QUANTIFYING RADIATION INDUCED CORTICAL BONE LOSS USING
COMPUTED TOMOGRAPHY (CT) IMAGING

BY

CATHERINE OKOUKONI

A Dissertation Submitted to the Graduate Faculty of

WAKE FOREST UNIVESITY GRADUATE SCHOOL OF BIOMEDICAL
ENGINEERING
in Partial Fulfillment of the Requirements
for the Degree of
DOCTOR OF PHILOSOPHY
Biomedical Engineering
May 2016
Winston-Salem, North Carolina

Presented to:
Michael T. Munley, PhD, Advisor/Chair
Jeffrey S. Willey, PhD,
A. William Blackstock, MD
Ashley A. Weaver, PhD
J. Daniel Bourland, PhD

DEDICATION

This work is dedicated to my parents, Patrick and Anastasia Okoukoni.

Thank you for teaching me that hard work, dedication and faith is the path to my dreams.

2

ACKNOWLEDGMENTS

I want to extend my deepest gratitude to…
….my family and friends who supported me on this journey.
….my research advisors, Dr. Munley and Dr. Willey, for their unwavering
support and mentorship throughout this project.
….my committee members who offered me guidance and support over the
years.
….my co-authors for their insight, hard work, and helpful feedback.

Thank you for making this an amazing journey

3

TABLE OF CONTENTS
List of Illustrations and Tables .........................................................................................6
List of Abbreviations .........................................................................................................8
Abstract .............................................................................................................................10
Chapter 1: Project Rational ............................................................................................12
1.1 Rational 1 .................................................................................................................12
1.2 Rational 2 ................................................................................................................15
1.3 Rational 3 .................................................................................................................17
Chapter 2: General Hypothesis and Specific Aims .......................................................19
Chapter 3: General Bone Background ..........................................................................22
3.1 Bone Structure and Composition .............................................................................22
3.2 Bone Remodeling .....................................................................................................24
2.3 Bone Fracture Mechanics .........................................................................................26
Chapter 4: Medical Imaging Background ....................................................................28
4.1 Image quality ............................................................................................................28
4.2 Radiography Basics .................................................................................................30
4.3 Principles of Computed Tomography ......................................................................34
Chapter 5: Radiation Therapy Background ................................................................45
5.1 Basic principles of Radiation Therapy ....................................................................45
5.2 Quantifying Radiation Dose .....................................................................................47
5.3 Radiobiology of bone ...............................................................................................49
Chapter 6: Methodology..................................................................................................51
6.1 Research Questions and Hypothesis .......................................................................51
6.2 Research Design .......................................................................................................53
6.3 Procedures ................................................................................................................54
6.4 Data processing and analysis ....................................................................................63
Chapter 7: A cortical thickness and radiation dose mapping approach identifies
early thinning of ribs after stereotactic body radiation therapy
Published Manuscript ....................................................................................................66
Chapter 8: Early Dose-Dependent Cortical Thinning of the Femoral Neck in Anal
Cancer Patients Treated with Pelvic Radiation Therapy
Published Manuscript .....................................................................................................86
4

Chapter 9: Late Effects of Total Body Irradiation on Vertebral Bone in Clinically
Relevant Non-Human Primate Model
Submitted Manuscript .................................................................................................103
Chapter 10: Conclusion .................................................................................................122
References .......................................................................................................................126
Appendix .........................................................................................................................153
Curriculum Vitae ...........................................................................................................159

5

LIST OF ILLUSTRATIONS
CHAPTER 4 ......................................................................................................................................
4.1 The partial-volume effect .................................................................................................... 36
4.2 Out of plane blurring of cortical bone layer ........................................................................ 37
4.3 Fan-beam acquisition geometry ........................................................................................... 41
CHAPTER 6 ......................................................................................................................................
6.1 Cortical density estimation from a low resolution CT data set ............................................ 56
6.2 Cortical thickness estimated using a seven parameter model for each vertex ..................... 58
6.3 Additive and multiplicative condition for a linear transform .............................................. 61
6.4 Regional cortical thickness analysis workflow ................................................................... 64
6.5 Cortical thickness analysis using machine learning techniques ........................................... 65

6

LIST OFABBREVIATIONS
1D

One dimensional

2D

Two dimensional

3D

Three dimensional

BMD

Bone mineral density

BMI

Body mass index

BMU

Bone multicellular unit

BP

Back projection

CaHA

Calcium Hydroxyapatite

cc

Cubic centimeter

cm

Centimeter

CRT

Chemotherapy and Radiation Therapy

CSA

Cross sectional area

CT

Computed Tomography

Ct.Th
DEXA
DICOM

Cortical thickness
Dual-energy X-ray absorptiometry
Digital Imaging and Communications in
Medicine

DNA

Deoxyribonucleic acid

DSB

Double stranded break

E

Energy

e-

Electron

ECOG

Eastern Cooperative Oncology Group
performance status

ESF

Edge spread function

eV

Electron volt

F1

Fourier transform (one dimensional)

F2

Fourier transform (two dimensional)

