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ABSTRACT
Motor vehicle crashes (MVCs) were the leading cause of unintentional fatal
injuries and the fourth leading cause of unintentional nonfatal injuries in the United
States in 2007. Of these injuries, the thoracic injuries rank second in terms of frequency
as well as overall economic cost. Of the thoracic injuries, rib fractures are extremely
common; present in nearly 94% of severely injured belted occupants. Elderly occupants
have increased mortality and morbidity associated with rib fractures. One factor that is
thought to influence rib fracture that changes with age (possibly contributing to increased
injury risk in the elderly population) is the rib cortical bone.
The first aspect of this research outlined novel techniques for estimating rib
cortical bone thickness changes with age and sex from retrospective clinical computed
tomography (CT) scan data. The thicknesses estimated using that technique were then
compared by location within the ribcage and between the different ages and sexes. The
second aspect of this research was to fit a regression curve to the cortex thickness
estimations to characterize the exact cortical thickness changes with age at all of the
different locations within the ribcage for both sexes. These results were also compared by
location within the ribcage and between the different sexes.
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Chapter I: Introduction & Background
MOTOR VEHICLE CRASH THORACIC INJURIES
In 2009, there were an estimated 10.8 million motor vehicle crashes (MVCs) in
the United States alone, which were responsible for nearly 34,000 deaths in the US.
Worldwide, MVCs kill 1.3 million people.

MVCs were the leading cause of

unintentional fatal injuries and the fourth leading cause of unintentional nonfatal injuries
in the United States in 2007. In MVCs, thoracic injury ranks second only to head injury
in terms of frequency, number of fatal and serious injuries, as well as overall economic
cost [1]. Although increases in the number and complexity of safety systems have
decreased the amount of thoracic injuries, rib fractures still remain a common injury
among occupants. Rib fractures have been identified in up to 93.5% of severely or fatally
injured belted occupants [2]. Rib fractures are typically caused by large chest deflections,
inducing bending in the ribs and resulting in fracture.

THORACIC INJURY AND THE ELDERLY
Although rib fractures are common, they are associated with an increased risk in
mortality and morbidity in the elderly population [3-5]. Elderly occupants are not only
more likely to be wearing their seatbelts, which puts them at an increased risk for rib
fractures, but rib fractures in the elderly are associated with over two times the mortality
risk of younger patients [3-5]. One study found that 47% of occupants over the age of 64
who died in a frontal collision sustained a fatal thoracic injury [6]. Another study of
occupants from the Crash Injury Research and Engineering Network (CIREN) database
1

found that rib fractures were the worst chest injury sustained in 40% of occupants over
the age of 60 who died of chest injuries [6]. Holcomb et al found increased rib fracture
risk in patients as young as 45 years of age [7].
In 2005, Kent et al describes three ways that the ribs change with age that may
account for the decrease in injury tolerance of rib fractures in the elderly population: 1)
material changes, 2) compositional changes (including cross sectional cortex area), and 3)
thoracic geometry changes. There has been extensive research done to characterize rib
material property changes with age using coupon, whole rib, and whole thorax loading
configurations [8-10]. Rib geometry changes over a large span of ages have also been
quantified [11, 12]. Studies have also been done that examined rib cortical bone thickness
and area variations throughout the ribcage using microscopy estimation and microCT
measurements [13-15].
Kemper et al. (2007) references a study done on seven male cadaver ribs ranging
in age from 42 to 81 years, and Choi’s 2000 paper also used 7 male cadavers, though they
ranged in age from 64 to 75 years [13, 14, 16]. Both of these studies did, however, find
rib cortex thickness variations with rib level (first through twelfth), attachment (true,
false, versus floating), laterality (right versus left), and anatomical region (anterior,
lateral, posterior, superior, inferior, etc.).

RIB CORTICAL BONE THICKNESSES WITH AGE
Another method of obtaining rib cortical thickness data is from clinical computed
tomography (CT) scan measurements. The full-width at half-maximum (FWHM)
technique applied to CT scans estimates the thickness of an object that does not have
2

clearly defined, sharp edges, as is the case with cortical bone in clinical CT scans due to
limited resolution. The FWHM technique, however, tends to overestimate thicknesses of
objects less than 2.5mm thick such as the ribs. A more accurate method for estimating
cortex thickness from clinical CT scans was proposed by Treece et al. which will
henceforth be referred to as the cortical density method (CDM) [17, 18]. The CDM
assumes a constant cortex density to estimate the cortical bone thickness from the clinical
CT scan allowing for accurate estimation of cortex thickness down to approximately 0.3
mm.
Cortical bone varies in thickness based on changes in bone resorption and
formation, which can be influenced by a person’s hormone and activity levels [19-22]. As
a result, there are rib and regional variations in cortex thickness within an individual as
well as variations in cortex thickness between individuals of different ages and sexes.
Many studies have worked to capture the exact changes in cortex thickness and cortical
area with age, though none have looked at the changes with age and sex regionally within
the ribs [23-25].
The first objective of this study is to apply the CDM to a retrospective collection
of clinical CT scans spanning ages 0-100 and both sexes. The second aim of this study is
to compare the resulting estimated cortical thickness variations with age, sex, rib level,
rib attachment, and anatomical location within each rib. The next objective of this study
is to fit a regression curve to cortical thickness estimates throughout the ribcage to
characterize regional cortex thickness changes with age and sex. The final aim of this
study is to compare the resulting regressed cortical thickness variations with age, sex, rib
level, rib attachment, and anatomical location within each rib.
3

CHAPTER SUMMARIES
Chapter II: Quantification of Rib Cortical Thickness from Clinical Computed
Tomography Scans
The objective of this work is to apply the CDM to a retrospective collection of clinical
CT scans spanning ages 0-100 and both sexes. The second aim of this study is to compare
the resulting estimated cortical thickness variations with rib level, rib attachment, age,
sex, and anatomical location within each rib.

Chapter III: Characterization and Regression of Rib Cortical Thickness from
Clinical Computed Tomography Scans
The objective of this study is to fit a regression curve to cortical thickness estimates
throughout the ribcage to characterize regional cortex thickness changes with age and
sex. The second aim of this study is to compare the resulting regressed cortical thickness
variations with age, sex, rib level, and anatomical location within each rib.

