experimental testing conditions and used to investigate the biomechanical 

response and injury tolerance of the aging thorax (Lebarbe and Petit 2012; Shaw et al. 

2009; Vavalle et al. 2013a; Vavalle et al. 2013b). These models could be used to optimize 

the performance of seat belts, load limiters, pretensioners, and airbags for the aging 

population. Age and gender-specific anatomical models are valuable tools for evaluating 

vehicle crashworthiness and understanding variations in thoracic injury patterns due to 

MVCs or falls across populations. 
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APPENDIX 

 
Table 4. Regression coefficients and R

2
 values for the right male ribs (R1M-R12M) describing the 

posterior landmark location relative to the global SAE J211 coordinate system and Euler angles 

about the local rib coordinate system axes. Similar magnitudes and trends were observed for the left 

ribs (not reported). 

Rib: R1M R2M R3M R4M R5M R6M R7M R8M R9M R10M R11M R12M 

Posterior rib landmark x-coordinate location, mm 

β1 14.335 11.944 6.258 4.446 1.943 -0.256 0.502 0.593 -0.891 -0.652 -1.081 -2.590 

β2 0.193 -0.203 0.362 -1.244 0.250 0.191 -0.372 -0.490 -0.032 2.639 2.944 8.066 

β3 1.101 0.689 0.238 0.327 0.000 -0.039 0.066 0.025 0.120 -0.485 -0.481 -1.216 

β4 -0.093 -0.053 -0.017 -0.018 0.000 0.002 -0.004 0.004 -0.008 0.039 0.047 0.093 

R
2
 0.480 0.365 0.270 0.059 0.039 0.005 0.048 0.045 0.055 0.198 0.288 0.456 

Posterior rib landmark y-coordinate location, mm 

β1 10.757 9.576 8.917 9.227 10.089 10.264 10.176 10.193 9.946 10.455 9.879 11.277 

β2 5.878 4.588 5.190 4.246 2.999 3.005 3.343 4.033 4.886 3.332 4.610 3.362 

β3 -1.105 -0.682 -0.767 -0.491 -0.371 -0.442 -0.576 -0.777 -0.995 -0.639 -0.770 -0.546 

β4 0.063 0.031 0.033 0.014 0.012 0.020 0.032 0.047 0.065 0.043 0.046 0.032 

R
2
 0.160 0.246 0.280 0.354 0.315 0.527 0.479 0.303 0.279 0.253 0.265 0.130 

Posterior rib landmark z-coordinate location, mm 

β1 -27.663 -22.774 -18.241 -12.936 -7.378 0.013 6.786 12.926 19.655 26.690 34.671 41.933 

β2 -22.950 -19.431 -14.558 -9.755 -4.258 0.025 4.294 10.262 15.297 21.557 27.860 35.327 

β3 2.055 1.707 1.215 0.687 0.129 -0.008 -0.243 -0.708 -1.014 -1.483 -1.824 -2.355 

β4 -0.047 -0.038 -0.024 -0.005 0.012 0.000 -0.003 0.004 0.002 0.005 -0.004 -0.006 

R
2
 0.947 0.948 0.945 0.949 0.929 0.116 0.931 0.947 0.955 0.956 0.955 0.960 

Euler angle about the l-axis passing through the posterior rib landmark 

β1 -11.623 -4.481 -1.630 1.685 -3.163 -9.452 -18.588 -17.333 -25.094 -25.518 -29.234 -18.364 

β2 17.507 10.854 8.123 6.492 8.287 10.545 12.752 13.270 11.870 11.903 11.803 6.647 

β3 -4.042 -2.437 -1.791 -1.268 -1.531 -1.950 -2.271 -2.259 -1.872 -1.877 -1.881 -0.910 

β4 0.254 0.153 0.110 0.071 0.082 0.105 0.118 0.113 0.088 0.089 0.094 0.042 

R
2
 0.301 0.156 0.068 0.065 0.143 0.238 0.356 0.404 0.495 0.573 0.543 0.328 

Euler angle about the m-axis passing through the posterior rib landmark 

β1 26.464 25.552 30.740 29.258 23.766 20.882 13.444 21.256 5.718 1.607 -8.310 -16.866 

β2 -16.789 -16.530 -18.140 -15.631 -12.642 -10.482 -7.004 -6.069 -5.091 -3.188 -0.651 1.934 

β3 2.950 3.128 3.531 3.066 2.472 2.076 1.315 1.177 1.116 0.687 0.148 -0.502 

β4 -0.145 -0.167 -0.195 -0.170 -0.135 -0.114 -0.066 -0.061 -0.062 -0.034 0.002 0.048 

R
2
 0.382 0.325 0.332 0.296 0.219 0.151 0.102 0.075 0.069 0.064 0.132 0.074 

Euler angle about the n-axis passing through the posterior rib landmark 

β1 -11.908 -0.532 4.287 5.662 5.231 6.134 7.783 8.478 11.914 19.787 24.674 15.119 

β2 9.011 4.004 -0.073 0.104 -0.238 -0.496 -3.529 -3.089 -9.381 -11.063 -12.713 -6.615 

β3 -1.963 -0.958 -0.038 -0.014 0.171 0.264 0.891 0.809 2.027 2.057 2.258 0.918 

β4 0.122 0.060 0.004 0.000 -0.015 -0.023 -0.060 -0.057 -0.127 -0.116 -0.121 -0.034 

R
2
 0.189 0.048 0.004 0.001 0.011 0.018 0.036 0.026 0.163 0.275 0.320 0.057 
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Table 5. Regression coefficients and R
2
 values for the right female ribs (R1F-R12F) describing the 

posterior landmark location relative to the global SAE J211 coordinate system and Euler angles 

about the local rib coordinate system axes. Similar magnitudes and trends were observed for the left 

ribs (not reported). 

Rib: R1F R2F R3F R4F R5F R6F R7F R8F R9F R10F R11F R12F 

Posterior rib landmark x-coordinate location, mm 

β1 13.051 9.567 6.979 3.782 2.598 -0.014 0.016 -0.544 -2.646 -0.655 -3.093 -6.434 

β2 2.692 2.502 0.691 -0.479 -1.022 -0.002 -0.009 0.408 2.705 2.446 4.989 12.151 

β3 -0.189 -0.314 -0.119 0.129 0.332 -0.009 0.041 -0.023 -0.391 -0.107 -0.491 -1.775 

β4 0.026 0.035 0.025 0.001 -0.020 0.001 -0.006 -0.003 0.018 -0.004 0.022 0.107 

R
2
 0.548 0.522 0.459 0.336 0.293 0.017 0.117 0.026 0.090 0.212 0.316 0.474 

Posterior rib landmark y-coordinate location, mm 

β1 11.265 9.549 9.382 9.824 9.544 10.280 10.414 10.222 10.431 8.713 7.523 9.501 

β2 5.273 3.556 3.346 2.657 2.679 2.079 2.295 2.713 2.862 3.850 5.457 3.131 

β3 -1.015 -0.501 -0.422 -0.269 -0.413 -0.239 -0.385 -0.457 -0.480 -0.702 -0.880 -0.379 

β4 0.062 0.022 0.015 0.005 0.019 0.007 0.021 0.025 0.027 0.041 0.045 0.016 

R
2
 0.230 0.235 0.263 0.376 0.445 0.544 0.293 0.181 0.137 0.122 0.133 0.100 

Posterior rib landmark z-coordinate location, mm 

β1 -30.100 -24.399 -19.180 -12.691 -6.452 0.027 6.667 12.947 19.801 26.004 32.329 37.552 

β2 -19.553 -17.431 -13.318 -10.101 -5.343 -0.061 4.689 10.417 15.352 22.651 31.082 40.603 

β3 1.521 1.545 1.165 1.040 0.530 0.021 -0.433 -0.960 -1.364 -2.242 -3.256 -4.373 

β4 -0.010 -0.029 -0.023 -0.035 -0.016 -0.002 0.011 0.025 0.030 0.064 0.104 0.139 

R
2
 0.916 0.915 0.929 0.924 0.915 0.028 0.906 0.931 0.938 0.932 0.928 0.926 

Euler angle about the l-axis passing through the posterior rib landmark 

β1 -3.107 -1.464 -0.940 -0.747 -2.730 -7.446 -18.257 -13.817 -23.488 -24.983 -25.015 -18.019 

β2 8.048 7.823 7.611 9.535 9.284 10.308 14.055 11.332 11.882 12.486 8.726 7.803 

β3 -1.987 -1.940 -1.891 -2.318 -2.112 -2.247 -2.862 -2.077 -2.036 -2.141 -1.243 -1.155 

β4 0.137 0.136 0.130 0.154 0.132 0.137 0.167 0.112 0.105 0.112 0.057 0.054 

R
2
 0.100 0.141 0.114 0.138 0.122 0.171 0.332 0.321 0.413 0.489 0.341 0.223 

Euler angle about the m-axis passing through the posterior rib landmark 

β1 23.387 22.555 22.798 20.549 20.218 20.008 10.603 24.329 5.740 1.837 -7.378 -14.449 

β2 -14.276 -13.631 -11.934 -8.974 -9.312 -8.034 -2.968 -5.796 -2.222 -1.587 -1.128 -0.256 

β3 2.781 2.677 2.449 1.886 1.895 1.510 0.400 1.033 0.472 0.385 0.594 0.410 

β4 -0.156 -0.151 -0.146 -0.116 -0.115 -0.086 -0.014 -0.054 -0.024 -0.017 -0.038 -0.024 

R
2
 0.206 0.196 0.166 0.112 0.165 0.153 0.041 0.072 0.024 0.096 0.212 0.114 

Euler angle about the n-axis passing through the posterior rib landmark 

β1 -11.357 -1.623 0.566 3.491 3.992 5.758 5.311 8.077 10.411 18.296 24.024 12.073 

β2 3.941 3.641 2.277 1.449 0.762 0.583 -0.812 -1.891 -6.395 -8.933 -10.742 -5.500 

β3 -0.851 -1.057 -0.635 -0.481 -0.247 -0.287 0.066 0.366 1.200 1.539 1.748 0.750 

β4 0.055 0.076 0.045 0.036 0.015 0.019 -0.005 -0.028 -0.072 -0.084 -0.084 -0.015 

R
2
 0.047 0.060 0.026 0.029 0.054 0.120 0.114 0.117 0.178 0.268 0.174 0.053 
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ABSTRACT 

 

Age and gender-related variations in sternum morphology may affect the thoracic 

injury tolerance. Male and female sternum size and shape variation was characterized for 

ages 0-100 from over 2 million homologous landmarks collected from 330 computed 

tomography (CT) scans. Homologous landmarks were analyzed using Procrustes 

superimposition to produce age and gender-specific functions of 3D sternum morphology 

representing the combined size and shape variation and the isolated shape variation. 