FN

Femoral neck
7

FWHM

Full width at half maximum

Gy

Gray

HU

Hounsfield unit

hv

Photon energy

I

Intensity

Iz

Section modulus

ICP
IMRT

Iterative Closest Point
Intensity modulated radiation therapy

J

Joule

kg

Kilogram

LSF

Line spread function

Mb

Bone density

Ms

Soft tissue density

mg

Milligram

MTF

Modulation transfer function

N

Number of photons

NHP

Non-human primate

OAR

Organs at risk

P

Projection

PDF

Probability density function

PSF

Point spread function

Ps.Pm
qCT

Periosteal perimeter
Quantitative computed tomography

Q

Charge

R

Radon transform

RadCCORE

Radiation Countermeasures Center of
Research Excellence

ROI

Region of interest

8

RQ

Research question

RT

Radiation therapy

RTOG

Radiation Therapy Oncology Group

SBRT

Stereotactic body radiation therapy

SCC
SEER

Squamous cell carcinoma
Surveillance, Epidemiology, and End
Results

SOI

Structure of interest

SRE

Skeletal related event

SSD

Single strand break

t

Thickness

T

Linear transform

TBI
TERMA

Total body irradiation
Total Energy Released per unit Mass

trBMD

Trabecular bone mineral density

vBMD

Volumetric bone mineral density

voxel
W

Volume element
Average energy per ionization

ypeak

Peak CT value

Z

Atomic Number

μ

Attenuation coefficient

µb

Attenuation coefficient for bone

µs

Attenuation coefficient for bone

ρ

Density

σ

Standard deviation

ωc

Critical frequency

9

ABSTRACT
Bone fracture is a major complication of radiation therapy (RT). The etiology of
RT-induced fractures is unclear, but likely involves bone damage and deterioration.
Unfortunately, there remains a paucity of quantitative data on structural bone changes
after exposure to RT. The primary goal of this project is to quantify RT-related structural
bone changes in cancer patients using computed tomography (CT) scans obtained in the
course of treatment. Our hypothesis is that exposure to radiation produces early
structural changes in the cortical and trabecular bone compartments.
Clinically, bone fracture, cortical thinning, necrosis, and fibrosis have been
reported after thoracic stereotactic body radiation therapy (SBRT). These structural
changes are difficult to quantify on clinical CT imaging due to limited spatial resolution.
In this study, we applied novel image processing techniques to estimate early SBRTrelated changes in cortical thickness (Ct.Th) within the ribcage. Using these techniques,
we observed rapid, dose-dependent cortical thinning in patients treated with SBRT.
Pelvic radiation increases the risk of hip fracture in cancer patients. In this study,
we observed early RT-related bone mineral density (BMD) loss and focal cortical
thinning in the proximal femur of anal cancer patients. While fracture risk was not
assessed, early bone loss may contribute to the mechanism of fracture.
Pediatric cancer survivors treated with RT have an increased incidence of
musculoskeletal complication. Due to limited imaging follow-up in this population,
quantitative analysis of bone structure is difficult. In this study, we examined long term
RT-related changes in vertebral body BMD, Ct.Th, dimensions, and strength using a
clinically relevant non-human primate (NHP) model of pediatric RT exposure. In our
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cohort, all examined structural and strength parameters were similar in irradiated versus
control NHPs. These findings suggest that long term bone complication in pediatric
cancer survivors are not completely explained by RT-induced bone loss.
Our investigation of early and late effects of RT on structural parameters of bone
provides a good foundation for assessing post-RT bone complications in cancer patients
using clinical imaging.
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CHAPTER ONE PROJECT RATIONALE
1.1 Rational 1: Characterizing Radiation Induced Bone Loss
Bone fragility is a major complication of therapeutic radiation treatment (RT) [1–
6]. Pathological fractures are observed in 1.8–22.3 % of cancer patients [1,7–10].
Common sites of fracture include the pelvis, femoral neck (FN), vertebral body, and ribs
[2,11]. With nearly two-thirds of all cancer patients requiring RT, radiation induced bone
damage is an important concern.
RT-related bone damage, likely, involves reactive changes in bone remodeling, as
well as direct damage to the bone and vascular tissue [4,12,13]. Bone is a load bearing
structure that adapts to loading and calcium demands [14]. This is accomplished through
continuous remodeling.
Bone remodeling occurs asynchronously throughout the skeleton. At any given
time, the adult skeleton has approximately 1-2 million microscopic remodeling foci,
known as basic multicellular units (BMUs) [15]. This dynamic cycling of bone maintains
adequate bone quality, repairs micro-damage [16–19], and preserves structural
heterogeneity [18–20].
Bone remodeling is initiated by crack formation or mechanical deformation,
which stimulates bone resorption through osteoclast activation [15]. Stressors, such as
chemotherapy and radiation exposure, can also produce reactive changes in osteoclasts
that promote bone resorption [21,22]. Disproportional stimulation of bone resorption or
decreased bone formation can reduce bone mass, diminish bone quality, and increases
bone fragility [18]. Excessive bone loss has been reported after site specific RT and total
body irradiation (TBI) in both clinical and preclinical studies.
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Currently, bone mineral density (BMD) is the gold standard for assessing bone
loss and predicting fracture risk. Dual-energy x-ray absorptiometry (DEXA) is commonly
used to estimate BMD. The optical density per square centimeter of bone surface can be
calculated from plain film x-ray images. The risk of fracture is assessed using the Tscore, which identify the number of standard deviations above or below a comparative
BMD mean for a patient’s ethnicity and gender. Quantitative computed tomography
(qCT) can be used to calculate volumetric bone mineral density (vBMD). This method
uses a scanned calibration phantom to convert bone attenuation, measured in Hounsfield
Units (HU), to bone density units (mg/cc of calcium hydroxyapatite (CaHA). The
advantage of vBMD is that the density of the trabecular and cortical bone compartments
can be calculated separately. Unfortunately, subtle BMD changes are difficult to detect
using conventional imaging techniques, especially in structures with low trabecular bone
density [23–25].
While bone strength depends on a number of architectural and compositional
factors [18], cortical thickness (Ct.Th) is a prominent determinant of bone strength.
Cortical bone is the primary barrier to crack propagation. Changes in the spatial
distribution of cortical bone can significantly increase the propensity for bone fracture
[18,25–28]. Cortical bone remodeling occurs more slowly than trabecular bone
remodeling [15]. Alterations in cortical bone morphology, such as cortical thinning and
increased intra-cortical porosity, may be more specific indicators of reactive changes in
bone turnover than trBMD loss.
Unfortunately, thin cortical bone is poorly visualized on clinical computed
tomography (CT) imaging due to the limited spatial resolution [29]. Thus, with current
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prognostic imaging capabilities, it is difficult to quantify Ct.Th changes in structures with
thin cortical bone, such as the ribs and the proximal femur. Novel image processing
techniques can be used to improve the accuracy of Ct.Th estimation from low resolution
CT images [27,29,30]. In this project, Ct.Th mapping was integrated into radiation
treatment planning techniques to assess focal RT-related cortical bone loss in patients
treated with RT.
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1.2 Rational 2: Quantifying Radiation Induced Bone Loss in Common Site of Fracture
A number of studies have described spontaneous rib fractures in cancer patients
treated with thoracic RT [11,12,31,32]. The incidence of rib fracture after hypofractionated stereotactic body radiation therapy (SBRT) are generally higher than those
associated with other RT techniques, such as tangential breast irradiation [2,11,31,33,34].
Rib fractures are seen as early as 7 months after thoracic SBRT, with a cumulative risk of
38% at 3 years [35]. Chest wall edema, cortical bone thinning, and/or osteosclerosis are
seen in about one-quarter of treated patients within the first year of SBRT [11]. These
structural changes are associated with rib fracture [36]. While several retrospective
dosimetric analyses have reported that volumetric rib dose is a significant predictor for
rib fracture [9,35,37], the relationship between volumetric rib dose and reactive changes,
such as cortical thinning, has not been established. In this study, we examine dosimetric
risk factors for post-RT cortical bone loss.
Hip fractures are a recognized complication of pelvic RT, with reported five-year
hip fracture rates ranging from 7-45% in patients treated for pelvic malignancies [13,38–
40]. The median time from the end of RT to fracture diagnosis ranges from 14-20 months
[6,13,38,41–43]. Fracture in previously irradiated bone are difficult to treat due to high
non-union rates [44,45]. Conformal RT techniques, such as intensity-modulated
radiotherapy (IMRT), are used to minimize bone radiation exposure. However, pelvic
node irradiation can expose the proximal femur to relatively high RT doses, even with the
use of highly conformal techniques [46]. In this study, we assess the relationship
between volumetric dose and early cortical thinning in the proximal femur.
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Pediatric cancer survivors treated with RT compose a significant portion of long
term cancer survivors. These patients have an increased incidence of musculoskeletal
complication [47–51]. Growing bone may be more sensitive to the effects of RT and
early exposure may produce persistent changes in bone structure that jeopardize bone
strength in adulthood. Late RT effects (> 5 years post-RT) on structural bone parameters
that may predispose bone to fracture have not been quantitatively assessed. In this study,
we examined long term RT-related changes in vertebral body BMD, Ct.Th, dimensions,
and strength using a clinically relevant non-human primate (NHP) model of pediatric RT
exposure.
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1.3 Rational 3: Identifying Patients That May Benefit from Prophylactic Intervention