Chapter IV: Summary of Research
A brief overview of work presented in this thesis.
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1. ABSTRACT
Motor vehicle crashes (MVCs) are responsible for nearly 34,000 deaths in the
United States, with a large number of serious and fatal injuries sustained in MVCs
occurring in the thorax. Thoracic injuries are associated with increased mortality and
morbidity in elderly populations, most likely due to variations that occur within the
ribcage as people age, including geometry, material property, and compositional (cortex)
changes. In this study, cortical bone thickness changes in the ribs were characterized by
applying a cortical thickness estimation algorithm to retrospective clinical computed
tomography (CT) scans of 241 subjects spanning ages 0-100 in both sexes. The rib cortex
thickness estimations were then partitioned into homologous regions and compared with
age, sex, rib level, rib attachment, and anatomical location within each rib. The cortex
was thicker in the manubrial (ribs 1-2) and floating ribs (ribs 8-10) in the females
compared to the female sternal (ribs 3-7) and false (ribs 11-12) ribs, though there was not
much difference in cortex thickness based on rib level for the males. The anterior
portions of the rib cortical bone remained the thinnest for both males and females,
increasing in thickness to a maximum at the lateral portions of the ribs, and then thinning
to the posterior portions. The exterior and interior portions of the ribs were thicker than
the superior and inferior aspects for all locations down the length of the rib for both males
and females for ages 10 and older. Understanding these changes will lead to more
biofidelic thorax models and will lead to enhanced safety for occupants of all ages.
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2. INTRODUCTION
In 2009, there were an estimated 10.8 million motor vehicle crashes (MVCs) in
the United States alone, which were responsible for nearly 34,000 deaths. In MVCs,
thoracic injury ranks second only to head injury in terms of frequency, number of fatal
and serious injuries, as well as overall economic cost [1]. Specifically, rib fractures have
been identified in up to 93.5% of severely or fatally injured belted occupants [2].
Although rib fractures are common, they are associated with an increased risk in
mortality and morbidity in the elderly population [3-5]. Elderly occupants are not only
more likely to be wearing their seatbelts, which puts them at an increased risk for rib
fractures, but rib fractures in the elderly are associated with over two times the mortality
risk of younger patients [3-5]. One study found that 47% of occupants over the age of 64
who died in a frontal collision sustained a fatal thoracic injury [6]. Another study of
occupants from the Crash Injury Research and Engineering Network (CIREN) database
found that rib fractures were the worst chest injury sustained in 40% of occupants over
the age of 60 who died of chest injuries [6].
Kent et al. (2005) described three ways that the ribs change with age that may
account for the decrease in injury tolerance of rib fractures in the elderly population: 1)
material changes, 2) compositional changes (including cross sectional cortex area), and 3)
thoracic geometry changes [6]. There has been extensive research done to characterize rib
material property changes with age using coupon, whole rib, and whole thorax loading
configurations [7-9]. Rib geometry changes over a large span of ages have also been
quantified [10, 11]. Accurate quantification of rib cortical bone thickness variation with
age and between the sexes has been limited in previous studies, as this thickness is
10

usually measured using microCT scans of elderly cadaver ribs. Kemper et al. (2007)
references a study done on seven male cadaver ribs ranging in age from 42 to 81 years,
and Choi and Lee (2009) also used 7 male cadavers, though they ranged in age from 64 to
75 years [12-14]. Both of these studies did, however, find rib cortex thickness variations
with rib level (first through twelfth), attachment (true, false, versus floating), laterality
(right versus left), and anatomical region (anterior, lateral, posterior, superior, inferior,
etc.).
Another method of obtaining rib cortical thickness data is from clinical computed
tomography (CT) scan measurements. The full-width at half-maximum (FWHM)
technique applied to CT scans estimates the thickness of an object that does not have
clearly defined, sharp edges, as is the case with cortical bone in clinical CT scans due to
limited resolution. The FWHM technique, however, tends to overestimate thicknesses of
objects less than 2.5mm thick such as the ribs. A more accurate method for estimating
cortex thickness from clinical CT scans was proposed by Treece et al. which will
henceforth be referred to as the cortical density method (CDM) [15, 16]. The CDM
assumes a constant cortex density to estimate the cortical bone thickness from the clinical
CT scan allowing for accurate estimation of cortex thickness down to approximately 0.3
mm. The objective of this study is to apply the CDM to a retrospective collection of
clinical CT scans spanning ages 0-100 and both sexes. The second aim of this study is to
compare the resulting estimated cortical thickness variations with age, sex, rib level, rib
attachment, and anatomical location within each rib.
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3. METHODS
Scan Collection and Segmentation
Clinical thoracic CT scans were retrospectively obtained for 241 healthy, normal
subjects (124 females and 117 males) from the Wake Forest University radiological
database for ages 0-100 years (Figure 1). Any ribs that were fractured or compromised
structurally were excluded from the analysis. Each of the healthy, uncompromised ribs in
each subject’s rib cage was segmented individually using a semi-automated technique in
Mimics (Materialise, Leuven, Belgium). Segmentation of the ribs involved automated
thresholding and region growing operations, followed by manual editing. Each of the
segmented ribs was exported as an individual stereolithography (STL) geometry model
for later use and a whole rib cage STL was exported as well.

Cortical Thickness Estimation Algorithm Validation and Application
The whole rib cage STL was imported as a surface along with the original
subject’s clinical thoracic CT scan into the validated cortical thickness estimation
program, Stradwin [15, 16]. Stradwin used the bone and surrounding soft tissue greyscale
values to estimate the thickness of the cortical bone at each of the STL vertices using the
CDM. This algorithm, which has been validated previously for application to the femur
and skull, was validated in a similar manner for application to the rib cage [15-17].
Anterior and lateral rib sections were taken from the fourth through seventh ribs of six
cadavers. These sections were scanned both with microCT and clinical CT. Both of the
resulting scans were analyzed using the CDM and after a comparison between the
thickness estimations from microCT and clinical CT (Figure 2), the difference in cortical
12

thickness between the two was well within the error range published by Treece et al.
Following validation, the CDM was then applied to the entire rib cages of the 241
subjects included in the study, to collect an average of 40,000-80,000 thickness
measurements per rib cage (Figure 3).