Significant changes in the size and shape variation (p < 0.0001) and shape variation (p < 

0.0001) of the sternum were found to occur with age in both genders. Sternal size 

increased from birth through age 30 and retained a similar size for ages 30-100. The 

manubrium expanded laterally from birth through age 30, becoming wider in relation to 

the sternal body. In infancy, the manubrium was 1.1-1.2 times the width of the sternal 

body and this width ratio increased to 1.6-1.8 for adults. The manubrium transformed 

from a circular shape in infancy to an oval shape in early childhood. The distal sternal 

body became wider in relation to the proximal sternal body from birth through age 30 and 

retained this characteristic throughout adulthood. The most dramatic changes in sternum 

morphology occur in childhood and young adulthood when the sternum is undergoing 

ossification. The lesser degree of ossification in the pediatric sternum morphology may 

be partly responsible for the prevalence of thoracic organ injuries as opposed to thoracic 

skeletal injuries in pediatrics. Sternum fractures make up a larger portion of thoracic 

injury patterns in adults with fully ossified sternums. The lack of substantial size or shape 

changes in the sternum from age 30-100 suggests that the increased incidence of sternal 
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fracture seen in the elderly may be due to cortical thickness or bone mineral density 

changes in the sternum as opposed to morphological changes.  
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INTRODUCTION 

Sternal fractures are present in up to 8% of blunt chest trauma patients with motor 

vehicle crash (MVC) being the most common mechanism of injury (Brookes and others 

1993; Harley and Mena 1986; Yeh and others 2013).  The incidence of sternal fracture is 

increased for belted versus unbelted MVC occupants due to seat belt loading (Hill and 

others 1994; Porter and Zhao 1998). Of the MVC occupants that sustain an Abbreviated 

Injury Scale (AIS) 2+ thoracic injury, approximately 18% of ages 25-44 and 22% of ages 

65+ have a sternal fracture (Hanna and Hershman 2009). The increased fragility and 

frailty of the elderly results in an elevated incidence of thoracic injuries as well as an 

increased risk of mortality and morbidity (Bergeron and others 2003; Bulger and others 

2000; Burstein and others 1976; Finelli and others 1989; Hanna and Hershman 2009; 

Holcomb and others 2003; Kahane 2013; Perdue and others 1998; Shorr and others 1989; 

Stawicki and others 2004; Stitzel and others 2010; Zhou and others 1996; Zioupos and 

Currey 1998). The proportion of elderly (ages 65+) in the United States is projected to 

increase from 13% in 2010 to 20% by 2040 (Vincent and Velkoff 2010). The aging 

population is a rising concern that creates a critical need for age-specific biomechanics 

research to predict, prevent, and mitigate thoracic injury. Advancements in vehicle safety 

including restraint systems are needed to protect vulnerable occupants such as the elderly 

or pediatrics that have less ossified thoracic skeletons. The increased incidence of 

sternum fractures in both belted and elderly occupants could possibly be reduced through 

inflatable belts, four-point seat belts, or age-adjustable load limiters that would limit belt 

loading on older occupants. 
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The sternum is a flat bone that connects to the ribs via the costal cartilage to form 

the anterior section of the thoracic skeleton. The sternum consists of the following three 

parts that are located cranially-to-caudally: the manubrium, sternal body, and xiphoid 

process. The sternum is largely cartilaginous in pediatrics and may not be fully ossified 

until age 25 (Ashley 1956). The manubrium and sternal body begin to ossify during fetal 

development and continue to ossify during childhood and young adulthood (Ashley 1956; 

Stark and Jaramillo 1986). Ossification takes place in the manubrium and in three or four 

segments of the sternal body called sternebrae. Fusion of the sternebrae to form the 

sternal body begins in early childhood and is complete between the ages of 16-25 (Stark 

and Jaramillo 1986). Ossification of the xiphoid process occurs from age 5-18 and the 

xiphoid process morphology varies widely in the population (Stark and Jaramillo 1986; 

Yekeler and others 2006). Fusion of the manubriosternal joint is seen in 10-30% of adults 

while fusion of the xiphisternal joint is seen in 30% of adults (Stark and Jaramillo 1986).  

 Sternum morphology was characterized in previous studies for pediatrics and 

adults (Ashley 1956; Dwight 1881; Dwight 1890; Gayzik and others 2008; Hatfield and 

others 1984; Jit and others 1980; Odita and others 1985; Ogden and others 1979; Riach 

1967; Sandoz and others 2013). The sternum can be used as an osseous age estimator as 

surface area and volume measurements of the ossified sternum correlate well with age for 

the pediatric population (Riach 1967; Sandoz and others 2013). Sternal measurements 

indicate the size of the sternum increases from birth to age 25 and then remains fairly 

constant (Hatfield and others 1984). Gender-specific variations in sternums have been 

observed, with males having increased sternum lengths compared to females (Dwight 

1881; Dwight 1890; Hatfield and others 1984; Jit and others 1980). Gayzik et al. (2008) 
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quantified age-related shape changes in the adult male sternum as part of a larger 

morphological analysis of the rib cage that utilized a geometric morphometric technique 

known as Procrustes superimposition (Gayzik and others 2008; Slice 2005). Sternal 

positioning within the thoracic skeleton has also been quantified, and the sternum is 

known to move inferiorly from childhood into adulthood (Galan and others 1992; Grivas 

and others 1991; Openshaw and others 1984). While sternal length, area, volume, shape 

and positioning changes with age and gender have been analyzed in a variety of studies, a 

complete quantification of three-dimensional (3D) sternum morphology across ages and 

genders is lacking in the literature. Quantifying these changes is important for creating 

models of normal thoracic anatomy. Integration and comparison of the data from 

independent studies of pediatric versus adult sternum geometry is difficult as the 

measurements and data collected vary between studies. Thus, there is a need for high-

resolution data that accurately describe the 3D sternum geometry for males and females 

across the entire age spectrum (ages 0-100 years). This morphometric data could be used 

in conjunction with rib morphometric data to create thoracic finite element (FE) models 

representative of particular ages and genders to study the effects of age and gender on 

thoracic injury risk (Weaver and others 2013b).  

The objective of this study was to quantify the size and shape variation in the 

sternum for males and females aged 0-100 years. This goal was accomplished by 

analyzing high-resolution homologous landmark data from the sternum using geometric 

morphometrics, particularly Procrustes superimposition. 
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METHODS 

Homologous Landmark Collection 

Homologous landmarks on the thoracic skeleton were previously collected by 

applying a semi-automated image segmentation and registration algorithm to analyze 343 

normal chest CT scans of males and females ranging in age from 0-97 years (Weaver and 

others 2013a). Institutional Review Board approval was obtained and the CT scans were 

de-identified to protect patient confidentiality. A full description of the image 

segmentation and registration algorithm can be found in a separate publication (Weaver 

and others 2013a). Briefly, the 24 ribs and sternum bony anatomy were segmented from 

the CT scans to define the thoracic skeleton in each subject. Of the 343 CT scans 

analyzed in the previous study, the sternum was segmented in 330 CT scans. Sternum 

segmentations included the manubrium and sternal body, but excluded the xiphoid 

process due to widespread population variability in the morphology and development of 

the xiphoid (Stark and Jaramillo 1986; Yekeler and others 2006). The segmented ribs and 

sternum from each subject were used in a registration algorithm that applied rigid, affine, 

and symmetric diffeomorphic transformations to register landmarks from an atlas to 

homologous locations in each subject-specific coordinate system. The outputs from the 

algorithm were the subject-specific coordinate locations of homologous landmarks on the 

ribs and sternum.  

The focus of this paper is on sternum morphology and results from the 

morphological analysis of the rib homologous landmarks are reported separately (Weaver 

and others 2013b). Registration of the sternum segmentations was performed only for the 

subjects 10 years of age and older (90 male and 97 female subjects). Over 2 million 
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landmarks were collected from these 187 subjects to be utilized in a geometric 

morphometric analysis (10,904 homologous landmarks collected per sternum). Since 

ossification and fusion of the different parts of the sternum is largely incomplete during 

early childhood, the sternums in the subjects under 10 years of age were not registered to 

collect homologous landmarks (Ashley 1956; Stark and Jaramillo 1986; Yekeler and 

others 2006). Instead, 24 semi-homologous landmarks were manually collected from the 

segmented sternums of the 143 subjects (69 males and 74 females) that were younger 

than 10 years old (Figure 20 and Figure 21). Anterior and posterior landmarks were 

collected on the superior, center, and inferior aspects of the manubrium (8 landmarks). 

Two landmarks were collected at the left and right-most aspects of the manubrium. 

Anterior and posterior landmarks were collected at seven different locations on the 

sternal body to characterize the external and midline geometry (14 landmarks total). The 

locations of these 24 semi-homologous landmarks in the 10+ year old subjects were also 

identified from the full point cloud of 10,904 landmarks so that changes in the 24 

landmark locations could be quantified from 0-100 years. In this paper, the point cloud of 

10,904 landmarks collected from the 10+ year old subjects will be referred to as “LMAll” 

and the point cloud of 24 landmarks collected from subjects 0-100 years will be referred 

to as “LM24”. 
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Figure 20. Anterior and right side views of the 24 semi-homologous landmarks collected from the 

sternums of subjects less than 10 years old. 

 

  

  
Figure 21. Anterior and left side views illustrating the 24 semi-homologous landmarks collected from 

female subjects of ages: 9 weeks (top left), 1 year (top right), 5 years (bottom left), and 8 years 

(bottom right). 
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Generalized Procrustes Analysis (GPA) 

Sternum morphology was quantified from the landmark data using a geometric 

morphometrics technique known as Procrustes superimposition (Slice 2005). Procrustes 

superimposition utilizes least-squares optimization to estimate location and orientation 

parameters to minimize the sum of the squared distances between homologous landmarks 

in two different configurations. The comparison of two structures using Procrustes 

superimposition is called the Ordinary Procrustes Analysis (OPA) and the comparison of 

more than two structures with a mean configuration is known as the Generalized 

Procrustes Analysis (GPA). The GPA has been used in a variety of anthropological and 

anatomical studies to quantify geometric morphometric changes in the skull, brain, ribs, 

and other structures (Bookstein and others 1999; Danelson and others 2008; Gayzik and 

others 2008; Neubauer and others 2009; Slice 2005; Slice and Stitzel 2004; Weaver and 

others 2013b; Weber and others 2001).  