Numerous bone antiresorptive agents have been developed to treat osteoporotic
bone loss. Many pharmaceuticals target osteoclasts to reduce the rate and extent of bone
remodeling and delay the progression of bone loss [15]. Unfortunately, it is difficult to
block osteoclast activity without disrupting osteoblast function [15].
Bisphosphonates are among the most common antiresorptive drugs.
Bisphosphonates attach to hydroxyapatite binding sites on bone surfaces and prevent
osteoclasts from forming the ruffled border at the site of reabsorption, adhering to the
bony surface, and producing the protons necessary for resorption [52]. By selectively
targeting osteoclast activity, bisphosphonates prevent the formation of new BMUs and
limit the excavation of existing sites. Bisphosphonates have been shown to reduce bone
loss at the endosteal surface and cortical bone thinning [15]. The effectiveness of these
drugs depends on the baseline rate of bone remodeling in patients. Bisphosphonates are
significantly less effective in patients with low baseline bone turnover rates.
Understanding the relative roles of reactive bone resorption and direct RT damage
in bone fragility is important as the mechanism of damage should guide intervention.
Direct damage to collagen, a major constituent of the bone matrix, is detrimental to bone
strength. Exposure to high RT doses (>30k Gy) can produce non-enzymatic crosslinking
of collagen with oxidizing sugars and free amino groups in cortical bone, decreasing bone
elasticity [53]. Transient hyper-mineralization, increased collagen cross-linking and
decreased depolarization ratios of mineral and collagen have also been reported in rats
after clinically relevant RT doses [54]. Additionally, decreased intraosseous
vascularization after RT exposure in rats was associated with decreased total bone
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volume and Ct.Th [55,56]. Currently, direct damage to bone and vasculature are more
difficult to assess and treat.
Recently, anabolic agents, such as parathyroid hormone (PTH), have been used to
promote bone formation. At high intermittent doses, PTH stimulates differentiation of
committed osteoblast precursors and increases the lifespan of mature osteoblasts through
genetic activation [57,58]. PTH can promote bone reconstruction and increase bone mass
in osteoporotic patients [15]. Bisphosphonates and PTH have been used in combination
to improve bone healing and prevent fracture after RT in animal models [59].
Since bone turnover occurs asynchronously throughout the skeleton,
administering drugs that globally affect bone remodeling may be detrimental to overall
bone quality. Extended use of bisphosphonates has been associated with bisphosphonaterelated osteoradionecrosis of the jaws [60]. The intermittent PTH as an anabolic has been
associated with a slight increase in the risk of osteosarcoma [61,62]. For this reason, the
prophylactic use of anti-resorptive or anabolic agents in cancer patients undergoing RT
has been limited [63]. A major unresolved issue is whether bone fragility results from
pathological bone remodeling, structural damage, or a combination of both. Patients with
significant reactive bone loss after RT may benefit from administration of osteoporotic
drugs, such as bisphosphonates; however, identifying and targeting these patients is
necessary for effective prophylactic therapy.
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CHAPER II: GENERAL HYPOTHESIS AND SPECIFIC AIMS
Radiation therapy (RT) stimulates increased bone reabsorption activity early after
exposure [64–67]. Current standard approaches for assessing site specific cortical bone
loss are insufficient to measure acute changes in bone after RT. Increased bone
reabsorption may result in early cortical bone thinning and bone fragility. My intent is to
quantify radiation induced bone loss from clinical CT imaging using novel image
processing techniques.
The central hypothesis of this dissertation is exposure to radiation produces
early structural changes in the cortical and trabecular bone compartments. In order
to examine this hypothesis, I propose the following Specific Aims.
SPECIFIC AIM 1
Develop cortical thickness (Ct.Th) and RT dose mapping workflow that can be used to
assess longitudinal changes in Ct.Th.
Approach
1. Segment skeletal structure of interest (SOI) from clinical CT using a semi-automated
approach.
2. Apply a validated Ct.Th estimation technique to estimate Ct.Th along the surface of
the SOI.
3. Develop a workflow to estimate longitudinal Ct.Th change at homologous regions
from serial CT scans.
4. Reconstruct RT treatment plans and map point doses to SOI.
Hypothesis: Novel image processing techniques can be applied to assess longitudinal,
RT dose-dependent cortical thinning from clinical CT imaging.
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SPECIFIC AIM 2
Determine if early cortical bone thinning within the ribcage of patients treated with
thoracic stereotactic body radiation therapy (SBRT) by applying our Ct.Th and dose
mapping approach.
Approach:
1. Identify a cohort of patients treated with thoracic SBRT that have a significant risk
for rib fracture according to prior clinical studies.
2. Apply Ct.Th estimation and mapping to evaluate longitudinal changes in Ct.Th within
homologous rib regions.
3. Assess correlation between point dose and longitudinal Ct.Th change within
homologous rib regions.
Hypothesis: Dose-dependent cortical thinning occurs within discrete regions of the
ribcage in patients that receive thoracic SBRT.
SPECIFIC AIM 3
Determine if rapid, early cortical bone thinning occurs in the femoral neck (FN) in anal
patients treated with pelvic RT using our Ct.Th and dose mapping approach.
Approach:
1. Apply Ct.Th and radiation dose mapping to evaluate longitudinal changes in Ct.Th in
the proximal femur.
2. Identify dosimetric parameters associated with increased risk of significant FN
cortical thinning (focal thinning ≥ 30%)
Hypothesis: Post-RT cortical thinning occurs within discrete regions of the femoral neck
in a dose-dependent manner.
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SPECIFIC AIM 4
Determine if late, longitudinal cortical bone thinning and trabecular bone mineral
density (trBMD) loss occur in non-human primate (NHP) exposed to total body
irradiation (TBI) prior to skeletal maturity by applying our Ct.Th and trBMD mapping
techniques.
Approach:
1. Apply Ct.Th and trBMD mapping to assess longitudinal structural changes in the
lumbar spine (L3-L6) of NHP treated with total body irradiation (TBI) prior to peak
bone maturity.
2. Conduct mechanical testing to assess impact of RT related changes in bone structures
on bone strength.
Hypothesis: Pediatric RT significantly alters vertebral body growth, structure, and
strength.
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CHAPTER THREE GENERAL BONE BACKGROUND
3.1 Bone Structure and Composition
Bone tissue consists of a matrix and cellular elements. The bone matrix is composed
of mineralized collagen fibrils [68,69]. Type I collagen is the most abundant matrix
protein and consists of two α1 and one α2 polypeptide chains assembled into a triple helix.
Weak divalent molecular links are formed between the lysine amino acids at the end of
two collagen molecules. These divalent crosslinks react with aldehyde groups to form
mature, stiffer trivalent bonds [68]. Hydroxyapatite mineral crystals nucleate and
propagate to form platelets both within and outside the collagen fibrils [68].
Mineralization increases the stiffness and decreases the toughness of bone [70]. Crystal
size is a major contributor to differences in tensile mechanical properties between bone
structures. As crystal size increases, fibrils become stiffer and more brittle. Other noncollagenous proteins, such as osteopontin, form sacrificial bonds at collagen–mineral and
collagen–collagen interfaces. These sacrificial bonds dissipate energy during tensile
stress, protecting the tropocollagen backbone.
Mineralized fibrils assemble and form staggered sheets, known as lamellae [53]. In
cortical bone, several layers of the lamellae are stacked forming concentric ring
constructs, known as osteons. Osteons run down the axis of long bones and surround the
nerves, blood vessels, and lymphatic vessels. Hyper-mineralized interface between
osteons, known as cement lines, promote crack deflection and impede micro-fractures
propagation.
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The major function of trabecular bone is to promote the effective distribution of
force along the bone surface. Trabecular bone is arranged into two intersecting networks
of lacy bone: one network tracks the maximum compressive stress and the other tracks
the maximum tensile stress [25]. These networks resist local buckling. Loss of trabecular
bone creates stress tensors in the cortical bone and increases fracture risk.
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3.2 Bone Remodeling
Bone is a dynamic tissue. The annual bone turnover rates in trabecular and
cortical bone are 18% and 3%, respectively [15]. The bone cycle is regulated by cellular
elements through multiple coupled processes.
Osteoblasts are derived from bone marrow stromal cells and promote bone
formation [7]. Osteoblasts secrete alkaline phosphatase, which creates calcium and
phosphate binding sites. Osteoblasts that become embedded in the bone matrix are known
as osteocytes. While osteocytes are not directly involved in bone turnover, they play an
important role in maintaining bone homeostasis.
Osteoclasts are derived from the fusion of monocytes and promote bone
degradation [7]. Osteoclasts attach to bone matrix proteins, such as osteopontin, via
integrin, and release hydrogen ions to promote dissolution of the mineralized bone matrix
into Ca2+, H3PO4, H2CO3, water and other substances [71]. This creates a “ruffled border”
along the surface of the crack, providing a greater surface area for the removal of bone
matrix breakdown products. Additionally, osteoclasts release hydrolytic enzymes, such as
cathepsin K to digest the organic components of the matrix.
The differentiation and maturation of osteoclasts is regulated by molecules
produced by osteoblasts [71]. Receptor activator of nuclear factor kB ligand (RANKL)
and macrophage colony-stimulating factor (M-CSF) promote osteoclastogenesis, while
osteoprotegerin (OPG) inhibits osteoclast formation. The ratio of RANKL to OPG
controls the rate of osteoclastogenesis, and consequently the rate of bone resorption.