Figure 1. Distribution of the ages and sexes of the subjects studied.
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A.

B.

Figure 2. A & B) Example illustrating
good qualitative agreement between
cortical thickness measurements for the
microCT and clinical CT scans of the
same rib specimen (interior and exterior
views shown). C) Histogram of the
cortical thickness differences (in mm)
between clinical and microCT scans of
homologous regions of the specimen
above.

C.

Figure 3. A) The original surface input to the CDM algorithm and B) the resulting point cloud of
cortical thickness estimations projected onto that surface for a single subject.
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Partitioning Cortical Thickness Measurements into Homologous Regions
To analyze localized thickness variation on each rib, the point clouds of thickness
measurements from each subject’s entire rib cage were partitioned into homologous
regions. Points associated with each individual rib were extracted from the rib cage point
cloud using a density-based clustering algorithm DBSCAN [18] applied using custom
MATLAB code (The MathWorks, Natick, Massachusetts). The previously exported STL
files of each of the individual ribs were overlaid with the rib cage point cloud, and the
more dense overlapping points between the STL and the point cloud were abstracted. The
points (and corresponding cortical thickness estimations) abstracted from the point cloud
were then labeled the same as the STL rib (i.e. points from the point cloud that
overlapped with the points from the “Left Rib 1” STL were then labeled “Left Rib 1
points”).
Each rib was then partitioned into sub-sections based on a modified cylindrical
coordinate system (Figure 4). This modified cylindrical coordinate system was defined
such that each “L” coordinate corresponded to a longitudinal location along the centerline
length of the rib. Then several rib cross-sections normal to the rib centerline were
obtained along this centerline. Within each rib cross-section, a “ρ” coordinate described
the radial location of the thickness measurement while the “θ” coordinate described the
angular location of the thickness measurement.

15

Figure 4. Modified
cylindrical coordinate
system used to
partition the thickness
measurements into
homologous regions
according to
longitudinal location
along a centerline (L)
and the radial (ρ) and
angular (θ) locations
within a rib crosssection normal to the
centerline.

To establish a centerline for each rib, the rib was first centered about its centroid.
Ribs whose centroid was located on the rib geometry (i.e. ribs 11-12) were instead
centered about an approximated position located medially to the mid-point of the rib’s
longitudinal length. Rays were projected from the “centroid” to partition the rib into
segments defined by a “Θ” polar coordinate as shown in Figure 5A. A centroid was
calculated from the points within each segment of a given “Θ” coordinate, and these
segment centroids were then connected using a spline to create the centerline down the
length of the rib (Figure 5B).
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A.

B.

Figure 5. A) Each rib is first
broken into segments based on
its “Θ” value in relation to the
centroid of the rib (indicated
by the green circle). A centroid
for each of these segments is
then calculated (yellow
circles). B) The segment
centroids were then connected
to form a centerline down the
length of the rib.

After the centerline was established, cross sectional rings were identified as
sections perpendicular to the centerline at a predetermined number of locations. The ring
locations were determined by both the length of the rib along the centerline and the
number of rings the rib would have. The number of rings per rib was determined by its
level, such that the first ribs had 10 rings, the second through eleventh ribs each had 30
rings, and the twelfth ribs had 13 rings (Figure 6). The number of rings was determined
experimentally as the greatest number of rings each rib could contain without sacrificing
the shape of the ring.
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Figure 6. The number of rings for each rib was determined by the rib level with 10 rings
comprising the first rib, 13 rings in the twelfth rib, and 30 rings making up each of the second
through eleventh ribs.

The cross-sectional rings were centered about their centroid and a polar
coordinate system was used to define the angular location “θ” of the thickness
measurements within the ring. Thickness measurements were organized into six degree
increment “θ” bins around the ring circumference (60 bins per ring), and the cortex
thicknesses within each bin were averaged. The averaging technique included identifying
points for each bin that represented the inner and outer cortical bone surfaces within that
bin. First, the outer points in each bin were averaged together to get a mean outer cortex
surface location. Next, the thicknesses associated with each of those outer points were
averaged to get a mean cortex thickness for that bin. Finally, the angles formed between
the outer points and their corresponding inner points were averaged to get a mean
direction to project the thickness measurement to the inner surface. Combining these
three parameters, there is a mean outer surface point defined with a thickness and angle at
18

which that thickness ought to be applied, which captures the corresponding mean inner
surface point. These steps effectively averaged the multiple thickness measurements
within each θ bin to define the outer and inner point locations for a single, averaged
thickness measurement within the bin (Figure 7). The “θ” values for each bin for each
ring started superiorly at 0 degrees, increasing first laterally to 90 degrees, then inferiorly
to 180 degrees, then interiorly to the superior position (0 or 360 degrees).
To ensure the angle measures were normalized and labeled with the appropriate
anatomical location, each ring on the subject’s ribs were compared with a homologous
ring on an atlas rib which had a known superior point. The atlas ribs were obtained from
the Global Human Body Model Consortium’s (GHBMC) 50th percentile male’s rib cage
and the partitioning methodology described previously was used to partition the atlas ribs
into cross-sectional rings and angular locations. The superior-most point in each atlas
cross-sectional ring was manually selected and the index number recorded. In a previous
study, the atlas rib landmarks were morphed using image registration to each subject rib
[19]. The angular location of the superior-most atlas point after it was morphed to the
subject rib was labeled as having an angle measure of zero (“superior”), and all other
angle measures were then normalized accordingly.
In total, each subject’s rib cage was partitioned into 38,640 sub-sections defined
by rib level, cross-sectional ring location along a rib centerline, and angular location
within the cross-sectional ring. This partitioning technique was applied to all 241 subjects
so that the thickness measurements at each homologous location within the rib cage could
be obtained for all subjects analyzed.

19

A.

B.

Figure 7. Multiple thickness measurements observed at a given angular location (θ) in original
cross sectional slices due to the 3D nature of the rings seen in A) are averaged to define a single
thickness measurement for each θ bin as shown in B).