The GPA was used in this study to fit the configurations of all sternums in a given 

sample to the mean configuration of a 50
th

 percentile male atlas to minimize the sum of 

the squared deviations of the sample configurations around the mean configuration 

(Gayzik and others 2011; Weaver and others 2013a). To isolate sternal shape changes and 

remove any size effects, a full Procrustes analysis was conducted that applied translation, 

rotation, and scaling to find the least-square solution that minimized the distance between 

homologous sternal landmarks in different configurations (Dryden and Mardia 1998). A 

partial Procrustes analysis was also conducted in which scaling was not performed and 

the sizes of the sternums were preserved, allowing for the quantification of the combined 

size and shape changes. 
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The GPA matrix equation provided in Equation 7 was used for the full Procrustes 

analysis to isolate the shape difference, E, between each sternum and the mean 

configuration (Slice 2005).  In these equations, X0 and X1 are the respective homologous 

landmarks of the mean configuration and the sternum being compared, t is the translation 

that mean centered each configuration, and H is a rotation matrix. The centroid size, CS, 

is an isometric scaling factor representing the sternum size and is calculated as the square 

root of the sum of the squared coordinate values in all dimensions (Equation 8).  To 

quantify the combined size and shape changes in the sternum, a partial GPA was also 

performed in which scaling was not applied.  

 

  
(     )       Equation 7 

   √  (  
   ) Equation 8 

In-house software that was developed using Matlab (The Math Works, Natick, 

MA) was used to conduct the GPA.  The GPA was performed for each sternum on a per-

gender basis using subjects from the entire age spectrum for which homologous landmark 

data was available. The GPA was applied to analyze the LM24 data for ages 0-100 of each 

gender to quantify 1) the size and shape changes, and 2) the shape changes. The GPA was 

also applied to analyze the LMAll data for ages 10-100 of each gender to quantify 1) the 

size and shape changes, and 2) the shape changes. Thus, the GPA was applied eight 

separate times in this study to quantify the sternum 1) size and shape and 2) shape 

changes in each gender over two age ranges (2 GPA techniques x 2 genders x 2 age 

ranges).  
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Landmark Regression Equations and Statistical Analysis 

The results from the GPA were used to calculate regression equations relating 

sternum landmark location to age (Equation 9, Equation 10, and Equation 11).  The 

number of subjects used in the GPA is defined as n and the number of landmarks for the 

sternum is defined as k (k = 24 for LM24 and k = 10,904 for LMAll).  For the LM24 

analysis, an n x 4 age matrix, A(LM24), is calculated using Equation 9, where age is an n x 

1 matrix of the subject’s ages. For the LMAll analysis, an n x 3 age matrix, A(LMAll), is 

calculated using Equation 9, where age is an n x 1 matrix of the subject’s ages. The age 

matrix defines the type of regression equation fit to the data. Different regressions were 

fit to the LM24 and LMAll data to model the changes occurring for the 0-100 year age 

range versus the 10-100 year age range. The regression equation selected for each 

landmark dataset provided a good fit to the data over the specified age range. A global n 

x (k x 3) landmark data matrix, X, is used in Equation 10.  This matrix, X, consists of one 

row for each subject, with the coordinate triplets for each landmark concatenated in a 

single row.  The matrix regression coefficients, β, are used to calculate the predicted 

landmark locations, Xp (Equation 11).  

A landmark regression equation was computed for each of the eight GPA outputs, 

resulting in a total of eight regression equations that describe the location of the 

homologous sternum landmarks for particular ages and genders. This produced four 

regression functions for the LM24 data representing the size and shape variation from age 

0-100 for 1) males and 2) females and the shape variation from age 0-100 for 3) males 

and 4) females. Four regression functions for the LMAll data were produced representing 
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the size and shape variation from age 10-100 for 1) males and 2) females and the shape 

variation from age 10-100 for 3) males and 4) females. 

 (    )  [                    ]   (     )                 Equation 9 

  (   )       Equation 10 

      Equation 11 

Permutation tests were used to assess the statistical significance of the landmark 

regression equations describing sternum morphology.  Due to the large number of 

landmark regression coefficients, traditional statistical methods are not appropriate to 

assess significance.  The permutation test evaluates how many random combinations of 

the regression coefficients are better predictors of landmark location than the regression 

model (Gunz 2005).  The permutation test computes a test statistic, λ’, representing the 

sum of the variance of the regression model.  The test statistic is compared to the sum of 

variance, λ, of each random combination model.  A 100,000-loop permutation test was 

performed, such that 100,000 different random combination models were computed for 

the sum of variance comparison with the regression model.  The null hypothesis of the 

permutation test is that no relationship exists between subject age and landmark location 

in the sternum. Statistical significance (p < 0.05) is reached if less than 5% of the random 

combination models have a sum of variance less than the regression model. 

The LM24 regression equations were evaluated for the following ages to produce 

the resulting sternum geometry for each specified age and gender: 0 month, 3 month, 6 

month, 9 month, and 1-9 years in one year increments.  The LMAll regression equations 

were evaluated for ages 10-100 in one year increments to produce the resulting sternum 
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geometry for each specified age and gender. Although the LM24 regressions could also be 

evaluated for ages 0-100, it was preferable to use the LMAll regressions that quantify the 

complete 3D sternum geometry for the available ages (10-100 years). Models were 

produced for the specified ages and genders representing the combined size and shape 

variation in the sternum. Models of the sternum shape variation were also produced for 

the specific ages and genders. The shape models were all scaled to have the centroid size 

of the sternum in an atlas created from a 50
th

 percentile male subject (Gayzik and others 

2011; Weaver and others 2013a). The centroid size of the atlas sternum was calculated 

from 24 semi-homologous landmarks for the LM24 analyses and from 10,904 

homologous landmarks for the LMAll analyses. Centroid size scaling ensured that all 

shape models were scaled to a 50
th

 percentile male size in order to isolate the shape 

variation that occurs in the sternum with age and gender. 

RESULTS 

Study Population 

The study population consisted of 159 males and 171 females ranging in age from 

0-97 years (Figure 22). Height and weight measurements near the CT scan date were 

collected from 46% and 70% of the subjects, respectively. Height and weight 

measurements were considered to be near the scan date if measured within two weeks of 

the scan date for ages less than 1, within one month of the scan date for ages 1-20, and 

within one year of the scan date for ages 20+. A range of heights and weights were 

observed in the pediatric and adult study populations (Figure 22).  

The height, weight, and body mass index (BMI) measures in the pediatric 

population (ages less than 18 years) followed similar trends as pediatric growth charts for 

50
th

 percentile males and females (National Center for Health Statistics 2000). The 
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median height and weight for adult (ages 18+) males was 180 cm (Interquartile range, 

IQR: 174-183 cm) and 83.5 kg (IQR: 75.3-96.4 kg). This median height and weight 

represents approximately a 70
th

 percentile male as opposed to the 50
th

 percentile male 

(175 cm, 77.7 kg) that is commonly used to represent the average male (Gordon and 

others 1989). The median height and weight for adult females was 163 cm (IQR: 158-168 

cm) and 68.7 kg (IQR: 59.2-79.9 kg). This median height corresponds to a 50
th

 percentile 

female (163 cm, 61.3 kg), but the median weight is higher and corresponds to 

approximately an 80
th

 percentile female (Gordon and others 1989). The median BMI for 

adult males and females was 26.4 and 25.0, respectively (IQR: 24.1-31.1 for males and 

21.9-29.8 for females). The correlation between BMI and age in adults was also very low 

(R
2
=0.01). 

  

 
 

Figure 22. Distribution of height, weight, and age 

among the study population. In each plot the x-

axis bin label corresponds to the upper value of 

the bin. The subjects are stratified into pediatric 

and adult age groups (less than 18 versus 18+) for 

the height and weight plots and by gender for the 

age plot. 
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Landmark Regression Equations and Statistical Analysis Results 

Landmark regression equations were produced for every sternum landmark and 

the compilation of the regression equations for all landmarks describes how the sternum’s 

geometry changes with age and gender. The four LM24 landmark regression equations 

and the four LMAll regression equations were all statistically significant with age (p < 

0.0001), indicating the regressions were better predictors of sternum size and shape 

compared to more than 99.99% of the random combination models. Thus, the combined 

size and shape of the sternum, as well as shape alone, varies significantly with age.  An 

example of the permutation test results for the shape changes in the female sternum is 

provided in Figure 23. In Figure 23, the dotted line represents the test statistic, λ’, which 

is the sum of variance of the regression model. Areas to the right of the test statistic line 

represent cases where the regression model had a better (lower) sum of variance than the 

random combination model (λ’ < λ).  In this example, none of the random combination 

models had sum of variance better (lower) than the regression model. Thus, the sum of 

the probabilities to the left of the test statistic line was zero and p < 0.0001, indicating 

significant shape changes occur in the female sternum with age. 
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Figure 23. Permutation test results for the shape changes in the female sternum LM24 locations.  

Sternum Size and Shape Morphometric Changes 

The maximum depth, width, and length of each sternum were measured in the 

anterior-posterior, left-right, and superior-inferior directions, respectively. Each age and 

gender-specific sternum model was aligned with the atlas configuration using the GPA 

and sternal dimensions were measured relative to the atlas configuration (Figure 24).  

Figure 24 illustrates an increase in the size of the sternum in all three dimensions from 

birth until approximately age 30. After age 30, the sternum dimensions become more 

constant, increasing only slightly for ages 30-100. From 0-9 years, the anterior-posterior 

and left-right sternal dimensions increase at similar rates. The anterior-posterior 

dimension increases 34.6 mm in males and 30.4 mm in females from 0-9 years. The left-

right dimension increases 34.1 mm in males and 33.0 mm in females from 0-9 years. The 

superior-inferior dimension increases at a faster rate and increases 69.8 mm in males and 

62.4 mm in females from 0-9 years. The depth and length of the sternum are only slightly 

larger in males than females at 9 years of age. From 10-30 years, the anterior-posterior 

Test Statistic, λ’ = 1.66E-02
p = < 0.0001
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dimension increases 15.8 mm in males and 10.4 mm in females. The left-right dimension 

increases 21.0 mm in males and 14.2 mm in females, while the superior-inferior 

dimension increases 34.6 mm in males and 24.4 mm in females from 10-30 years. The 

rate of growth and sternal dimensions at specific ages are greater in males than females 

for 10-100 year olds. On average, the 10-100 year old females have smaller sternums, 

with dimensions that are 14% lower than males of a similar age.  

  
 

 

Figure 24. Maximum sternum measurements were 

collected in the anterior-posterior, left-right, and 

superior-inferior directions relative to the atlas 

orientation (illustrated in the bottom left). The 

sternum dimensions increased for ages 0-9 (top 

left) and ages 10-30 before becoming constant for 

ages 30-100 (top right). 

 

The sternum models illustrating the size and shape morphological changes for 

males and females of select ages ranging from 0 to 90 years are depicted in Figure 25. 