A number of anti-resorptive pharmaceuticals have been developed that target and
inhibit osteoclast activity and differentiation. Bisphosphonates are effective inhibitors of
24

bone resorption [52]. These agents attach to hydroxyapatite binding sites on bony
surfaces. During bone resorption, osteoclasts become impregnated with bisphosphonate.
Bisphosphonates prevent osteoclasts from adhering to the bony surface and inhibit the
production of the protons necessary for bone reabsorption. Through separate
mechanisms, bisphosphonates inhibit osteoclast progenitor development and recruitment
and promote osteoclast apoptosis. Zoledronic acid is one of the most effective
bisphosphonates and commonly used to prevent skeletal related events (SREs) in patients
with bone metastases [32,63,66,72–74].
Denosumab is another drug approved for SRE prophylaxis in patients with solid
tumors [22,75,76]. This drug blocks osteoclast formation by inhibiting RANKL
activation. Bone metastases stimulate RANKL secretion, which increases bone resorption
and release of growth factor from the bone matrix. Growth factors released from bone
may promote tumor growth. In a phase III study, denosumab prolonged median overall
survival by 1.5 months in patients with metastatic bone disease and multiple myeloma
compared with zoledronic acid [76]. For this reason, denosumab may be a choice for SRE
prophylaxis in cancer patients.
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3.3 Bone Fracture Mechanics
Cortical bone is relatively inelastic, fracturing at about 2% strain in vitro [77].
Tensile stress disrupts cement lines and promotes rapid crack propagation. Consequently,
cortical bone tends to fracture under tensile and shear forces. Cortical bone thinning
produces straighter, shorter crack paths and increased the risk for bone fracture.
Bone is a viscoelastic tissue; as such, loading rate affects bone deformation [18].
At low loading rates, there is enough time for energy to be dissipated through a single
crack. At high loading rates, energy cannot be dissipated rapidly enough through a single
crack, multiple cracks form, and the bone crumbles. Additionally, repeated application of
a force below the ultimate stress of the bone can induce fracture through a process known
as fatigue. Bone remodeling prevents fatigue fractures in bone. Processes that reduce the
rate of remodeling can increase the risk for fatigue fractures.
The geometry of bone is another important determinant of bone strength [18].
Strength is proportional to the section modulus (Iz) of a structure. The section modulus is
determined by the distribution of points on a structure about an arbitrary axis. The section
modulus of long bones, such as the femur and ribs, can be modelled as an annulus with
an outside radius (ro) and inside radius (ri). The strength of the bone when subject to
loading along the longitudinal axis largely depends on the Ct.Th, difference between the
ro and ri (Eq 3.1).
𝐼𝑧 =

𝜋 4
(𝑟 − 𝑟𝑖4 )
2 𝑜

Equation 3.1 Section modulus (Iz) of an annulus centered at the origin.
In adulthood, bone accrual slows and a steady state is attained, whereby the rate of
bone breakdown is similar to the rate of formation [70]. During this period there is little
26

structural decay and the material composition of bone remains stable. Around midlife, the
rate of bone formation decreases and the rate remodeling increases. The delayed refilling
of excavated cavities forms transitory stress risers. This process increases the risk of
fracture, even without an overt loss in BMD.
As endosteal bone resorption accelerates, the bone cortex becomes thinner and
there is a decrease the section modulus and strength. Periosteal bone formation can offset
the decrease in bone strength, by countering cortical thinning and increasing the section
modulus [3]. In post-menopause females, periosteal apposition is limited and accelerated
bone reabsorption[70]. Unopposed cortical thinning decreases bone strength. Focal
cortical thinning of the proximal femur ≥ 30% has been correlated to an increased
fracture risk in post-menopausal women [27].

27

CHAPTER FOUR MEDICAL IMAGING BACKGROUND
4.1 Image quality
Quantitative medical imaging can be used to clinically assess tissue integrity. The
accuracy of quantitative imaging depends on the image quality, the tissue characteristics
being assessed, and the image processing and analysis techniques used. For instance, thin
laminar structures, such as cortical bone, are poorly visualized on most clinical imaging
systems due to the limited spatial resolution [29]. In tomographic imaging, spatial
resolution depends on image acquisition settings and the method of reconstruction.
Understanding how the imaging system interacts with the object being imaged can be
used to overcome the limitations of the imaging system.
The objective of medical imaging is to identify and display relationships between
physical characteristics of tissues within the body. The contrast, spatial resolution, noise,
spatial and geometric distortion are determinants of image quality.
Contrast is the ability to visualize an object in the image relative to the background.
Since different imaging modalities detect different tissue properties, object contrast varies
between imaging modalities. For instance, radiography detects differences in tissue
density or atomic number (Z). Bone has a significantly higher Z than the surrounding soft
tissue, and is readily visualized on x-ray imaging. On the other hand, tissues that have
atomic compositions similar to the surrounding soft tissue are not readily visualized on xray imaging.
The spatial resolution of an imaging system describes the ability to capturing
small structural details, such as trabecula patterns. All imaging systems introduce some
blur during image acquisition. The blur is quantified as the minimum distance between
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two points that can be visualized on an image. The smallest detail that can be visualized
must have dimensions equal to or greater than the blur of the imaging system. The spatial
resolution varies for different imaging systems.
Noise is another important imaging characteristic that contributes to image
quality. Noise is largely dependent on sampling. Physical processes in image acquisition,
detection and processing can introduce noise into an image. The signal to noise ratio is an
important image quality characteristic. In x-ray imaging, the signal to noise ratio depends
on the number of incident photons or the current used. Techniques, such as anti-scatter
grids, that reduce the number of photons decrease the signal to noise ratio. Increasing the
number of photons, increases the patient radiation dose. Techniques, such as time
averaging and pixel binning, have been used to improve the signal to noise ratio without
increasing patient dose.
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4.2 Radiography Basics
In radiographic imaging, photons are transferred through the body and the
transmitted fluence is detected. The interaction of the tissue with the incident energy are
used to determine the tissue properties. Thus, the energy must be sufficient to both
penetrate and interact with the tissues being imaged. In radiography, electromagnetic
radiation is used. Electromagnetic radiation consists of packets of energy, known as
photon. Photons can interact with matter through a number of mechanisms. The type of
interactions that occur between radiation and matter are dependent on the energy content
of individual photons. Photon energy may be absorbed by atomic electrons. Upon
absorption of energy, an electron can move to a higher energy level or be ejected from
the atom. If the photon energy exceeds the binding energy of electrons, it will interact
and eject an electron from the atom. This process is known as the photoelectric effect.
Since there are discrete electron energy levels, the likelihood of the photoelectric effect
is enhanced when the incident photon energy content exceeds the binding energy of the
electrons of the encountered matter. The ionization energies of the elements in the
human tissue range between 5 -20 eV [78].
In diagnostic radiography, the energy of x-rays is optimized such that the major
mechanism of interaction between the photon and matter is photo-electric absorption. In
the photo-electric absorption, a photon uses up all of its energy to eject an electron from
an atom. Thus, there is no scattered photons upon interaction. At higher energy,
compton (incoherent) scatter also occurs. In compton scatter, a photon ionizes a target
atom, but does not use up all of its energy and is scattered in a different direction. Since
the scattered photon can hit the detector from any angle, scatter photons do not provide
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useful information about the imaged object. Scatter grids can be used to reduce
contamination by scattered photons.
X-rays are photons that have enough energy to ionize matter. X-rays can be
produced through two distinct processes: bremsstrahlung and characteristic x-ray
production. In most radiographic imaging systems, x-rays are produced by accelerating
an electron beam towards a target anode containing a high Z material, such as tungsten.
Bremsstrahlung x-rays are produced from energy released as electrons decelerate while
passing near the nuclei of the atoms of the anode target. The energies of the resultant
photons depend on the energies of the electrons as they strike the anode. The voltage that
accelerates electrons towards the target may be increased to produce higher energy
photons. Characteristic x-rays are produced when an incident electron ejects an electron
from the inner-most K-shell of an atom of the anode target and an x-ray with a distinct
energy is released as an electron from a higher energy shell transitions to fill the void in
the lower energy shell.
The x-ray beam is attenuated as photons interact with matter and are either
absorbed or scattered. The extent of beam attenuation is a function of the tissue density
and thickness of the tissue. The relative intensity of the detected beam can be calculated
using the exponential attenuation law (Eq 4.1).
𝝁
𝑰
− 𝒙
=𝒆 𝝆
𝑰𝒐