4. RESULTS
Cortical thickness measurements obtained from applying the CDM technique to
two subjects (30 year old male and 70 year old male) are shown in Figure 8. The
variation in cortex thickness as well as rib geometry can be visualized.
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Figure 8. The CDM estimated cortical thickness measurements (in mm) for a A) 30 year old
male subject and a B) 70 year old male subject.

Subjects analyzed were grouped into age decades. Female cortex thickness
increases from decade 10 to decade 20, maintaining a relatively thick composition
through decade 40, then steadily decreasing into the elderly ages (Figure 9). Male cortical
thickness increases from decade 10 to decade 30, then decreases in thickness from decade
30 to decade 50, then plateaus in the elderly ages (Figure 9). Both males and females
have unexpectedly thick cortex averages for the youngest pediatric subjects (decade 0).
This is most likely due to the fact that the CDM has only been validated to accurately
estimate thicknesses greater than 0.3 mm and pediatric rib cortex may be thinner than 0.3
mm.
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Figure 9. The mean thickness and standard deviation per decade of age for male and female
subjects for the left 9th rib. These results were typical for all other ribs.

Similar trends are observed when comparing cortical thickness by rib level. For
all rib levels, female cortical thickness increases from decade 10 to 20, plateaus at a
maximum thickness from decades 20 to 40, and then decreases rather steadily into the
elderly ages. In females, the manubrial ribs (first and second) and floating ribs (eleventh
and twelfth) tended to be thicker than the sternal ribs (third through seventh) and false
ribs (eighth through tenth), particularly from decade 20 on (Figure 10A, Appendix A).
Males also increased from decade 10 to decade 30, decreasing in thickness steadily until
plateauing at approximately decade 50. The male ribs seemed to maintain thickness
uniformly across rib levels (Figure 10B, Appendix B). There were again large thicknesses
seen at decade 0 for all rib levels for both sexes, still most likely due to overestimation of
extremely thin cortex in the youngest pediatric subjects.
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Figure 10. Mean thickness by decade for each of the rib levels for both A) females and B) males.
Mean thickness values from the male sternal ribs analyzed in Kemper et al. (2007) are shown as
blue dots in B).

Similar trends were observed when the data was examined based on location
along the rib centerline, from posterior to anterior. Female thicknesses increased from
decade 10 to 20, plateaued at a maximum thickness from decade 20 to decade 40, then
decreased into the elderly ages. There were more dramatic differences in overall
thickness between the different locations along the rib centerline. Going from anterior to
posterior along the rib centerline, rib thickness was thinnest anteriorly, increased in the
lateral portions, and then decreased in thickness posteriorly (Figure 11A, Appendix C).
Males demonstrated increased cortex thickness from decade 10 to decade 30, followed by
decreasing thickness that plateaued at approximately decade 50 (Figure 11B, Appendix
D).

23

A.

B.

Male Thickness by Location Along Rib Centerline

Female Thickness by Location Along Rib Centerline
2.5

2.5
Posterior
Posteriolateral
Lateral
Anteriolateral
Anterior

2

Mean Thickness (mm)

Mean Thickness (mm)

2

1.5

1

1.5

1

0.5

0.5

0

Posterior
Posteriolateral
Lateral
Anteriolateral
Anterior
Kemper, 2007 - Lateral
Kemper, 2007 - Anterior

0

20

40
60
Decade (years)

80

100

0

0

20

40
60
Decade (years)

80

100

Figure 11. Mean thickness by decade for each of the locations along the rib centerline for both
A) females and B) males. Mean thickness values from lateral and anterior locations along the
sternal ribs analyzed in Kemper et al. (2007) are shown as blue and black dots in B).

Thickness measurements were compared around the circumference of the rib, i.e.
the superior, interior, inferior, versus exterior portions of the rib (Figure 12). For all ages
except decade 0, the ribs were thicker along the exterior and interior portions and thinner
at the superior and inferior portions. Figure 13 also shows the mean thickness for all of
the ribs by decade at four generalized locations around the circumference of the ribs
(superior, exterior, inferior, interior). It can again be seen that the exterior and interior
portions are consistently thicker than the superior and inferior portions of the ribs for all
ages, except for decade 10. Lastly, Figure 14 compares the thickness variations both
along the rib centerline and around the circumference. The thicknesses tended to
uniformly increase from posterior to lateral, and then decrease from lateral to anterior,
similar to what is demonstrated in Figure 11.
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Figure 12. Mean thickness changes by decade for the anatomical locations around the circumference of the ribs for both males and females. Each
error bar is constructed using one standard deviation from the mean.
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Figure 13. Mean thickness changes for males and females by decade for each of the locations
around the circumference of the ribs.

Figure 14. Mean thickness plotted by location along the rib centerline for four anatomical
locations around the rib circumference.
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5. DISCUSSION
The CDM method applied to clinical CT scans obtained cortical thickness
estimates similar to the thicknesses measured from the same specimens using microCT
scans, thus validating the CDM method for application to the rib cage. Cortical bone
changes in thickness with age because the rates at which the bone is broken down and
reformed changes throughout life, based on factors such as hormone and activity levels
[20-23].