Overlaid outlines of the external sternum are depicted in Figure 26 for select ages. There 

is a visible increase in the overall size of the sternum from 0 to 30 years of age in both 

genders. The sternum increases only slightly in size after age 30 and retains a similar size 

A-P

L-R S-I
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through age 100. There is a slight increase in the length of the sternum from age 30 to 50, 

but the geometry of the sternum changes very minimally after age 50 (Figure 26). The 

asymmetry and rougher geometry in the 10 year old sternum is due to incomplete 

ossification and fusion of the sternum during late childhood, which resolves for the adult 

sternums (ages 30+). The manubrium expands superiorly and laterally and becomes 

wider in relation to the sternal body from birth through age 30. In newborns, the width of 

the sternum is similar throughout, with the manubrium width being only 1.1-1.2 times the 

sternal body width. In adults, the manubrium width is 1.6-1.8 times the sternal body 

width. The sternal body also expands inferiorly and laterally from birth through age 30 

with the distal portion remaining wider in relation to the proximal portion after age 1. The 

sternum shape changes that occur with age are described in more detail in the “Sternum 

Shape Morphometric Changes” subsection.  
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Figure 25. Anterior views of the sternum models illustrating the size and shape changes in males (M) 

and females (F). 
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Figure 26. Overlaid outlines of the sternum size and shape models for males (M) and females (F) of 

select ages (anterior views). The change in sternum morphology with age is indicated by the arrows.  



  102 

Sternum Shape Morphometric Changes 

The sternum models illustrating the shape morphological changes for males and females 

of select ages ranging from 0 to 90 years are depicted in Figure 27. Overlaid outlines of 

the external sternum are depicted in Figure 28 for select ages. In the shape models, size is 

accounted for through centroid size scaling techniques. Notable sternal shape changes 

occur with age from birth through age 30 and the sternum retains a similar geometry from 

age 30 to 100 (Figure 28). The shape of the manubrium expands laterally with age and 

becomes wider in relation to the sternal body from birth through age 30 (Figure 28). The 

lateral aspects of the manubrium also expand superiorly from birth through age 30 

(Figure 28). This results in the manubrium changing from a circular shape in infancy to 

an oval shape in early childhood. The distal sternal body widens in relation to the 

proximal sternal body from birth through age 30, even when size is controlled for (Figure 

28). For sternums scaled to the same size, the distal portion of the sternal body is shown 

to move superiorly from birth through age 6. Thus, as the sternum ossifies and fuses 

throughout development, the length of the sternal body reduces in relation to the overall 

sternum size. Some visible shape differences between males and females of the same age 

are evident, particularly in pediatrics. For instance, the manubrium appears more oval-

shaped in pediatric males and more triangular-shaped in pediatric females. 
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Figure 27. Anterior views of the sternum models illustrating the shape changes in males (M) and 

females (F). 
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Figure 28. Overlaid outlines of the sternum shape models for males (M) and females (F) of select ages 

(anterior views). The change in sternum morphology with age is indicated by the arrows.  
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DISCUSSION 

The size and shape variation in the ossified sternum was characterized from high-

resolution homologous landmark data for males and females and the GPA was used to 

produce age-related functions of sternum morphology. The sternal landmark functions 

provide a comprehensive description of 3D sternum morphology variation with age and 

gender, which supplements existing data in the literature (Ashley 1956; Dwight 1881; 

Dwight 1890; Gayzik and others 2008; Hatfield and others 1984; Jit and others 1980; 

Odita and others 1985; Ogden and others 1979; Riach 1967; Sandoz and others 2013). 

This study improves on previous approaches by quantifying the complete 3D sternal 

geometry changes and by characterizing sternal shape variation separately from sternal 

size and shape variation. The sternum shape changes, as well as the sternum size and 

shape changes, were found to be statistically significant with age in both genders. 

Previous studies have established a positive correlation in pediatrics between age 

and the surface area and volume of the ossified sternum (Riach 1967; Sandoz and others 

2013). In the current study, dimensions of the ossified sternum were found to increase 

steeply from 0-9 years of age which is consistent with the area and volume increases in 

the ossified sternum that occur during development. The sternum size continued to 

increase until age 30 and then remained fairly constant which agrees with the literature 

(Hatfield and others 1984). The increased sternum lengths observed in males compared to 

females agree with the findings of other researchers (Dwight 1881; Dwight 1890; 

Hatfield and others 1984; Jit and others 1980). The expansion of the manubrium and 

sternal body in the superior-inferior and lateral directions from birth through age 30 is 

consistent with the sternal ossification centers expanding during development to ossify 
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the cartilaginous portions of the sternum (Ashley 1956; Ogden and others 1979; Stark 

and Jaramillo 1986). 

The centroid size scaling resulted in sternum shape models with approximately 

the same sternum lengths. The shape of the manubrium expanded laterally from birth 

through age 30, and became wider in relation to the sternal body. The lateral aspects of 

the manubrium also expanded superiorly with age, causing the manubrium to transform 

from a circular shape in infancy to an oval shape in early childhood, which matches 

observations in Figure 21 and in the literature (Ogden and others 1979; Sandoz and others 

2013). The distal sternal body also became wider in relation to the proximal sternal body 

from birth through age 30 and retained this characteristic in adulthood, which is 

supported by literature observations of normal sternal anatomy (Stark and Jaramillo 

1986; Yekeler and others 2006). These changes in sternal shape are likely driven by the 

ossification process that takes place during pediatric development as the ossification 

centers in the manubrium and sternebrae expand to ossify the surrounding cartilaginous 

sternum (Ashley 1956; Ogden and others 1979; Stark and Jaramillo 1986). Minimal 

shape changes occurred in the sternum from 30-100 years of age, providing further 

support to this theory.  

The results of this study suggest that the most dramatic changes in sternum 

morphology occur in childhood and young adulthood. While the lesser degree of sternal 

ossification in pediatrics may result in a lower incidence of sternal fractures, loading to 

the pediatric thorax may result in energy transfer to the ribs and thoracic organs. Thoracic 

injuries in young children occur more often in the thoracic organs as opposed to the 

thoracic skeleton due to the increased elasticity of the chest wall (Huelke 1998; National 
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Highway Traffic Safety Administration 2010; Peclet and others 1990). Therefore, the 

morphological changes in the sternum may relate to pediatric intra-thoracic injury 

patterns. The adult sternum is more fully ossified, causing sternal fractures to make up a 

larger portion of adult thoracic injury patterns (Hanna and Hershman 2009). The lack of 

substantial size or shape changes in the sternum from 30 to 100 years of age suggests that 

the increased incidence of sternal fracture in older MVC occupants may be due primarily 

to cortical thickness or bone mineral density changes in the sternum as opposed to 

morphological changes (Hanna and Hershman 2009; Selthofer and others 2010). Age-

related morphological changes in the surrounding anatomy including rib angles, costal 

cartilage calcification, lordosis, kyphosis, segmental angulation, sacral inclination, and 

pelvic tilt will also influence the biomechanical response of the thorax and may affect 

sternal fracture risk (Gayzik and others 2008; Hammerberg and Wood 2003; Kent and 

others 2005; Korovessis and others 1998; Vafa 2012; Weaver and others 2013b). 

Limitations 

Although higher resolution clinical CT scans were analyzed in this study with 

slice thicknesses of 2.5 mm that were reconstructed to 0.625 mm or 1.25 mm, the scan 

resolution limits the accuracy of the landmark collection and subsequent morphological 

characterization. Subjects were instructed to take a deep breath and hold during the 

entirety of the scan, but subject compliance was not verified. Potential discrepancies or 

inaccuracies could occur if scans were taken at different stages of the respiratory cycle or 

if motion artifact was introduced by breathing. The “breath holds” may be less controlled 

in the pediatric subjects that were too young to understand and follow the scanning 

protocol. Scans with noticeable motion artifacts were excluded from the study. Despite 



  108 

limitations associated with clinically obtained CT scans, they provide a valuable source 

of data for anatomical characterization of a large study population.  

In subjects less than 10 years old, the sternum morphology was characterized 

from 24 manually selected landmarks, which may introduce inter- and intra-observer 

error. However, the persons selecting landmarks were trained to use consistent techniques 

and landmarks were qualitatively checked for accuracy by a single observer. The 24 

landmarks capture only a limited portion of the overall sternum morphology compared to 

the higher resolution landmark data collected for ages 10-100. 

The sternum morphology functions are affected by the selection of the regression 

model fit to the landmark data and as with most regression models, the fit to the data was 

not perfect. In addition to the regression models presented in this paper, several different 

regression fits including linear, quadratic, and higher-order polynomial functions were 

investigated using optimization software (TableCurve 2D, Systat Software, Inc., San 

Jose, CA).  Although a variety of the top-ranking regression models from the 

optimization were investigated, all possibilities were not analyzed. The regression models 

presented for the sternum were selected because they provided good fits to the landmark 

data (higher R
2
 values) and produced smoother sternum geometries that captured some 

local morphology changes. Some of the higher-order polynomial functions investigated 

captured tiny local morphology changes resulting in rougher geometries, while lower-

order functions (i.e. linear and quadratic) produced smooth geometries, but poorer data 

fits. The regression model fit to the LM24 data provided a good fit to the 0-100 year old 

data by increasing steeply during the pediatric years and then leveling off for the adult 

years. The LM24 regression captured the rapid growth and development that occurs 
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during childhood and adolescence and the slighter changes that occur during adulthood. 

The regression model fit to the LMAll data provided a good fit to the 10-100 year old data 

by increasing steadily during the adolescence years and then leveling off for the adult 

years. The LMAll regression captured the continued growth and development that occurs 

until young adulthood and the slighter changes that occur during the remainder of 

adulthood. Both the LM24 and LMAll regressions produced smoother sternum geometries 

that fulfilled the purpose of this study to produce age and gender-specific models of 

sternum geometry from a population of subjects.  

The size and shape models did not control for subject height and weight, which is 

a limitation. By controlling for age and gender, the increase in height and weight during 

childhood and adolescence and the gross size differences between genders are accounted 

for. However, size variability among subjects of the same age and gender is not directly 

controlled for in the size and shape sternum models produced.  The sternum size and 

shape models may represent a population of slightly larger individuals since the median 

height and weight of the adult males and median weight of the adult females were larger 

than those of the 50
th

 percentile male and female, respectively. The sternum shape models 

address the height and weight limitations through a scaling operation to remove any size 

effects.  

Future Work and Applications 

A detailed analysis of the sternal ossification patterns and surrounding cartilage in 

pediatrics was not undertaken in this study and may be a topic for future investigation. 

Ossification patterns of the sternum are known to vary in the population and sternum type 

(Type I, II, III, and IV) has been classified based on the number of ossification centers 
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within individual sternebrae (Ashley 1956). There can be single or multiple ossification 

centers within a sternebrae and these centers can be bilaterally or obliquely placed 

(Figure 21). While the degree of ossification and pattern may affect the biomechanical 

response of the thorax, a detailed analysis was beyond the scope of this study.  