Equation 4.1 Exponential attenuation law, where the ratio of the final photon intensity
(I) and the incident photon intensity (Io,) is an exponential function of the tissue thickness
(x), attenuation coefficient (μ) and density (ρ).
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The attenuation coefficient depends on the types of interactions that occur
between the incidence photon and matter. The probability of each interaction is
dependent on the energy of the incident photon beam. The probability of photoelectric
absorption (σ) is approximately proportional to the third power of Z and inversely
proportional to the third power of the energy of the incident photon beam (Eq 4.2). Bone,
which has a high Z, will absorb more photons than the surrounding soft tissue. This
difference in photon absorption produces contrast in the image. Higher energy photons
are less likely to interact with tissue via photoelectric absorption.
𝑍𝑛
𝜎≡ 3
𝐸
Equation 4.2 The probability of the photoelectric effect is measured by the cross section
of interaction (σ) and depends on the atomic number (Z) of the tissue and energy of the
incident beam (E), n is a number which varies between 3 and 4.
Bone, containing calcium (Z=20), has significantly different attenuation
properties from soft tissue, consisting of low Z materials oxygen (Z=8), carbon (Z=6) and
hydrogen (Z=1), for a range of energies. Dual-energy radiography can be used to
determine the density of bone and soft tissue by exploiting the relative differences in the
attenuation properties at two different energies.
In dual-energy x-ray absorptiometry (DEXA), images are acquired at two x-ray
energies. The low energy image is taken at 30-70keV and the high energy image is taken
at 70-130keV [79]. Bone and soft tissue density can determined using data from the two
image, based on two assumptions. First, it is assumed that the image consists of only two
substances, bone and soft tissue. Second, it is assumed that scatter is insignificant and
can be ignored, thus the number of photons striking the detector (N) can be calculated
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from the number of incident photons (No) using the exponential attenuation law (Eq 4.3).
The mass attenuation coefficients of soft tissue (µs) and bone (µb) are known constants.
The intensity of the incident and resultant beam are measured. The area density of the
soft tissue (Ms) and bone (Mb) are unknown. If the image data is acquired at two
different energies, Mb and Ms can be determined by solving a set of two equations (Eq 4.4
and 4.5).
𝑁 = 𝑁𝑜 𝑒 −(𝜇𝑠 𝑀𝑠 +𝜇𝑏𝑀𝑏 )
Equation 4.3 The exponential attenuation law for a composite material consisting of
bone (b) and soft tissue (s), where µs and µb represent the mass attenuation coefficients of
soft tissue and bone; Ms and Mb represent the area densities of soft tissue and bone.
ln (

𝑁𝑂,𝐿
) = 𝜇𝑠,𝐿 𝑀𝑠 + 𝜇𝑏,𝐿 𝑀𝑏
𝑁𝐿

Equation 4.4 The exponential attenuation law for a composite material imaged at a low
energy (L).
𝑁𝑂,𝐻
ln (
) = 𝜇𝑠,𝐻 𝑀𝑠 + 𝜇𝑏,𝐻 𝑀𝑏
𝑁𝐻
Equation 4.5 The exponential attenuation law for a composite material imaged at a high
energy (H).
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4.3 Principles of Computed Tomography (CT)
4.3.1

Physics Principles of CT imaging
While projection imaging modalities, such as radiography and fluoroscopy, are

useful in many clinical applications, quantitative analysis of shape and size from twodimensional (2D) projection images is difficult due to the geometric and spatial
distortion. For instance, the loss of the three-dimensional (3D) structure in conventional
projection radiography makes it impossible to separate the cortical and trabecular bone
compartments. Thus, bone density calculations from DEXA include both trabecular and
cortical bone. Tomographic imaging modalities can be used to overcome this limitation
by preserving the 3D structure in the image. DEXA remains the gold standard for
assessing bone quality in the general population due to the low x-ray exposure relative to
CT. For instance, a multi-slice hip CT scan acquired at an image slice thickness of 1 mm
exposes a patient to an effective dose of 3 mSV in comparison to 0.05 mSV for DEXA
[80]. CT imaging is commonly used during diagnosis, treatment, and management of
cancer patients. These images can be used to assess the effects of treatment on bone
quality in cancer patients.
CT imaging uses similar principles as 2D projection radiography. However, CT
images are obtained perpendicular to the long axis of the body. The x-ray source is
rotated around the patient, passing x-rays along the plane of a slice. The attenuation of
the x-rays by the tissue along the path of the photon is detected by a collimated detector.
The attenuation properties of the tissue along the path of the x-ray can be modeled as an
integral of the attenuation coefficients or a projection (P) (Eq 4.6). Images from
sequential slices can be used to assess the 3D structure of tissue.
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∞
𝐼
𝑃 = − ln ( ) = ∫ 𝜇(𝑥)𝑑𝑥
𝐼𝑜
−∞

Equation 4.6 Projection Equation
4.3.2 Computed Tomography Spatial Resolution
The spatial resolution of a CT imaging system depends on both the physical
parameters of the system, such as the focal-spot size, detector-element dimensions,
collimation width, and the image-reconstruction method.
In CT imaging, the spatial resolution can be modeled using a point spread function (PSF),
line spread function (LSF), or edge spread function (ESF).
The point spread function for a given CT scanner (PSFtot) can be modelled as the
convolution of three separate components: PSF1, PSF2, and PSF3 (Eq 4.7; Dougherty and
Newman, 1999). PSF1 describes blur introduced by geometric effects, x-ray scattering,
and limitations in detector response. PSF2 describes blur due to a finite pixel size. A
comb function (III) describes sampling, where 𝑎 is the pixel size. PSF3 describes the
spatial resolution of the reconstruction kernel or algorithm. Most CT scanner have several
built in reconstruction kernels, which have different spatial resolution and noise. Sharp
reconstruction kernel with high spatial resolution are usually used to assess bony
structures [82].
𝑥
𝑃𝑆𝐹𝑡𝑜𝑡 = [𝑃𝑆𝐹1 𝐼𝐼𝐼 ( )] ∗ 𝑃𝑆𝐹2 ∗ 𝑃𝑆𝐹3
𝑎
Equation 4.7 Total point spread function (PSFtot)
The edge between substances of different density is blurred in CT imaging due to
the partial-volume effect. Since the pixel size is finite, multiple substances of different
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densities may be present in a single pixel. The CT values of these substances are
averaged and the resultant CT value does not reflect the true properties of the voxel [83]
(Figure 4.1). The partial volume effect is an important source of error into cortical density
and thickness estimation. The cortical bone density at the endosteal boundary, where the
dense cortical bone meets the less dense trabecular bone, is underestimated due to pixel
averaging.