This study allowed for analysis of the thicknesses at precise locations

throughout the rib cage for comparison with literature values and also between subjects
(based on age and sex) and locations within a single subject’s rib cage.
Cortex increases in thickness for both males and females from age 10 until the
middle ages, with females reaching a thickness plateau from decade 20 to 40 and males
reaching a maximum thickness at decade 30. Cortex then thins steadily into the elderly
ages for both sexes (Figure 9). Both males and females have unexpectedly thick cortex
averages for the youngest subjects (decade 0). This is most likely due to the fact that the
CDM has only been validated to accurately estimate thicknesses greater than 0.3 mm and
pediatric rib cortex is most likely thinner than 0.3 mm.
Thickness trends from decades 10+ are similar to the trends seen in both the
lumbar and femoral cortical bone area measurement data from the National Health and
Nutrition Examination Survey (NHANES) for both males and females [24]. The female
data has a very similar shape, but reaches a maximum thickness later in life (age 45) than
would be expected from the NHANES cross sectional area trends calculated from DXA
which reach a maximum at age 40 (for the lumbar spine). This may indicate that there is
increasing bone formation of the endosteal surface of the bone with increased bone
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resorption on the periosteal surface, allowing for increasing thickness with decreasing
area. Cross-sectional area in male NHANES data does not decrease after reaching a
maximum at approximately age 50, which is contrary to the rib cortical thickness trends
in this study. This may indicate that males have increased resorption on the endosteal
surface and increased bone formation on the periosteal surface, allowing for decreasing
thickness while maintaining a constant cortical area, if the ribs have the same trends as
the lumbar spine. Further studies should look into exactly where the cortical bone is
being lost from (endosteal versus periosteal surfaces).
The sternal rib thicknesses in Figure 10B are comparable to the results published
by Kemper et al. (2007), which examined cortical thickness measurements of a series of
sternal ribs (ribs 4-7) from 6 male cadavers [13]. Choi and Lee (2009) only reported very
specific thickness measurements for an 8th and 9th rib, so his results cannot be compared
broadly [14]. When examining the same locations (the 9th rib compared around the
circumference at a lateral aspect), however, the middle 80% of our thicknesses (range:
0.45 – 1.29 mm) matches almost perfectly with the thickness ranges presented by Choi
and Lee (range: 0.4 – 1.3 mm).
The thicknesses variations along the rib centerline, seen in Figure 11 and Figure
14, match closely with the Kemper et al. (2007) location-based thickness results, as well
as the variations published by Choi and Lee (2009). Kemper’s location-based results are
shown as the blue and black dots in Figure 11 [13]. Choi and Lee (2009) only reported
the linear regression of thickness change from anterior to posterior, though our data does
corroborate an increase in thickness from approximately 0.4 mm anteriorly to about 0.8
mm posteriorly [14].
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For all decades except decade 0, the ribs were thicker in both sexes along the
interior and exterior portions of the rib as compared to the superior and inferior portions,
which supports results found by previous studies [13, 14]. For decade 0, both sexes show
little regional variation, and this is most likely due to the fact that the CDM is
overestimating the cortex thickness equally in all locations.
In general, male and female cortical thickness tended to increase during young
adulthood, and then decrease as the subjects approached middle and elderly age. Agebased regression equations would need to be produced for exact correlation between
cortical thickness and age and sex, and this is a topic of future investigation. One
limitation of this study is that the thickness is estimated. Although the estimation
technique was validated, it was professed to be unable to capture thicknesses less than 0.3
mm, and therefore limited the ability to accurately characterize thickness variations in the
youngest pediatric subjects.

6. CONCLUSION
The objective of this work was to estimate the rib cortical bone thickness for a
population of subjects spanning ages 0 to 100 and for both sexes. The cortical thickness
was estimated from clinical CT scans using the CDM technique, which estimates cortical
thicknesses less than 2.5 mm better than traditional methods such as FWHM. The cortex
is thicker in the manubrial and floating ribs in the females compared to the female sternal
and false ribs, though there was not much difference in cortex thickness based on rib
level for the males. The anterior portions of the rib cortical bone remained the thinnest for
both males and females, increasing in thickness to a maximum at the lateral portions of
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the ribs, and then thinning to the posterior portions. The exterior and interior portions of
the ribs remained thicker than the superior and inferior aspects for all locations along the
rib centerline for both males and females. The methodology presented in this paper has
already been applied to characterize the cortical bone thickness of the skull, and could be
applied to characterize cortical thickness of other bones from normal or diseased subjects.
Accurately characterizing the cortical bone thickness variations in the ribs with age and
sex will allow for a more biofidelic model of the ribcage for any age, which in turn
provides accurate injury information allowing for increased safety for all ages.
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9. APPENDIX
A. The mean, standard deviation (STD), and interquartile range (IQR) for the rib cortical
thickness values in mm for the different rib levels by decade for female subjects.
Females
Manubrial
Sternal
False
Decade Mean STD IQR Mean STD IQR Mean STD
0
0.83 0.54 0.78 0.64 0.45 0.45 0.71 0.45
10
0.50 0.31 0.31 0.49 0.21 0.25 0.50 0.20
20
1.12 0.55 0.68 1.00 0.46 0.66 1.03 0.50
30
1.18 0.55 0.66 1.03 0.38 0.45 1.05 0.51
40
1.10 0.56 0.61 0.97 0.34 0.43 1.00 0.42
50
0.95 0.50 0.56 0.82 0.30 0.41 0.82 0.42
60
0.90 0.49 0.58 0.83 0.33 0.44 0.81 0.38
70
1.05 0.54 0.70 0.89 0.37 0.44 0.82 0.42
80
0.77 0.38 0.41 0.72 0.31 0.34 0.69 0.33
90
0.93 0.48 0.58 0.79 0.31 0.37 0.69 0.30

Floating
IQR Mean STD IQR
0.57 0.91 0.47 0.67
0.24 0.73 0.39 0.50
0.77 1.17 0.53 0.75
0.60 1.14 0.51 0.54
0.54 1.16 0.53 0.65
0.50 0.82 0.36 0.48
0.50 0.83 0.38 0.50
0.54 0.87 0.45 0.52
0.37 0.74 0.41 0.46
0.37 0.71 0.30 0.38