The positioning of the sternum within the thorax and characterization of the 

surrounding thoracic anatomy was not reported. Future work will involve incorporating 

the sternum, as well as the ribs, costal cartilage, thoracic spine, and surrounding thoracic 

musculature and organs into thoracic skeleton models (Weaver and others 2013b). The 

sternum shape models in this study were scaled to represent a 50
th

 percentile male height 

and weight so that comparisons could be made between ages and genders. These sternum 

shape models could be scaled in the future to represent different percentile (5
th

, 95
th

, etc) 

males and females in order to assess height and weight effects. Models representing only 

the size changes in the sternum with age and gender could also be created in the future 

from this study population. 

The models of normal sternum anatomy presented in this study could aid 

clinicians in the identification of sternal abnormalities or help forensic investigators 

determine biological profiles from the sternum. Sternum characteristics have been used to 

estimate age, gender, or height, although individual variability should be considered 

when interpreting results as individual sternums may deviate from the norm (Dwight 

1881; Dwight 1890; Marinho and others 2012; Menezes and others 2009; Menezes and 

others 2011; Singh and Pathak 2013a; Singh and Pathak 2013b; Singh and others 2011).  

The sternum morphology functions will be used in conjunction with rib 

morphology and material property data to create age and gender-specific parametric FE 
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thoracic models (Kemper and others 2005; Kemper and others 2007; Stitzel and others 

2003; Weaver and others 2013b). The FE thoracic models will incorporate the age and 

gender-specific sternum morphological variations defined in this study, as well as sternal 

cortical thickness and bone density changes (Selthofer and others 2010). Additional data 

on sternal cortical thickness and bone density changes can be obtained from the 

population of subjects used in this study for use in the FE models. The FE models will be 

validated against biomechanical experiments and used to investigate the force-deflection 

response and injury tolerance of the aging thorax (Lebarbe and Petit 2012; Shaw and 

others 2009; Vavalle and others 2013a; Vavalle and others 2013b). These models could 

be used to reduce the incidence of sternum fractures by decreasing seat belt loads on 

vulnerable occupants. The performance of child safety seats or different seat belt designs 

such as inflatable belts, four-point belts, and age-adjustable load limiters could be 

evaluated with FE modeling to assess thoracic injury risk across populations. Thus, 

models representing the age and gender-related morphological changes in the sternum 

have important implications for the prevention and mitigation of sternal fractures and 

other thoracic injuries sustained in MVCs.   
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Summary of Research 

The research presented in this dissertation has yielded significant contributions to 

the field of injury biomechanics, particularly to the field of thoracic trauma.  The research 

outlined in this dissertation has fulfilled the following aims: 

1. Collection of homologous landmarks from the ribs and sternum for males and 

females aged 0-100 years using a semi-automated image segmentation and 

registration algorithm. 

2. Quantification of age and gender-related morphological changes in the ribs for 

males and females of ages 0-100. 

3. Quantification of age and gender-related morphological changes in the 

sternum for males and females of ages 0-100. 

Research outlined in chapters two through four is expected to be published in 

scientific journals as shown in Table 6.  

Table 6. Publication plan for research outlined in this dissertation. 

Chapter Topic Journal 

2 Image segmentation and registration 

algorithm to collect thoracic skeleton 

landmarks for age and gender 

characterization 

Medical Engineering & Physics* 

3 Morphometric analysis of variation in 

the ribs with age and gender 

Journal of Anatomy* 

4 Morphometric analysis of variation in 

the sternum with age and gender 

Journal of Morphology* 

*Submitted 
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October 2009. 

11. Biomedical Engineering Society Student Chapter Development Workshop, 

Pittsburgh, PA, October 2009. 

12. Materialise Innovation Course, Ann Arbor, MI, February 2009. 

13. Fundamentals of Engineering, Certification received, 2008. 

D. 7BCOMPUTING SKILLS 

3D Slicer, Amira, Advanced Normalization Tools (ANTS), CIREN/NASS databases, 

High-performance cluster computing, Hyperworks, ImageJ, JMP, LS-DYNA, LS-

Prepost, Matlab, Microsoft Office, Mimics, SQL, Studio, TeraRecon, Truegrid 
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E. LEADERSHIP POSITIONS 

Biomedical Engineering Society National Student Affairs Committee 2010-2012 

VT-WFU Biomedical Engineering Society Chapter Co-President  2011-2012 

VT-WFU Biomedical Engineering Society Chapter Co-Vice President 2010-2011 

VT-WFU Biomedical Engineering Society Chapter Co-President  2009-2010 

NCSU Biomedical Engineering Society Chapter President   2007-2008 

NCSU Engineering World Health Chapter President    2007-2008 

NCSU BMES Chapter Community Service Chair    2006-2007 

NCSU Engineering World Health Chapter Treasurer   2006-2007 

F. 9BSTUDENT ORGANIZATION MEMBERSHIPS 

Biomedical Engineering Society, VT-WFU chapter    2009-present 

IEEE Engineering in Medicine and Biology Society, WFU chapter  2008-present 

University Scholars Program, NCSU      2004-2008 

Biomedical Engineering Society, NCSU chapter    2004-2008 

Genetics Club, NCSU        2006-2008 

Engineering World Health, NCSU chapter     2006-2008 

G. 10BPROFESSIONAL MEMBERSHIPS AND SERVICE 

Reviewer:  

PLOS ONE*         2013-present 

Clinical Ophthalmology       2012-present 

Archives of Ophthalmology       2012-present  

Rocky Mountain Bioengineering Symposium    2012-present 

Journal of Biomechanics*       2012-present 

Acta Biomaterialia*        2012-present 

Biomechanics and Modeling in Mechanobiology*    2012-present 

Obesity*         2011-present 

Computer Methods in Biomechanics and Biomedical Engineering*  2011-present 

Traffic Injury Prevention       2010-present 

Annals of Biomedical Engineering      2010-present 

Ophthalmology        2010-present 

ASME Journal of Biomechanical Engineering*    2010-present 

* designates reviewer at the request of mentoring faculty member 

 

Membership: 

Association of the Advancement of Automotive Medicine   2010-present 

American Society of Biomechanics      2010-present 

Association for Research in Vision and Ophthalmology   2010-present 

Biomedical Engineering Society      2006-present  

Society of Automotive Engineers      2009-present 

IEEE          2009-present  

Triad Biotech Alliance       2009-present 

Honor Society of Phi Kappa Phi      2006-2008 

Engineering World Health       2006-2008 
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Conference Organizer/Session Chair: 

Organized SBES Graduate Research Symposium    2010 

Organized SBES Graduate Research Symposium    2011 

Organized SBES Graduate Research Symposium    2012 

Organized Student-Industry Panel Discussion at BMES   2012 

Panelist, Student-Industry Panel Discussion at BMES   2012  

  

H. AWARDS AND HONORS 

1. 2013 John D. States Best Student Paper Award, “Mortality-based quantification of injury 

severity for frequently occurring motor vehicle crash injuries.” Association for the 

Advancement of Automotive Medicine 57
th
 Annual Scientific Conference, Quebec City, 

Canada, September 22-25, 2013.  

2. Outstanding Presentation, “Morphological Analysis of Changes in the Thoracic Skeleton 

with Age and Gender."  Digital Human Modeling Symposium, Ann Arbor, MI, June 11-13, 

2013. 

3. 3
rd

 Place Oral Presentation Award, “Morphological Analysis of Changes in the Thoracic 

Skeleton with Age and Gender."  Virginia Tech-Wake Forest University School of 

Biomedical Engineering and Sciences Graduate Research Symposium, May 2013. 

4. 2013 SAE Excellence in Oral Presentation Award, Stitzel JD “Predicting the Risk of 

Target Injuries for Occupant Triage Decision Algorithm”, SAE Government Industry 

Meeting, January 30-February 1, 2013. (Participation: served on project study team and 

prepared presentation slides) 

5. BMES Fleetest Feet Award, BMES student chapter award for the most miles traveled by 

student members to attend the 2011 Biomedical Engineering Society Annual Meeting, 

awarded October 2012. (Participation: attended meeting and served on chapter executive 

board) 

6. BMES Student Travel Award, Biomedical Engineering Society Annual Meeting, Atlanta, 

GA, October 2012. 

7. Honorable Mention Poster Presentation Award, "Modeling Injury Response of the Brain 

with Translations and Rotations of Varying Directions and Magnitudes."  Virginia Tech-

Wake Forest University School of Biomedical Engineering and Sciences Graduate Research 

Symposium, May 2012. 

8. BMES Student Travel Award, Biomedical Engineering Society Annual Meeting, Hartford, 

CT, October 2011. 

9. BMES Fleetest Feet Award, BMES student chapter award for the most miles traveled by 

student members to attend the 2010 Biomedical Engineering Society Annual Meeting, 

awarded October 2011. (Participation: attended meeting and served on chapter executive 

board) 

10. BMES Meritorious Chapter Award, Biomedical Engineering Society, October 2011. 

(Participation: attended meeting and served on chapter executive board) 

11. ASB Student Travel Award, American Society of Biomechanics Annual Meeting, Long 

Beach, CA, August 2011. 
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12. Best Student Oral Presentation Award, 2
nd

 place – Weaver AA, Moody EA, Armstrong 

EG, Stitzel JD. “Image Segmentation and Registration Algorithm to Collect Homologous 

Landmarks for Age-Related Thoracic Morphometric Analysis.” 48
th

 Rocky Mountain 

Bioengineering Symposium, Denver, CO, April 2011. 

13. Cook Medical Innovation Award, Center for Injury Biomechanics, “Innovative use of 

patient-specific, three-dimensional models for advanced planning and performance of 

complex pediatric surgeries”, Winston-Salem, NC, October 2010. 

14. AAAM Student Travel Award, Association for the Advancement of Automotive Medicine 

Annual Meeting, Las Vegas, NV, October 2010. 

15. BMES Student Travel Award, Biomedical Engineering Society Annual Meeting, Austin, 

TX, October 2010. 

16. William Preston Society Master’s Thesis Gold Watch Award, Math, Physical Sciences 

and Engineering Category, Virginia Tech, Blacksburg, VA, July 2010. 

17. National Science Foundation Graduate Research Fellowship, June 2010-June 2013. 

18. 2nd
 Place Oral Presentation Award, “Biomechanical Modeling of Different Orbit 

Anthropometries.” Virginia Tech-Wake Forest University School of Biomedical Engineering 

and Sciences Graduate Research Symposium, May 2010. 

19. Student Travel Award, Ohio State University Injury Biomechanics Symposium, May 2009. 

20. Best Student Paper Award, 3
rd

 place - Weaver AA, Gilmartin TD, Anz AW, Stubbs AJ, 

Stitzel JD. “A Method to Measure Acetabular Metrics from Three Dimensional Computed 

Tomography Pelvis Reconstructions.” 46
th

 Rocky Mountain Bioengineering Symposium, 

Milwaukee, WI, April 2009. 