Figure 4.1 The partial-volume effect dilutes the CT values of cortical bone edge,
because the very high attenuation of cortical bone regions is offset by the low and often
inhomogeneous attenuation of the surrounding soft tissue and trabecular bone [83].
The resolution varies in the axial (x–y) plane compared with the longitudinal (z)
axis [81]. Thus, spatial resolution has an in-plane (σi) and the out of plane component
(σo). Spatial resolution in the longitudinal direction is largely influenced by slice
thickness. Laminar surfaces, such as cortical bone, at an oblique angle to the CT slice
experience additional blurring due to the finite slice thickness [29]. The extent of blur (r)
is dependent on the surface orientation (a) and the slice thickness (s) (Figure 4.2).
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Figure 4.2 Out of plane blurring (σo) of cortical bone layer oblique to the CT slice.
The true thickness (tr) is a function of surface orientation and the measured thickness(tm)
[29].
The PSF and LSF describe resolution in the spatial domain, while the modulationtransfer function (MTF) describes the resolution in the frequency domain. The MTF
defines the contrast at a given spatial frequency relative to very low frequencies, making
it is easier to standardize than spread functions in the spatial domain. The MTF can be
determined from the LSF using the Fourier transform (Eq. 4.8). In the clinical, bar
patterns designed specifically for the CT are commonly used to determine the limiting
spatial resolution. However, a complete evaluation of the axial and longitudinal
components of MTF provides a more rigorous assessment of CT scanner resolution [81].
∞

𝑀𝑇𝐹 (𝑓𝑥 ) =

| ∫−∞ 𝐿𝑆𝐹(𝑥)𝑒 −2𝜋𝑖𝑓𝑥 𝑥 𝑑𝑥|
∞

∫−∞ 𝐿𝑆𝐹(𝑥)𝑑𝑥

Equation 4.8 Modulation-transfer function, where fx represents spatial frequency

4.3.3 Classic Computed Tomography Image Reconstruction
Recently, non-linear, adaptive algorithms for CT-image reconstruction have been
used to improve image quality and spatial resolution. The basis of CT image
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reconstruction is to solve for the attenuation coefficient of an object (μ(x)) with respect to
an x-ray that passes through point x. If we assume, that the x-ray beam has unit intensity
and is passed through a cross section (L), then the final intensity of the beam (𝐼(𝐿)) can
be modeled using the line integral (Eq. 4.9).
𝐼(𝐿) = ∫ 𝜇(𝑥)𝑑𝑥
𝐿

Equation 4.9 Line integral obtained from the measured intensity of a thin unit intensity
x-ray beam that is passed through a cross section (L) of an object with the attenuation
coefficient (𝜇).
The radon transform (R) is the projection data from a two dimensional function
(g(x1,x2)) onto a one dimensional line (Eq 4.10).
Rf(φ, t)

[4.10.1]

0 ≤ φ < 2𝜋, −∞ < 𝑡 < ∞
u𝜑 = (cos φ, sin φ), v𝜑 = u𝜑+𝜋
2

−∞

Rf(φ, t) = ∫∞ g(tuφ + svφ )ds

[4.10.2]
[4.10.2]

Equation 4.10 Definition of the Radon transform
The CT reconstruction problem (Eq. 4.9) can be written in the form of the Radon
transform, assuming that L is a straight line 𝑠 = 𝑥 ∙ 𝜃 (Eq 4.11).
𝑠 =𝑥∙𝜃

[4.11.1]

𝜃 = (cos 𝜑 , sin 𝜑)𝑇

[4.11.2]

𝑔(𝜃, 𝑠) = (𝑅𝜇)(𝜃, 𝑠)

[4.11.3]

Equation 4.11 Radon transform applied to CT reconstruction
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The inverse of the Radon transform can be used to unequivocally reconstruct the
original density from projection data (Eq 4.12). This requires that 𝑓 is continuous and
∫𝑅2

𝑓(𝑥)
𝑥

𝑑𝑥 is finite for every x in the plane (𝑅 2 ).
1

2𝜋

𝐹𝑥 (𝑡) = 2𝜋 ∫0 𝑅𝑓(𝜃, 〈𝑥, 𝑢𝜑 〉 + 𝑡)𝑑𝜑

[4.12.1]

0 ≤ φ < 2𝜋, −∞ < 𝑡 < ∞
〈𝑥, 𝑢𝜑 〉 = x1 cos θ + x2 sin θ
1

∞ 𝑑(𝐹𝑥 (𝑡))

𝑓(𝑥) = − 𝜋 ∫0

𝑡

[4.12.2]
[4.12.3]

Equation 4.12 Inverse of the Radon transform
In principle, (Eq 4.12) can be used to solve the attenuation function (μ(x)) from
the projection data collected by a detector (Eq 4.13). Unfortunately, due to limited
sampling and discretization, not all of the data in the explicit inversion formula can be
measured.
𝜇(𝑥) =

2𝜋
1
𝑑(𝑔(𝜃, 𝑠))
∫
∫
𝑑𝑠𝑑𝜑
2
4𝜋 0 𝑅1 𝑥 ∙ 𝜃 − 𝑠

Equation 4.13 Inverse Radon transfrom applied to CT reconstruction
The Radon transform is related to the Fourier transform by the projection-slice
theorem. The projection slice theorem, which states that a 1D Fourier transform (F1) of
the projection function at an angle θ is the same as a line through the origin at the angle θ
on the 2D Fourier representation (F2) of the entire object (Eq. 4.14). Therefore by taking
projections at different angles, a complete Fourier representation can be reconstructed.
The inverse Fourier transform recovers the original object.
𝐹2 𝜇(𝜔 cos 𝜑, sin 𝜑) = 𝐹1 (𝑅𝜇)(𝜔, 𝜑)
Eq. 4.14 The projection slice theorem, where ω is the frequency.
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Applying the inverse Fourier transform to sampled data produces a smoothed
version of the attenuation function, as high frequencies are under-sampled. The
smoothing effect can be reduced by boosting the higher frequencies. This can be achieved
by multiplying the Fourier transform by the absolute value of frequency prior to
performing the inverse Fourier transform (Eq 4.15). This is known as filtered back
projection.
1

𝜋

𝐵𝑃(𝑥, 𝑦) = 𝜋 ∫0 𝑃(𝑥 cos 𝜑 + y sin 𝜑 , 𝜑)𝑑𝜑
1

𝜇(𝑥, 𝑦) = 2 𝐵{𝐹 −1 [|𝜔|𝐹(𝑅𝜇)(𝜔, 𝜑)]}(𝑥, 𝑦)

[4.15.1]
[4.15.2]

Equation 4.15 Filtered back projection equation applied to reconstruct the attenuation
function 𝜇(𝑥, 𝑦) from the projections P(x,y)
Filtered back projection is the fundamental method used in CT image
reconstruction. Since the projection (P(x,y)) is sampled, μ(x,y) is an approximation.
Boosting the high frequencies enhances fine details in the image. Unfortunately, filtered
back projection intensifies the noise, which is often has higher frequencies. To avoid this,
band limiting with a cut-off frequency value (ωc) is used.
Three beam configurations are used in CT imaging: parallel beam, fan beam, and
cone beam. In a parallel beam arrangement, all rays at the same view angle are parallel to
each other. After each projection, the gantry rotates to a new position and another
projection is obtained at a different angle. The first generation CT scanners used parallelbeam geometry. Modern CT machines use fan beam geometry. In this configuration, a
narrow, fan-shaped beam moves in a concentric circle around the reconstruction region,
illuminated a bank of detectors. The gantry angle increments by an angle equal to the fan
angle between consecutive traverses. In a cone beam geometry, x-rays are divergent and
40

form a cone. Using this geometry, multiple (from 150 to more than 600) sequential planar
projection images of the field of view (FOV) are acquired. The cone-beam geometry
facilitate rapid image acquisition , however the image quality is significantly degraded
due to greater scatter [84].
The projection-slice theorem can be used to reconstruct CT images obtained using
a parallel plane geometry; however, it cannot be directly applied to fan beam or cone
beam CT acquisition geometries. The reconstruction process for fan beam geometries is
similar to parallel reconstruction with the addition of apodization and weighting steps. A
fan beam is defined by the angle between the beam and the longitudinal axis of the
patient (β) and the detector angle (γ) (Figure 4.3). In equiangular fan beam
reconstruction, the projection is first multiplied by the cosine of γ and then the filtered
sample is scaled by the distance to the source (Eq 4.16). Otherwise, the fan beam data can
be converted to a set of parallel samples and parallel reconstruction algorithms can be
used for image reconstruction.
2𝜋