B. The mean, standard deviation (STD), and interquartile range (IQR) for the rib cortical
thickness values in mm for the different rib levels by decade for male subjects.
Males
Manubrial
Sternal
False
Floating
Decade Mean STD IQR Mean STD IQR Mean STD IQR Mean STD IQR
0
0.70 0.48 0.64 0.50 0.33 0.30 0.59 0.37 0.38 0.91 0.44 0.67
10
0.56 0.39 0.39 0.58 0.25 0.32 0.57 0.25 0.30 0.57 0.26 0.30
20
0.81 0.69 0.65 0.82 0.48 0.66 0.80 0.45 0.65 0.88 0.49 0.64
30
1.00 0.46 0.45 1.03 0.35 0.44 1.02 0.37 0.47 1.08 0.41 0.54
40
0.91 0.43 0.44 0.91 0.34 0.45 0.93 0.37 0.49 0.93 0.34 0.44
50
0.86 0.46 0.44 0.84 0.29 0.38 0.83 0.33 0.42 0.79 0.31 0.37
60
0.86 0.49 0.50 0.83 0.33 0.39 0.83 0.34 0.48 0.80 0.37 0.44
70
0.89 0.45 0.51 0.84 0.32 0.38 0.80 0.33 0.42 0.72 0.29 0.37
80
1.02 0.50 0.59 0.91 0.33 0.40 0.87 0.33 0.40 0.83 0.35 0.43
90
0.99 0.45 0.49 0.93 0.29 0.37 0.90 0.33 0.46 0.78 0.28 0.38
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C. The mean, standard deviation (STD), and interquartile range (IQR) for the rib cortical
thickness values in mm for the different ring levels by decade for female subjects.
Females
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D. The mean, standard deviation (STD), and interquartile range (IQR) for the rib cortical
thickness values in mm for the different ring levels by decade for female subjects.
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1. ABSTRACT
Motor vehicle crashes (MVCs) are responsible for nearly 1.3 million deaths
worldwide, with a large number of serious and fatal injuries sustained in MVCs occurring
in the thorax. Thoracic injuries are more likely to kill or disable elderly occupants due to
variations that occur within the ribcage as people age, including geometry, material
property, and compositional (cortex) changes. In this study, cortical bone thickness
changes in the ribs were characterized by applying a cortical thickness estimation
algorithm to retrospective clinical computed tomography (CT) scans of 222 subjects
spanning ages 10-100 within both sexes. The rib cortex thickness estimations were then
partitioned into homologous regions and compared with age, sex, rib level, rib
attachment, and anatomical location within each rib and the thickness measurements
within each homologous region was averaged. The subject-specific thickness data for
each homologous region was then fit with a regression curve to characterize the thickness
variation at each region with age and sex. Although the cortex showed variations in the
thickness trends (percent change) with age based on rib level, analysis of the regressed
thickness values showed much smaller rib level based variation. The anterior portions of
the rib cortical bone remained the thinnest for both males and females, increasing in
thickness to a maximum at the lateral portions of the ribs, and then thinning to the
posterior portions (although the anterior portion was much thinner than the posterior
portion throughout the lifespan). The exterior and interior portions of the ribs were
thicker than the superior and inferior aspects for all locations around the circumference of
the rib for both males and females for ages 10 and older, though the trends as the
thicknesses changed with age were uniform for all sections. Applying these regression
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functions for cortical rib thickness will lead to more biofidelic thorax models and
enhanced safety for occupants of all ages.

2. INTRODUCTION
Motor vehicle crashes (MVCs) kill 1.3 million people worldwide every year, with
34,000 of those from the United States alone. In MVCs, the thorax is one of the most
commonly injured body regions, ranking second only to head injuries in terms of
frequency, number of fatal and serious injuries, as well as overall economic cost [1].
Sirmali et al found that almost 40% of hospital patients with thoracic injury have rib
fractures, and Arajärvi et al identified rib fractures in nearly 94% of severely or fatally
injured belted occupants [2, 3]. Unfortunately, rib fractures are not only common, but
they pose an almost doubled risk of mortality and morbidity in the elderly population
than in younger occupants [4-6]. In a study of subjects over the age of 60 who had fatal
chest injuries, it was shown that for 40% of those fatalities, the worst chest injury
sustained was rib fractures, according to the Crash Injury Research and Engineering
Network (CIREN) database [7].
Three factors have been proposed to explain the changes in thoracic injury
tolerance that occur with age: 1) material changes, 2) compositional changes (including
cross sectional cortex area), and 3) thoracic geometric changes [7]. Rib material property
variations have been characterized extensively through the use of whole thorax, whole
rib, and coupon testing [8-12]. Weaver et al and Gayzik et al also characterized three
dimensional rib geometry changes with age and sex [13, 14]. Studies have also examined
rib cortical bone thickness and area variations throughout the ribcage using microscopy
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estimation, clinical computed tomography (CT) estimation, and microCT measurements
[12, 15, 16, Lynch Chapter II].
Cortical bone varies in thickness based on changes in bone resorption and
formation, which can be influenced by a person’s hormone and activity levels [17-20]. As
a result, there are regional variations in rib cortex thickness within an individual as well
as variations in cortex thickness between individuals of different ages and sexes. Several
studies have quantified changes in cortex thickness and cortical area with age, though
none have fully quantified cortical thickness variation with age and sex regionally within
the ribs [13, 21, 22]. The objective of this study is to develop regression equations to
quantify regional cortex thickness changes with age and sex from a population of 222
subjects. The second aim of this study is to compare the resulting regressed cortical
thickness variations with age, sex, rib level, rib attachment, and anatomical location
within each rib.

3. METHODS
Scan Collection and Segmentation
Clinical thoracic CT scans were retrospectively obtained for 222 healthy, normal
subjects (114 females and 108 males) from the Wake Forest Radiological database for
ages 10-100 years (Figure 15). Any ribs that were fractured or compromised structurally
were excluded from analysis. Each of the healthy, uncompromised ribs in each subject’s
ribcage was segmented individually using Mimics (Materialise, Leuven, Belgium).
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Cortical Thickness Estimation Algorithm Application
The whole ribcage segmentations were imported as a surface along with the
original subject’s clinical thoracic CT scan into the validated cortical thickness estimation
program, Stradwin [21, 23, 24][Lynch, 2015]. Stradwin, which utilizes the cortical
density method (CDM), assumes a constant cortex density to estimate the cortical bone
thickness from the clinical CT scan allowing for accurate estimation of cortex thickness
down to approximately 0.3 mm. The CDM was applied to the entire ribcages of the 222
subjects to collect an average of 40,000-80,000 thickness measurements per ribcage.

Figure 15. Distribution of the ages and sexes of the subjects included in this study.

After the CDM was applied to all of the subjects, each of the thickness estimates
for the subjects were partitioned into homologous regions outlined in Lynch et al, 2015.
Each subject’s ribcage was sub-sectioned into homologous regions based on rib level,
distance along the rib length (defined by cross-sectional rings shown in Figure 16A), and
location around the rib circumference (60 angle measures shown in Figure 16B). For each
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subject, the thickness values within each homologous region were averaged to obtain a
single average thickness measurement within the homologous region.
A.

B.

Figure 16. The organization of A) rings and B) angle measures into anatomical categories along
the length of the rib and around the circumference of the rib, respectively.