21. Best Clinical Research Award - Anz AW, Frino J, Lang JE, Weaver AA, Stitzel JD, Stubbs 

AJ. “Do the Classical Measurements for Acetabular Dysplasia Delineate Volume: A 

Correlation with CT Reconstruction?” Wake Forest University Department of 

Orthopaedic Surgery Resident Research Day, Winston-Salem, NC, April 2009.  

22. Virginia Tech-Wake Forest University School for Biomedical Engineering and Sciences 

Graduate Fellowship, 2008-present. 

23. Valedictorian and Summa Cum Laude, North Carolina State University, 2008. 

24. Service and Citizenship Award, Biomedical Engineering Department, North Carolina State 

University, 2008. 

25. Semester Dean’s List 8 of 8 semesters, North Carolina State University, 2004-2008. 

26. Health Advocates Alliance Scholarship Recipient, private scholarship based on academic 

merit and character, 2008. 

27. Dean’s Merit Scholarship, merit-based College of Engineering scholarship, North Carolina 

State University, 2004-2008. 

28. Summer Research Opportunities Program Fellowship, undergraduate research fellowship, 

Wake Forest University, 2007. 

29. Thomas Jackson Martin Scholarship, merit-based College of Engineering scholarship, 

North Carolina State University, 2004-2005. 

30. Salutatorian, Bandys High School, 2004.  
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II. 1BPROFESSIONAL INTERESTS 
Lung Injury Biomechanics, Rib Cage Injury Biomechanics, Ocular Injury Biomechanics, 

Finite Element Modeling, Human Body Modeling, Orthopedics 

III. GRANTS 
1. Sponsor:  National Highway Traffic Safety Administration 

Dates:    TBD (proposal submitted) 

Title: CIREN Advanced Automatic Crash Notification Task 2: Collection and 

linkage of AACN-   reported motor vehicle crash field data 

Amount:    $80,000 

Co-I:       Ashley Weaver 

 
2. Sponsor:  Toyota Motor Corporation 

Dates:    6/1/2013 - 5/31/2016 

Title:    Advanced Automatic Crash Notification - Phase III 

Amount:    $1,134,338 

Co-I:       Ashley Weaver 

 
3. Sponsor:  National Science Foundation Graduate Research Fellowship 

Dates:     6/1/2010 - 5/31/2013 

Title: Characterization and modeling of the thoracic skeleton across 

populations 

Amount:    $126,500 ($92,000 stipend, $34,500 tuition) 

PI:        Ashley Weaver 

IV.  BIBLIOGRAPHY 

A. BOOK CHAPTERS 

1. Gabler HC, Weaver AA, Stitzel JD. “Chapter - Automotive Field Data in Injury 

Biomechanics.” Accidental Injury: Biomechanics and Prevention, 3
rd

 edition. 2013 (In 

Press). 

B. PAPERS IN REFEREED JOURNALS 

1. Weaver AA, Nguyen CM, Schoell SL, Maldjian JA, Stitzel JD. “Image segmentation and 

registration algorithm to collect thoracic skeleton landmarks for age and gender 

characterization.” Medical Engineering & Physics, Dec 2013 (In Review). 

2. Weaver AA, Schoell SL, Nguyen CM, Lynch Sk, Stitzel JD. “Morphometric analysis of 

variation in the sternum with age and gender.” Journal of Morphology, Nov 2013 (In 

Review). 

3. Weaver AA, Schoell SL, Stitzel JD. “Morphometric analysis of variation in the ribs with age 

and gender.” Journal of Anatomy, Nov 2013 (In Review). 

4. Cline JM, Dugan G, Bourland D, Perry DL, Stitzel JD, Weaver AA, Jiang C, Owzar K, 

Batinic-Haberle I, Vujaskovic Z. “Post-irradiation treatment with MnTnHex-2-PyP5+ 
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mitigates radiation pneumonitis and fibrosis in the lungs of non-human primates after whole-

thorax exposure to ionizing radiation.” Radiation Research, June 2013 (In Review). 

5. Kilgo PD, Weaver AA, Barnard RT, Love TP, Stitzel JD. “Comparison of Injury Mortality 

Risk in Motor Vehicle Crash Versus Other Etiologies.” Accident Analysis and Prevention, 

August 2013 (In Review). 

6. Weaver AA, Loftis KL, Stitzel JD. “Investigation of the Safety Effects of Knee Bolster 

Airbag Deployment in Similar Real-World Crash Comparisons.” Traffic Injury Prevention, 

2013; 14(2): 168-80, doi: 10.1080/15389588.2012.697643. 

7. Weaver AA, Danelson KA, Stitzel JD. “Modeling Brain Injury Response for Rotational 

Velocities of Varying Directions and Magnitudes.” Annals of Biomedical Engineering, 

2012 September; 40(9): 2005-2018, doi: 10.1007/s10439-012-0553-0. 

8. Becher R, Colonna AL, Enniss TM, Weaver AA, Crane DK, Martin RS, Mowery NT, Miller 

PR, Stitzel JD, Hoth JJ. “An Innovative Approach to Predict the Development of Adult 

Respiratory Distress Syndrome in Patients with Blunt Trauma.” Journal of Trauma and 

Acute Care Surgery, August 2012, doi: 10.1097/TA.0b013e31825b2124. 

9. Weaver AA, Danelson KA, Armstrong EG, Hoth JJ, Stitzel JD. “Investigation of pulmonary 

contusion extent and its correlation to crash, occupant, and injury characteristics in motor 

vehicle crashes.” Accident Analysis & Prevention, April 2012, doi: 

10.1016/j.aap.2012.04.013. 

10. Stubbs AJ, Anz AW, Frino J, Lang JE, Weaver AA, Stitzel JD. “Classic measures of hip 

dysplasia do not correlate with three-dimensional computer tomographic measures and 

indices.” Hip International, 2011 Sept; 21(5):549-58. 

11. Weaver AA, Loftis KL, Duma SM, Stitzel JD. “Biomechanical Modeling of Eye Trauma for 

Different Orbit Anthropometries.”  Journal of Biomechanics, 2011 Apr; 44(7): 1296-1303. 

12. Weaver AA, Kennedy EA, Duma SM, Stitzel JD. “Evaluation of Different Projectiles in 

Matched Experimental Eye Impact Simulations.”  ASME Journal of Biomechanical 

Engineering, 2011 Mar; 133(10): 031002. 

13. Weaver AA, Loftis KL, Tan JC, Duma SM, Stitzel JD. “CT Based Three-Dimensional 

Measurement of Orbit and Eye Anthropometry.”  Investigative Ophthalmology and Visual 

Science, 2010 Oct; 51(10): 4892-7. 

C. 13BPAPERS IN REFEREED CONFERENCE PUBLICATIONS 

1. Weaver AA, Nguyen CM, Schoell SL, Stitzel JD. “Morphological Analysis of Changes in 

the Thoracic Skeleton with Age and Gender.” 2
nd

 International Digital Modeling 

Symposium. June 2013. 

2. Schoell SL, Weaver AA, Stitzel JD. “Development of an occult metric for common motor 

vehicle crash injuries.” Biomed Sci Instrum. April 2013. 

3. Weaver AA, Barnard RT, Kilgo PD, Martin RS, Stitzel JD. “Mortality-based quantification 

of injury severity for frequently occurring motor vehicle crash injuries.” Ann Adv Automot 

Med, 2013.  

4. Loftis KL, Weaver AA, Stitzel JD, “Investigating the Effects of Side Airbag Deployment in 

Real-World Crashes Using Crash Comparison Techniques,” Ann Adv Automot Med. 2011 

October;55:81-90. 
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5. Danelson KA, Chiles C, Thompson AB, Donadino K, Weaver AA, Stitzel JD, “Correlating 

the extent of pulmonary contusion to vehicle crash parameters in near-side crashes,” Ann 

Adv Automot Med. 2011 October;55:217-230. 

6. Weaver AA, Moody EA, Armstrong EG, Stitzel JD. “Image Segmentation and Registration 

Algorithm to Collect Homologous Landmarks for Age-Related Thoracic Morphometric 

Analysis.” Biomed Sci Instrum. April 2011;47:70-5. 

7. Urban JE, Weaver AA, Theivendran K, Stitzel JD. “Acetabular Rim Profile Measurement in 

Femoroacetabular Impingement Patients.” Biomed Sci Instrum. April 2011;47:118-23. 

8. Stitzel JD, Kilgo PD, Weaver AA, Loftis KL, Martin RS, Meredith JW. “Age Thresholds for 

Increased Mortality of Predominant Crash Induced Thoracic Injuries.” Ann Adv Automot 

Med, 2010; 54: 41-50.  

9. Weaver AA, Gilmartin TD, Anz AW, Stubbs AJ, Stitzel JD. “A Method to Measure 

Acetabular Metrics from Three Dimensional Computed Tomography Pelvis 

Reconstructions.” Biomed Sci Instrum. April 2009;45: 155-60. 

10. Weaver AA, Gayzik FS, Stitzel JD. “Biomechanical Analysis of Pulmonary Contusion in 

Motor Vehicle Crash Victims: A Crash Injury Research and Engineering Network (CIREN) 

Study.” Biomed Sci Instrum. April 2009;45: 364-9.  

D. OTHER CONFERENCE PAPERS (ABSTRACT STYLE OR 

NON-REFEREED)/SCIENTIFIC EXHIBITS 

11. 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.” 41st International 

Workshop on Human Subjects for Biomechanical Research, Orlando, FL, November 

2013. 

12. Schoell SL, Weaver AA, Stitzel JD. "Development of Age and Gender-Specific Thorax 

Finite Element Models." Biomedical Engineering Society Annual Meeting, Seattle, WA, 

September 2013 (In Review). 

13. Lillie E, Urban JE, Weaver AA, Stitzel JD. "Method for Estimation of Skull Table Thickness 

from Clinical CT." Biomedical Engineering Society Annual Meeting, Seattle, WA, 

September 2013 (In Review). 

14. Schoell SL, Weaver AA, Stitzel JD. "Development of Age and Gender-Specific Thorax 

Finite Element Models." American Society of Biomechanics Annual Meeting, Omaha, NB, 

September 2013 (In Review). 

15. Weaver AA, Nguyen CM, Schoell SL, Stitzel JD. "Morphological Analysis of Changes in 

the Thoracic Skeleton with Age and Gender." Virginia Tech-Wake Forest University 

School of Biomedical Engineering and Sciences Graduate Research Symposium, 

Blacksburg, VA, May 2013. 