𝜇(𝑥, 𝑦) = ∫
0

𝛾𝑚𝑎𝑥
1
𝑑𝛽
∫
𝑝(𝛾, 𝛽)ℎ(𝛾 ′ − 𝛾)𝐷 cos 𝛾𝑑𝛾
𝐿2
−𝛾𝑚𝑎𝑥

Equation 4.16 Equiangular fan beam reconstruction

Figure 4.3 Fan-beam acquisition geometry, the angle between the beam and the
longitudinal axis of the patient (β) and the detector angle (γ) are used to define the beam.
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4.3.4 Iterative Computed Tomography Image Reconstruction
Analytical back projection reconstruction approaches are widely used due to their
computational efficacy. Iterative reconstruction techniques can be used to improve the
spatial resolution of the reconstructed images, however require greater computing power.
In iterative reconstruction, the attenuation function is described as a set of equations that
can be solved in an iterative fashion using measured projection (P) data (Eq 4.17). P is
defined as a linear combination of pixel’s values to be reconstructed. The pixels of the
image are defined by vector f. Each pixel’s contribution to P is defined by the matrix R.
The image can be reconstructed by minimizing the difference between the measured and
calculated values for P and the. The image vector f is arbitrary estimating and
schematically corrected by comparing the calculated P to the actual P. The error improves
with each iteration, so increasing the number of iterations improves image detail.
𝑝1
𝑝2 𝑅11
⋮ = ⋮
𝑝𝑛 𝑅𝑘1

…
⋱
⋯

𝑓
𝑅1𝑘 1
𝑓
⋮ ∙ 2
⋮
𝑅𝑘𝑘
𝑓𝑛

Equation 4.17 Iterative reconstruction method equation, where f is the object image, p is
the detected projection matrix p, R is a coefficient matrix that characterizes the
contribution of each pixel in each line of projection.
4.3.5 Helical Computed Tomography
The introduction of the helical CT significantly improved the speed of image
acquisition relative to the stepwise methods used in earlier generations. In helical CT
scanners, the x-ray tube rotates acquiring image data, while the patient is transported
through the gantry at a constant speed. This eliminates inter-scan delay and improves 3D
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image reconstruction by increasing the overlap of acquired image data. However,
removing helically-induced motion artifacts requires additional steps in the
reconstruction process.
Since data is sampled in a helix, no two CT projections are acquired at the same
z-position or slice. Interpolation is required to produce a set of projections at the plane of
reconstruction. At the plane of reconstruction, data from two projections that are 180°
apart are averaged, as a photon will have the same attenuation regardless of whether it
enters from the anterior or the posterior. Typically, the plane of reconstructed is between
the start and end of each helix.
Due to continuous scanning in helical CT, the slice spacing in reconstruction is
independent of slice thickness. The slice thickness is determined by the detector width. In
multi-detector CT, the slice thickness can be increased by adding data from adjacent
detectors. Reconstructing an entire slice, requires only 180° (plus fan angle) of
projection data, hence any z-position can be used as the start the slice. Thus, the
reconstructed interval can be less than the slice thickness or collimator width. Decreasing
the reconstruction interval does not change the slice thickness, but increases section
overlap. This improves the detection of small lesions that may be averaged out by
surrounding tissue.
4.3.6 CT Image Display
Attenuation values generated by CT reflect the relative density and atomic
number of various tissues (Eq 4.18). High density objects cause more attenuation of the
X-ray beam and are displayed as lighter shades of grey than objects of lower density. The
HU of water and air are defined as 1000 and 0, respectively.
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𝐻𝑈 = 1000

𝜇𝑣𝑜𝑥𝑒𝑙 − 𝜇𝑤𝑎𝑡𝑒𝑟
𝜇𝑤𝑎𝑡𝑒𝑟

Equation 4.18 Hounsfield units (HU) express the relative x-ray absorption in relation to
the absorption of air and water.

44

CHAPTER FIVE RADIATION THERAPY BACKGROUND
5.1 Basic principles of Radiation Therapy (RT)
The goal of RT is to deliver an effective radiation dose to malignant cells, while
minimizing collateral damage to the surrounding normal tissue. RT deposits energy at the
quantum level to form reactive free-radical species that target and kill malignant cells.
Free-radical species produce single stranded (SSB) and double stranded breaks (DSB) in
deoxyribonucleic acid (DNA). Unrepaired DNA damage can inhibit cell division and
result in functional cell death. Cell survival after irradiation is proportional to the amount
of unrepaired or inaccurately repaired DSB.
Cell survival is frequently modeled using the linear-quadratic model, which
includes two components of cell killing [85]. The linear region describes cell death
resulting from a single insult, which is proportional to dose (αD). The quadratic region
describes cell death resulting from multiple insults, which is proportional to the square of
the dose (βD2). The constants α and β are tissue specific. The ratio of α and β is used to
define the relative radio-sensitivity of tissue. Tissues with high α/β ratios are most
sensitive to the total dose and fractionation has a minimal effect on tissue toxicity.
Tissues with low α/β ratios tend to have increased survival at low doses. These tissues are
more sensitive to higher fractional doses. The curvature of a survival curve, known as
the shoulder region, reflects the accumulation of sub-lethal damage that can be repaired.
Cell populations with a larger shoulder region have a greater capacity for repair.

Theoretically, normal cells undergo DNA repair more effectively than malignant
cells [86]. Fractionated RT dosing schemes are commonly used to facilitate normal tissue
repair in between RT fractions. Unfortunately, even with fractionation, high total RT
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doses can produce significant normal tissue toxicity. Radiation induced toxicity is
classified as either acute or late. Acute radiation toxicity is mainly seen in rapidly
replicating tissues, such as the skin. Toxicity usually occurs within 3 months of radiation
exposure, the normal rate of loss of functional cells, in early responding tissues. Acute
toxicity is usually not dose limiting, as the affected tissue undergo rapid repopulation.
Late toxicity occurs in slowly replicating cells and tends to lead to chronic impairment,
which are frequently dose limiting.
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5.2 Quantifying Radiation Dose
Dose is a measure of the energy absorbed per unit mass. The SI unit for radiation
dose is Gray (Gy), which is equal to joules (J) per kilogram (kg). The transfer of energy
by a photon beam to a medium involves, the interaction of the photon with the medium at
an atomic level to produce one or more secondary electrons. Ejected electrons have
kinetic energy that is absorbed by the medium, resulting in ionization or excitation. The
rate at which a secondary electron loses energy depends on the energy of the electron and
the medium. Thus, the absorbed dose depends on the composition of the irradiated
material as well as the beam properties. Secondary electrons of the same energy can
travel farther in air than in water and will lose energy at a slower average rate.
Electrons deposit dose along a track. Hence, the transfer of energy to the medium
does not take place at the same location as the transfer of energy to secondary electrons.
Absorbed ‘point’ dose is a measure of all electron tracks that come into and leave a small
volume including the point. Absorbed dose can be determined if it is assumed that in any
volume the number of electrons that are stopped is equal to the number that are set in
motion, this is known as charge particle equilibrium. Under this condition, the energy
retained by the medium, the dose, is equal to the energy that is transferred to charged
particles [78].
Heat generation by an irradiated medium can be used to measure the dose
absorbed by the medium. Since temperature increase by clinically relevant radiation dose
is very small, calorimetry is not a practical method for measuring dose. Radiation dose is
commonly measured using an air filled cavity, known as an ionization chamber.
Electrons that are generated in the wall of the cavity by x-rays are collected and the
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charge within the chamber is quantified using an electrometer. Since, the average energy
required to cause one ionization in the gas is empirically known (W=33.85 eV/ion pair),
charge can be converted to dose using equation 5.1.
𝐷𝑔𝑎𝑠 =

𝑄
𝑊
𝑚𝑔𝑎𝑠

Equation 5.1 Absorbed dose in a gas (𝐷𝑔𝑎𝑠 ), where Q is measured charge in the gas
filled cavity, 𝑚𝑔𝑎𝑠 is mass of the gas, and W is the average energy caused by an
ionization in the gas.
According to the Bragg-Gray cavity theory the dose in tissue is equal to the dose
measured in a thin cavity multiplied by the ratio of the stopping power of the medium and
the stopping power of gas for a given electron energy (Eq 5.2). Application of the BraggGray theory requires charged particle equilibrium (no bremsstrahlung or back scattering).
𝐷𝑚𝑒𝑑

𝑚𝑒𝑑
𝑊 𝑆̅
= 𝐽𝑔 [ ]
𝑒 𝜌𝑔

Equation 5.2 Bragg-Gray cavity theory, where 𝐽𝑔 ionization per unit volume produced
in the gas,

𝑊
𝑒

𝑆̅

is the average energy per ionization, and 𝜌 is the stopping power.