The average thickness measurements within a particular homologous region for
all subjects of a given sex were regressed with age using Equation 1. This equation was
chosen because it fit the subject data well, capturing the cortical thickening through the
young adult ages, a maximum thickness reached in the middle ages, and then the cortical
thinning into the elderly ages.
𝑦 = 𝑎 + 𝑏𝑥𝑙𝑛(𝑥) + 𝑐𝑙𝑛(𝑥)

[1]

Where a, b, and c are the regression coefficients, x is subject age in years, and y is the
cortical thickness in mm.
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Comparisons were made for the regressed cortical thicknesses for both sexes with
age based on rib level (first through twelfth), attachment (manubrial, sternal, false,
floating), and anatomical region (anterior, lateral, posterior, superior, inferior, etc.).

4. RESULTS
A sample regression curve for a single sub-section of the male ribcage can be seen
in Figure 17. Equation 1, shown as the red curve in Figure 17A, is fit to the original
subject thickness estimations for all ages at that sub-section (blue circles). Based on the
regression equation, the thickness of the rib cortical bone is seen to increase steeply
through the younger ages for this particular sub-section, reach a maximum during the
middle ages, and then decrease fairly steadily into the elderly ages. These trends were
generally typical for all sub-sections. Cortical thickness variation trends for the entire
ribcage for both males and females are shown in Figure 18 where the regression
equations are evaluated for ages 20, 40, 60, and 80 years. The cortex thickness for both
sexes increased from age 20 to 40, reached a maximum between 40 and 60 and then
decreased from 60 to 80. There was slight thickening with age seen in some portions of
the first rib for both males and females. Variations in thickness throughout the ribcage
can be visualized too, with thinner cortex at the anterior and posterior portions of each
rib. There are also visible variations between the different ribs and around the rib
circumference.
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Figure 17. A) An example regression curve for a
single sub-section for the males. B) This sub-section
is on the medial aspect of the third ring on the left
fifth rib.

Figure 18. The resulting cortex thickness for the entire ribcage for both males and females at
ages 20, 40, 60 and 80.

The average cortical thickness of the entire rib cage for each age decade was used
to compute the percent change in thickness relative to a 10 year old (Figure 19A).
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Females tended to increase in percent thickness almost equivalently with the males, until
the maximum thickness is reached (at approximately age 45 for females and 55 for
males). Then females decrease in thickness much more dramatically than males into the
elderly ages. The average maximum thickness for both males and females is
approximately 200% of the cortex thickness at age 10. In elderly age, male and female
cortical thickness decreased to approximately 180% and 140%, respectively. The
regressed cortex thicknesses for the different ages for both sexes show that females begin
with thicker ribs and actually have thicker average cortical bone until approximately age
70 (Figure 19B).
A.

B.

Figure 19. A) The percent change in cortex thickness (average from the entire rib cage) relative
to a 10 year old for both males and females. B) The regressed cortex thickness with age for both
males and females.

Looking specifically at rib level, females had similar trends in the percentage of
cortical thickening for the manubrial (ribs 1-2), sternal (ribs 3-7), and floating (ribs 8-10)
ribs, increasing up to approximately 200% of the thickness at age 10 and decreasing to
about 150% at age 100 (Figure 20A). The female false ribs (ribs 11-12) did not undergo
as much change, increasing only to about 150% of the thickness at age 10 and decreasing
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to nearly 80% at age 100. Although the female false ribs did not change in thickness as
much, they in the younger ages they were much thicker that the other rib levels.
However, by the elderly ages, the false rib thicknesses are similar to the other rib levels
(Figure 20C). Males had more thickening in their manubrial ribs, up to 225% relative to a
10 year old, which then decreased to 200% in elderly age (Figure 20B). The male
manubrial ribs tended to be thinner than the rest of the ribs in the younger ages (Figure
20D). The male’s sternal and floating ribs mimicked the trends for the females,
increasing to nearly 200% and decreasing to approximately 175% relative to the 10 year
old thickness. The false ribs in males showed the least change in cortex thickness,
increasing only to about 175% then decreasing to about 110% relative to the 10 year old
thickness.
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Females
A.

Males
B.

C.

D.

Figure 20. Rib level comparisons for the percent change in cortex thickness compared to the
cortex thickness at age 10 by rib level for A) females and B) males, as well as the regressed
cortical bone thickness with age for C) females and D) males.

Females did not tend to have much variation in cortical thickening or thinning
trends between the anatomical locations within the ribs, both along the length of the rib
and around the circumference. Thicknesses values increased to approximately 200%
relative to a 10 year old, then decreased to approximately 140% in elderly age (Figure
21A and Figure 22A). However, there were some distinct differences in the regressed
thickness values with age for these locations for females. The female rib cortex increased
in thickness from the anterior portions of the rib to the lateral sections, then decreased in
thickness from lateral to posterior portions. The anterior portion remained the thinnest
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region of all (Figure 21C). Around the circumference of the rib, it is evident that the
superior and inferior portions remain thinner than the exterior and interior locations
(Figure 22A and C).
Males had less thinning in the anterior portion of the rib compared to both females
and the other rib portions after reaching age 50, increasing to nearly 260% relative to the
10 year old thickness and then decreasing to only 220% at age 100 (Figure 21B). The
anterior portions of the ribs were thinner than other regions for the younger ages, and by
the elderly ages, reached a maximum thickness similar to the rest of the rib. The posterior
and anterolateral rib thicknesses did not vary as much down the rib. Thicknesses in these
regions increased with age to about 190% and then decreased with age to approximately
175% of the thickness at age 10. However, the posterior portion did thin at a faster rate
than all of the other locations. The lateral and posterolateral sections increased to
approximately 175% and then decreased to about 150%. Males also had cortex
thickening from the anterior region to the lateral region, and then thinning posteriorly,
with the anterior aspect remaining the thinnest across all ages (Figure 21D). Similar to
females, males did not seem to have any differences in cortex thickening or thinning
trends in relation to the anatomical location around the circumference of the rib. All four
anatomical regions studied increased to approximately 200% relative to the 10 year old
thickness, and then decreased to approximately 180% at age 100 (Figure 22B). The
regressed thickness values for males did show increased thickness at the exterior and
interior portions of the ribs compared to the superior and inferior sections (Figure 22D).
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Females
A.