16. Weaver AA, Danelson KA, Stitzel JD. "Modeling Brain Injury Response with Translations 

and Rotations of Varying Directions and Magnitudes." Biomedical Engineering Society 

Annual Meeting, Atlanta, GA, October 2012. 

17. Danelson KA, Weaver AA, Stitzel JD. "Using Image Registration to Quantify the Location 

of Pulmonary Contusion in Motor Vehicle Crashes." Biomedical Engineering Society 

Annual Meeting, Atlanta, GA, October 2012. 
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18. Weaver AA, Rucker LC, Urban JE, Theivendran K, Stitzel JD. "Comparison of Hip 

Morphology in Femoroacetabular Impingement and Normal Patients." ASB Annual 

Meeting, Gainesville, FL, August 2012. (poster presentation) 

19. Stitzel JD, Weaver AA, Danelson KA. "Modeling of Head Injury Response for Translational 

and Rotational Impacts of Varying Directions and Magnitudes." ASB Annual Meeting, 

Gainesville, FL, August 2012. (gave oral presentation) 

20. Stitzel JD, Weaver AA. “Computational Simulations of Ocular Blast Loading and Prediction 

of Eye Injury Risk.” ASME Summer Bioengineering Conference, June 2012. 

21. Weaver AA, Nguyen CM, Stitzel JD. “Quantification of Sternal Morphology Across Ages 

and Genders Using Image Segmentation and Registration Techniques.” ASME Summer 

Bioengineering Conference, June 2012.  

22. Weaver AA, Danelson KA, Stitzel JD. "Modeling Injury Response of the Brain with 

Translations and Rotations of Varying Directions and Magnitudes." Virginia Tech-Wake 

Forest University School of Biomedical Engineering and Sciences Graduate Research 

Symposium, Winston-Salem, NC, May 2012. 

23. Loftis KL, Weaver AA, Stitzel JD. "Investigating the Effects of Side Airbag Deployment in 

Real-World Crashes Using Crash Comparison Techniques." Virginia Tech-Wake Forest 

University School of Biomedical Engineering and Sciences Graduate Research 

Symposium, Winston-Salem, NC, May 2012. 

24. Gayzik FS, Moreno DP, Brown PJ, Weaver AA, Danelson KA, Stitzel JD. “Development of 

a 50
th
 Percentile Male Total Human Body Model for use in Dynamic Finite Element 

Analysis.” Materialise World Conference: Medical Innovation Conference, Leuven, 

Belgium, April 2012. 

25. Urban JE, Weaver AA, Theivendran K, Stitzel JD. “Acetabular Rim Profile Measurement in 

Femoroacetabular Impingement Patients.” Biomedical Engineering Society Annual 

Meeting, Hartford, CT, October 2011. (poster presentation) 

26. Danelson KA, Thompson AB, Weaver AA, Chiles C, Stitzel JD. “Pulmonary Contusion 

Identification using Computed Tomography in Injured Occupants of Motor Vehicle Crashes.” 

Biomedical Engineering Society Annual Meeting, Hartford, CT, October 2011. (oral 

presentation) 

27. Weaver AA, Nguyen C, Wyatt CL, Stitzel JD. “Quantifying Rib Morphology Across Ages 

and Genders Using Image Segmentation and Registration Techniques.” Biomedical 

Engineering Society Annual Meeting, Hartford, CT, October 2011. (oral presentation) 

28. Urban JE, Weaver AA, Rucker LC, Theivendran K, Stitzel JD. “Hip Joint Morphology 

Characterization in Femoroacetabular Impingement and Normal Patients.” Biomedical 

Engineering Society Annual Meeting, Hartford, CT, October 2011. (oral presentation) 

29. Weaver AA, Stitzel JD. “Image segmentation and registration algorithm for quantification of 

rib morphology across ages and genders.” American Society of Biomechanics Annual 

Meeting, Long Beach, CA, August 2011. 

30. Weaver AA, Armstrong EG, Moody EA, Stitzel JD. “Image Segmentation and Registration 

Algorithm to Collect Homologous Landmarks for Age-Related Thoracic Morphometric 

Analysis.” 22
nd

 Enhanced Safety of Vehicles Conference Proceedings, Washington, DC, 

June 2011. 

31. Stitzel JD, Weaver AA, Danelson KD, Gayzik FS, Takhounts EG. “Head and Thorax 

Morphology Characterization with Generalized Procrustes Analysis,” 1
st
 Meeting of the 

javascript:openItineraryPDF('1476')
javascript:openItineraryPDF('1476')
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International Society for Human Simulation, Founding member, Clearwater, FL, May 

26
th
-27

th
 2011. 

32. Weaver AA, Loftis KL, Duma SM, Stitzel JD. “Biomechanical Modeling of Different Orbit 

Anthropometries.”  ARVO Annual Meeting, Fort Lauderdale, FL, May 2011. 

33. Weaver AA, Kennedy EA, Duma SM, Stitzel JD. "Evaluation of Different Projectiles In 

Matched Experimental Eye Impact Simulations." Virginia Tech-Wake Forest University 

School of Biomedical Engineering and Sciences Graduate Research Symposium, 

Blacksburg, VA, May 2011. 

34. Stitzel JD, Weaver AA, Kennedy EA, Duma SM. “Evaluation of Different Projectiles in 

Matched Experimental Eye Impact Simulations.”  ARVO Annual Meeting, Fort Lauderdale, 

FL, May 2011. 

35. Weaver AA, Kennedy EA, Duma SM, Stitzel JD. “Evaluation of Different Projectiles in 

Matched Experimental Eye Impact Simulations.”  Wake Forest University Graduate 

Research Day, Winston-Salem, NC, March 2011. 

36. Weaver AA, Moody EA, Armstrong EG, Stitzel JD. “Image Segmentation and Registration 

Algorithm to Collect Homologous Landmarks for Age-Related Thoracic Morphometric 

Analysis.” 38
th

 International Workshop on Human Subjects for Biomechanical 

Research, Scottsdale, AZ, November 2010. 

37. Weaver AA, Loftis KL, Yu MM, Stitzel JD. “Verification of Safety Technology in Frontal 

Impacts.” Association for the Advancement of Automotive Medicine Annual Meeting, 

Las Vegas, NV, October 2010. 

38. Weaver AA, Kennedy EA, Duma SM, Stitzel JD. “Evaluation of Different Projectiles in 

Matched Experimental Eye Impact Simulations.”  Biomedical Engineering Society Annual 

Meeting, Austin, TX, October 2010. 

39. Weaver AA, Loftis KL, Duma SM, Stitzel JD. “Biomechanical Modeling of Different Orbit 

Anthropometries.”  Biomedical Engineering Society Annual Meeting, Austin, TX, October 

2010. 

40. Weaver AA, Kennedy EA, Duma SM, Stitzel JD. “Evaluation of Different Projectiles in 

Matched Experimental Eye Impact Simulations.”  American Society of Biomechanics 

Annual Meeting, Providence, RI, August 2010. 

41. Weaver AA, Loftis KL, Meredith JW, Stitzel JD. “Investigation of the Impact of Thoracic 

Skeletal Prominences on Pulmonary Contusion Injury Pattern.” American Thoracic Society 

Annual Meeting, New Orleans, LA, May 2010. 

42. Stitzel JD, Weaver AA, Loftis KL. “Volumetric Analysis of Pulmonary Contusion in Motor 

Vehicle Crash Victims.” American Thoracic Society Annual Meeting, New Orleans, LA, 

May 2010. 

43. Weaver AA, Loftis KL, Duma SM, Stitzel JD. “Biomechanical Modeling of Different Orbit 

Anthropometries.” Virginia Tech-Wake Forest University School of Biomedical 

Engineering and Sciences Graduate Research Symposium, Winston-Salem, NC, May 

2010. 

44. Weaver AA, Gilmartin TD, Anz AW, Stubbs AJ, Stitzel JD. “A Method to Measure 

Acetabular Metrics from 3D Computed Tomography Pelvis Reconstructions.” Biomedical 

Engineering Society Annual Fall Scientific Meeting, Pittsburgh, PA, October 2009. 
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45. Kim H, Weaver AA, Stitzel JD. “Approach For Measuring Cortical Thickness of the Ribs 

Across Populations Using Computed Tomography.” Biomedical Engineering Society 

Annual Fall Scientific Meeting Poster Session, Pittsburgh, PA, October 2009. 

46. Colonna AL, Ennis TM, Martin RS, Weaver AA, Crane D, Mowery NT, Stitzel JD, Hoth JJ. 

“Percent of Pulmonary Contusion Predicts Development of ARDS.” The American 

Association for the Surgery of Trauma 68
th

 Annual Meeting Poster Session, Pittsburgh, 

PA, October 2009. 

47. Anz AW, Frino J, Lang JE, Weaver AA, Stitzel JD, Stubbs AJ. “Do the Classical 

Measurements for Acetabular Dysplasia Delineate Volume: A Correlation with CT 

Reconstruction?”  North Carolina Orthopaedic Association 2009 Annual Meeting, 

Pinehurst, NC, September 2009. 

48. Kim H, Weaver AA, Stitzel JD. “Approach For Measuring Cortical Thickness of the Ribs 

Across Populations Using Computed Tomography.” Summer Research Opportunities 

Program Poster Session, Wake Forest University Baptist Medical Center, Winston-Salem, 

NC, July 2009. 

49. Anz AW, Frino J, Lang JE, Weaver AA, Stitzel JD, Stubbs AJ. “Do the Classical 

Measurements for Acetabular Dysplasia Delineate Volume: A Correlation with CT 

Reconstruction?”  Eastern Orthopaedic Association 40
th

 Annual Meeting, Paradise Island, 

Bahamas, June 2009. 

50. Weaver AA, Gayzik FS, Stitzel JD. “Biomechanical Analysis of Pulmonary Contusion in 

Motor Vehicle Crash Victims: A Crash Injury Research and Engineering Network (CIREN) 

Study.”  Virginia Tech-Wake Forest University School of Biomedical Engineering and 

Sciences Graduate Research Symposium Poster Session, Virginia Tech, Blacksburg, VA, 

May 2009. 

51. Weaver AA, Gayzik FS, Stitzel JD. “Biomechanical Analysis of Pulmonary Contusion in 

Motor Vehicle Crash Victims: A Crash Injury Research and Engineering Network (CIREN) 

Study.”  Ohio State University Injury Biomechanics Symposium Poster Session, Ohio 

State University, Columbus, OH, May 2009. 

52. Anz AW, Frino J, Lang JE, Weaver AA, Stitzel JD, Stubbs AJ. “Do the Classical 

Measurements for Acetabular Dysplasia Delineate Volume: A Correlation with CT 

Reconstruction?” Wake Forest University Department of Orthopaedic Surgery Resident 

Research Day, Winston-Salem, NC, April 2009.  

53. Ruggles AA, Gayzik FS, Stitzel JD. “Biomechanical Analysis of Pulmonary Contusion in 

Motor Vehicle Crash Victims: A Crash Injury Research and Engineering Network (CIREN) 

Study.”  Summer Research Opportunities Program Poster Session, Wake Forest 

University Baptist Medical Center, Winston-Salem, NC, July 2007. 

E. 15BADDITIONAL PRESENTATIONS AT PROFESSIONAL 

MEETINGS/CONFERENCES 

1. Luedtke M, Weaver AA, Pittman S, Gruionu G, Weaver C. "Transitioning Students to 

Industry: Panel Discussion”. Biomedical Engineering Society Annual Meeting, Atlanta, 

GA, October 2012. (Participation: Organized the event in conjunction with Michael Luedtke 

to fulfill goals of the BMES Student Affairs Committee. Served as a panelist along with three 

industry representatives and an additional student.) 
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2. Weaver AA, Nguyen C, Wyatt CL, Stitzel JD. “Quantifying Thorax Morphology Across 

Ages and Genders Using Image Segmentation and Registration Techniques.” Winston-

Salem IEEE Section Meeting, Winston-Salem NC, November 9, 2011. 

3. Weaver AA, Loftis KL, Duma SM, Stitzel JD. “Modeling Human Variation: Orbit 

Anthropometry and Effect on Eye Injury Metrics.”  Advanced Technologies and New 

Frontiers in Injury Biomechanics with Military and Aerospace Applications, 
Washington DC, August 2009. 

4. Ruggles AA, Stuenkel E, West A, Perkins L, Srinivas R. “Pressure-shifting Prototype for a 

Geriatric Chair to Aid in the Prevention of Pressure Sores.” North Carolina State 

University/University of Chapel Hill Biomedical Research Design Symposium, Research 

Triangle Park, NC, April 2008.  

F. 16BTECHNICAL REPORTS 

1. Stitzel JD, Duma SM, Hardy WN, Weaver AA, Urban JE, Lillie E, Schoell SL, Lynch S, 

Rowson S, Fievisohn E. “Head and Thoracic Injury: Epidemiological, Experimental, and 

Computational Approaches to Injury Reduction.” Year 4 Annual Report to National 

Highway Traffic Safety Administration, Washington, DC, August 2013. 

2. Stitzel JD, Weaver AA, Barnard R, Swett K, Martin RS, Schoell SL, Kilgo P, Ip E, Meredith 

JW, Gabler HC. “Advanced Automatic Crash Notification - Phase II. Final Report to 

Toyota Motor Corporation, December 2012. 

3. Stitzel JD, Duma SM, Hardy WN, Weaver AA, Urban JE, Rowson S, Fievisohn E. “Head 

and Thoracic Injury: Epidemiological, Experimental, and Computational Approaches to 

Injury Reduction.” Year 3 Annual Report to National Highway Traffic Safety 

Administration, Washington, DC, August 2012. 

4. Stitzel JD, Duma SM, Hardy WN, Weaver AA, Urban JE, Rowson S, Fievisohn E. “Head 

and Thoracic Injury: Epidemiological, Experimental, and Computational Approaches to 

Injury Reduction.” Year 2 Annual Report to National Highway Traffic Safety 

Administration, Washington, DC, August 2011. 

5. Stitzel JD, Duma SM, Hardy WN, Weaver AA, Rowson S, Vaughn B. “Head and Thoracic 

Injury: Epidemiological, Experimental, and Computational Approaches to Injury Reduction.” 

Year 1 Annual Report to National Highway Traffic Safety Administration, Washington, 

DC, August 2010. 

6. Stitzel JD, Weaver AA, Loftis KL, Yu MM. “Development of a Non-symmetric Finite 

Element Model of the Eye and Development of an Anthropometrically Accurate Model of the 

Orbit for Countermeasure Effectiveness Evaluation.” Report to the United States Army 

Aeromedical Research Laboratory, Ft. Rucker, AL, June 2009. 

V. 3BTTEACHING AND MENTORING EXPERIENCE 

G. TEACHING EXPERIENCE 

1. Taught and Prepared Lecture and Test Materials for Graduate Course: “Injury Physiology”, 

Spring 2013. 

a. Lectured on May 7, 2013, Topic: “Three Facets of Injury: Time Sensitivity”  

b. Lectured on May 2, 2013, Topic: “Age Thresholds for Increased Mortality of 

Three Predominant Crash Induced Head Injuries” 
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c. Prepared Lecture, Topic: “Thoracic Injury Physiology” 

d. Prepared Lecture, Topic: “Age Thresholds for Increased Mortality of 

Predominant Crash Induced Thoracic Injuries”  

e. Prepared Lecture, Topic: “Three Facets of Injury: Severity”  

f. Prepared Lecture, Topic: “ Three Facets of Injury: Predictability”  

2. Class Lecturer for Graduate Course: “Injury Physiology”, Spring 2011. 

a. Lectured on March 1, 2011, Topic: “Thoracic Injury Physiology” 

b. Lectured on March 17, 2011, Topic: “Age Thresholds for Increased Mortality of 

Predominant Crash Induced Thoracic Injuries”  

3. Teaching Assistant, Physics Department, North Carolina State University, 2005-2006. 

Responsibilities included teaching labs, tutoring students, and grading tests and homework. 

H. CURRENT AND PAST STUDENTS MENTORED 

Paul Gardea (Undergraduate Student)  

5/09-8/09 Image Segmentation for Volumetric Analysis of Pulmonary 

Contusion in Trauma Patients 

Nico Haller (Undergraduate Student)  

5/09-8/09 Lung, Spleen, and Liver Image Segmentation for Volumetric 

Analysis of Pulmonary Contusion, Splenic Injury, and Liver Injury 

in Trauma Patients 

Hannah Kim (Undergraduate Student) 

5/09-8/09 Quantification of the Effects of Aging, Gender, Weight, and Height 

on the Shape, Size, Density, and Cortical Thickness of the Human 

Rib Cage  

Kristen Rhinehardt (Undergraduate Student) 

5/09-8/09 Lung, Spleen, and Liver Image Segmentation for Volumetric 

Analysis of  Pulmonary Contusion, Splenic Injury, and Liver Injury 

in Trauma Patients 

Elizabeth Armstrong (Undergraduate Student) 

9/09-5/11 Lung Image Segmentation for Volumetric Analysis of Pulmonary 

Contusion in Motor Vehicle Crash Victims: A CIREN Study; 

5/11 Undergraduate Honors Thesis: Quantification of Geometry for 

Parametric Shape and Size Modeling of the Human Rib Cage 

Elizabeth Moody (Undergraduate Student)  

5/10-8/11 Quantification of the Effects of Aging, Gender, Weight, and Height 

on the Shape, Size, Density, and Cortical Thickness of the Human 

Rib Cage  

Laura Rucker (Undergraduate Student) 

 5/10-8/10 Quantification of Morphology of Femoroacetabular Impingement; 

Development of Ocular Surrogate 

Callistus Nguyen 

2/11-8/12 Quantification of Age and Gender Effects on Shape and Size of the 

Rib Cage and Skull 

Hannah Reynolds  (Undergraduate Student) 
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2/11-5/11 Quantification of Age and Gender Effects on Shape and Size of the 

Rib Cage 

Colby White (High School Student)  

2/11-5/11 Quantification of Age and Gender Effects on Shape and Size of the 

Rib Cage 

Lauren Moody (High School Student)  

7/11-8/11 Quantification of the Effects of Aging, Gender, Weight, and Height 

on the Shape, Size, Density, and Cortical Thickness of the Human 

Rib Cage 

John Keller (Undergraduate Student)  

9/11-5/12 Quantification of the Effects of Aging, Gender, Weight, and Height 

on the Shape, Size, Density, and Cortical Thickness of the Human 

Rib Cage and Sternum 

AJ Allen (Medical Student) 

 11/11-5/12 Orthopedic Engineering Research;  

Quantification of the Effects of Aging, Gender, Weight, and Height 

on the Shape, Size, Density, and Cortical Thickness of the Human 

Rib Cage and Sternum 

Chelsea Price (Undergraduate Student)  

1/12-5/12 Quantification of the Effects of Aging, Gender, Weight, and Height 

on the Shape, Size, Density, and Cortical Thickness of the Human 

Rib Cage and Sternum 

Sophia Kim (Undergraduate Student)  

5/12-8/12 Development of Parametric Finite Element Model of the Human 

Rib Cage  

Samantha Schoell (Graduate Student)  

8/12-present Development of Parametric Finite Element Model of the Human 

Rib Cage 

Kayla Duncan (Undergraduate Student)  

10/12-12/12 Quantification of the Effects of Aging, Gender, Weight, and Height 

on the Shape, Size, Density, and Cortical Thickness of the Human 

Rib Cage and Sternum 

Victor Yu (Undergraduate Student)  

10/12-12/12 Quantification of the Cortical Thickness of the Human Rib Cage 

and Sternum with Age and Gender 

Jim Le (Undergraduate Student)  

10/12-present Quantification of the Cortical Thickness of the Human Rib Cage 

and Sternum with Age and Gender  

Analysis of Linked Advanced Automatic Crash Notification, Call 

History, & EMS Data on MVC Occupants 

Matthew Bennett (Undergraduate Student)  

11/12-12/12 Quantification of the Cortical Thickness of the Human Rib Cage 

and Sternum with Age and Gender  

Sarah Lynch (Graduate Student)  

1/13-present Quantification of the Cortical Thickness of the Human Rib Cage 

and Sternum with Age and Gender 
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William Torres (Undergraduate Student)  

5/13-8/13 Quantification of the Effects of Aging, Gender, Weight, and Height 

on the Shape, Size, and Cortical Thickness of the Human Rib Cage 

and Sternum 

Nathan Croswell (Undergraduate Student)  

5/13-8/13 Advanced Automatic Crash Notification 

I. CURRENT POSITIONS HELD BY FORMER MENTEES 

Hannah Kim 

Intern 2009 Medical Student, Medical College of Virginia 

Kristin Rhinehardt 

Intern 2009 Graduate Student, North Carolina Agricultural and Technical  

State University 

Paul Gardea 

Intern 2009 Transducer Engineer, Covarx Corporation 

Laura Rucker  

Intern 2010 R&D Engineer, Cook Medical 

Elizabeth Moody 

 Intern 2010 Graduate Student, Wake Forest University, Biomedical  

Engineering 

Elizabeth Armstrong  

Intern 2011 Graduate Student , Virginia Tech, Mechanical Engineering 

Hannah Reynolds 

 Intern 2011 Accepted to NCSU DVM/PhD program 

Callistus Nguyen 

 Intern 2011 Graduate Student, Wake Forest University, Biomedical  

Engineering  

 