Males
B.

C.

D.

Figure 21. The percent change in cortex thickness compared to the cortex thickness at age 10 by
anatomical location down the length of the rib for A) females and B) males, as well as the
regressed cortical bone thickness with age for C) females and D) males.
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Females
A.

Males
B.

C.

D.

Figure 22. The percent change in cortex thickness compared to the cortex thickness at age 10 by
anatomical location around the rib circumference for A) females and B) males, as well as the
regressed cortical bone thickness with age for C) females and D) males.

5. DISCUSSION
Regression equations were fit to subject-specific rib cortical thickness data
obtained using the CDM method on 222 male and female subjects ranging in age from 10
to 100 years. The resulting regressions showed general cortical thickening during the
early adult years, with ribs reaching a maximum thickness during the middle ages, and
then thinning in the elderly ages. Females on average reached their maximum thickness at
approximately age 45, while males reached their maximum thickness, approximately a
decade later, at about 55. Females experienced a much steeper slope of cortex thickening
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up until their maximum thickness as opposed to males (Figure 19B). Females also had
more dramatic cortex thinning into the elderly ages compared to males, who have slighter
thinning of the cortex after age 55 (Figure 19).
These sex-specific trends, particularly of the cortical thinning into the elderly
ages, presents as expected based on aging bone literature. As bone ages, it has been
shown to have a reduction in new osteoblasts (bone forming cells) as well as a shorter
lifespan for mature osteoblasts [25]. There have also been variations in bone loss
associated with estrogen levels and Frost et al identified increased bone loss in women
after the onset of menopause, which would agree with the increased cortical thinning
trends in women versus men after the maximum thickness is reached [26].
In female rib level analyses, the false ribs changed the least with age (Figure
20A). The female false ribs had the thickest cortex in the younger ages and achieved
similar thicknesses to the rest of the rib levels into the elderly ages (Figure 20C). The
male false ribs also changed the least percent with age, but started out only slightly
thicker than the other ribs and by the elderly ages were much thinner than the rest. The
male and female ribs tended to have similar trends between locations along the rib length
(Figure 21A and B). This data matches well with the data presented in Kemper et al. 2007
work that noted that, at least on the exterior side, the lateral portions of the rib (ranging in
thickness from 1.05 to 1.39 mm) were thicker than the anterior portions (ranging from
0.55 to 0.97 mm) [12]. Looking specifically at male subjects (since Kemper only
included male cadaver ribs from ages 42-81), the regressed values for the lateral section
ranges from approximately 0.60 to approximately 1.0 mm, and the regressed values for
the anterior portion range from about 0.20 mm to about 0.65 mm. Although our ranges
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include much thinner cortex estimates than Kemper’s data, our data is averaged for the
entire rib (including more than simply the exterior section), which may decrease our
average thicknesses. Our range is also for thicknesses of all ages 10-100, which includes
the thicknesses from the much thinner pediatric and elderly ribs.
Males and females had very similar trends in age-related thickness changes
between the different locations around the circumference of the rib. However, the
superior and inferior portions were thinner than the exterior and inferior portions in both
sexes. These comparisons are similar comparatively to the circumferential variations
found by Choi and Lee (2009) [15]. Choi and Lee fit a curve to raw cortical thickness
measurements taken from lateral cross sections of seven elderly (ages 64-75) Korean
male subjects’ ninth ribs, which ranged from approximately 0.3mm in the superior and
inferior portions to approximately 1.2 mm in the interior portion and 1.0 in the exterior
portion. Our data does not show nearly as much variation for a single rib cross section,
but does show approximately 0.1 mm of variation between the superior/inferior portion
and the interior/exterior portion. These variations may be explained by the fact that
increased bone formation has been identified at locations of increased loading, and the
exterior and interior portions of the rib are the aspects that are under tension and
compression during rib bending [27].

These variations in rib cortical bone thickness with age and sex provide an ideal
basis for comparing normal cortex with diseased cortex (irradiated, cancerous,
osteoporotic, etc.). These regressions can also be used for calculating the approximate
cortical thickness for use in subject-specific finite element models, which can in turn
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better predict rib fracture in subjects of all ages. Better predictive models for rib fracture
will allow for improved mitigation of thoracic injuries, which in turn saves lives.

6. CONCLUSION
This study used data from 222 subjects to develop functions to quantify rib
cortical thickness variation within the rib cage and with age (10-100 years) and sex. In
general, rib cortex thickens through the young adult ages and reaches a maximum
thickness in the middle ages that is approximately double the cortical thicknesses of a 10
year old. From middle to elderly age, rib cortical thickness decreases steadily to about
180% (males) and 140% (females), relative to the 10 year old cortical thickness.
Thickness variations were observed between different rib levels, locations along the rib
length, and locations around the rib circumference. These regression curves can be used
in the future for comparison with diseased bones as well as for incorporation of variable
cortical thickness into personalized finite element thoraxes.
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Chapter IV: Summary of Research
The research presented in this thesis has yielded important contributions to the
field of injury biomechanics. Through the application of a cortical thickness estimation
algorithm and subsequent analysis of the estimated cortex thicknesses by age and sex, the
following objectives have been completed in this thesis:
1. Compare cortex thicknesses variations with rib level, rib attachment, age, sex, and
anatomical location within each rib.
2. Fit a regression curve to cortical thickness estimates throughout the ribcage to
characterize regional cortex thickness changes with age and sex.
3. Compare the resulting regressed cortical thickness variations with age, sex, rib
level, rib attachment, and anatomical location within each rib.
Quantification of the changes in rib cortical bone thickness with age and sex will
not only allow for personalized finite element models to be created with increased
biofidelity, but can also be used as a basis for comparison with disease states. The
methodology presented here can also be used in a number of applications. Research
presented in Chapter II and Chapter III is expected to be published in scientific journals
listed in Table 1.
Table 1. Publication plan for research outlined in this thesis.
Chapter Topic
Journal
II
Application of CDM and Subsequent Journal of Anatomy
Organization of Cortex Thickness
Estimates
III
Regression and Analysis of
Journal of Anatomy
Regionally Organized Cortex
Thickness Estimates by Age and Sex
†Published
*Submitted
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