The Bragg-Gray theory can be used to convert the dose measured by an ionization
chamber to the dose in a given tissue if the stopping power of the tissue is known
While ionization chambers are used to calibrate linear accelerators, RT planning
is based on computed probability distributions of dose for a given beam arrangement. For
a given treatment plan, the energy fluence of photons from the linear accelerator is
calculated. Briefly, CT scans are used to form a virtual patient. The total energy released
per unit mass (TERMA) is calculated for every volume element (voxel) within the
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patient. TERMA includes the energy transferred to charged particles and the energy
carried away by compton scattered photons. The interactions of the photons in the
medium are modelled using Monte Carlo simulation to produce a dose kernel. Each dose
kernel is multiplied by the TERMA to determine the voxel dose.
The energy fluence can be modified by changing the beam number, energy
(e.g. 6 MV, 18 MV) and arrangements. In conventional treatment planning, the beam
modifications and arrangement is specified and the dose is calculated. Photon fluence
maps can also be constructed through iterative optimization, this is known as inverse
treatment planning. Inverse treatment planning is used in intensity modulated radiation
therapy (IMRT), where the distribution of each beam is dynamically controlled during
treatment to produce a more conformal treatment field.
5.3 Radiobiology of bone
The radiobiology of bone is complicated by the many elements and coupled
processes involved in bone formation and remodeling. Radiation bone toxicity occurs
from direct damage to osteogenic cells, vascular tissue, and the bone matrix
[45,53,54,65,87]. Additionally, radiation exposure can induce reactive changes in the
bone cycle that promote bone fragility [64,65,87,88]
Bone toxicity data suggests that the α/β ratio of bone is relatively low, ranging
from 1.8–2.8 Gy [12]. However, reactive changes in bone cells have been observed
within weeks of RT exposure in preclinical studies [64]. Decreased osteoblast number,
collagen production and alkaline phosphatase activity have been reported in bone after
RT exposure within days of RT exposure [67,89,90]. Furthermore, osteoblast depletion,
decreased new bone formation, and impaired mineralization has been observed in the
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absence of vessel changes. Apoptosis of osteocytes, which play an important role in
mechano-sensitivity of bone [91], has been described at RT doses as low as 2-4 Gy [89].
Reduction in osteocyte function may contribute to the bone growth and repair impairment
after RT exposure [89].
Interestingly, the direct effect of irradiation on osteoclast precursor cell
differentiation is modest, with reports of enhances osteoclastogenesis after irradiation
[54,64,88,92]. Willey et al report a significant increased osteoclast number in mice
exposed to total body irradiation (TBI). Furthermore, these animals experience a
significant reduction in trabecular volume fraction relative to non-irradiated controls in
the tibia, femur, and the 5th lumbar vertebra (L5). This bone loss was entirely prevented
by Risedronate, suggesting that excessive bone resorption is a primary contributor to
bone loss. Animal studies investigating bone loss after single limb irradiation have
reported similar outcomes [93]. However, other studies suggest that changes in
osteoclasts and mineral apposition rate are time-dependent [88]. Oest et al conducted a
longitudinal single limb irradiation study examining osteoclast number at 1, 2, 4, 8, 12,
and 26 weeks in rats. In this animal model, radiation induced an early, transient increase
in osteoclasts, followed by a prolonged depletion in osteoclasts. The early increase in
osteoclast number was correlated with a decrease in trabecular bone volume. During the
subsequent loss of osteoclast activity, increased cortical wall thickness due to unopposed
periosteal apposition was observed.
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CHAPTER SIX METHODOLOGY
6.1 Research Questions and Hypothesis
The goal of this project is to develop a cortical thickness (Ct.Th) and dose
mapping approach using conventional CT imaging that can identify the early, late,
and longitudinal changes in bone that can predispose to fracture after RT. This
technique will be applied clinically and pre-clinically to determine the following
relationships:
1. Thoracic stereotactic body radiation therapy (SBRT) and rib cortical thinning
2. Pelvic RT and trabecular and cortical bone loss in the proximal femur
3.

Pediatric total body irradiation (TBI) and vertebral body growth, structural
characteristics, and strength

Research question one (RQ1): Do cancer patients treated with thoracic SBRT
experience significant rib cortical thinning within 3 months of treatment?
H0: Thoracic SBRT does not significantly contribute to early rib cortical thinning
in patients treated for thoracic lesions.
H1: Thoracic SBRT significantly contributes to early rib cortical thinning in
patients treated for thoracic lesions.
Research question two (RQ2): Do anal cancer patients treated with pelvic RT
experience decrease in trabecular bone mineral density (trBMD) and cortical thickness
(Ct.Th) within 4 months of treatment?
H0: Pelvic RT does not significantly contribute to early trabecular bone loss
and/or cortical thinning in patients treated for anal cancer.
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H1: Pelvic RT significantly contributes to early trabecular bone loss and/or
cortical thinning in patients treated for anal cancer.
Research question two (RQ3): Does TBI prior to bone maturity significantly impact
vertebral body height, Ct.Th, trBMD, and strength in adulthood?
H0: TBI prior to bone maturity does not significantly impact dimensional,
structural, and/or strength parameters of the vertebral body in adulthood.
H1: TBI prior to bone maturity significantly impacts dimensional, structural,
and/or strength parameters of the vertebral body in adulthood.
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6.2 Research Design
RQ1/ RQ2: These studies were conducted as a post-hoc analyses of clinical and imaging
data collected before and after RT. The same sample of patients were used for preintervention and the post-intervention analysis. Pre-intervention imaging was conducted
during each patients RT simulation, 2-3 weeks before the first treatment. Postintervention imaging was obtained during the first follow-up visit, approximately 2-4
months after treatment. Imaging data was used to quantify structural parameters (Ct.Th
and trBMD) at homologous locations. An retrospective review of each patients records
was conducted to obtain demographic and treatment characteristics as part of an IRB
approved study. Confounding variables were included in analysis.
RQ3: This study was conducted as a post-hoc analysis of imaging data collected in adult
non-human primates (NHPs) exposed to TBI prior to bone maturity (age at irradiation <
4 years) as part of a larger Radiation Countermeasures Center of Research Excellence
(RadCCORE) study. CT images were collected annually between 2012 and 2016.
Longitudinal structural characteristics (height, cross sectional area (CSA), Ct.Th, and
trBMD) were quantified at homologous locations. The same number of NHPs were
include in each year from 2012-2016. Vertebral bodies from animals that died prior to
2016 were collected and used for strength analysis, but were excluded from structural
analysis. Confounding factors such as weight and age, were included in analysis.

53

6.3 Procedures
6.3. 1 Radiation Dose Mapping
Prior to radiation therapy (RT), three-dimensional dose distributions are
developed to assess the dose delivered to the target and surrounding structures.
Treatment dose plans were be reconstructed and used to estimate dose delivered to
a point within a treated structure.
6.3.2 Density Based-Cortical Thickness Estimation
Thresholding is the basis of most CT based cortical density and thickness
estimation methods. This method produces a binary image based on a threshold scheme
that isolates cortical bone from surrounding tissue and trabecular bone. For thick cortical
bone blurring only significantly affects the CT values at the edges and not the peak CT
values [82]. The full width at half the maximum (FWHM) CT value of the cortical bone
can be used to estimate of the actual Ct.Th. Unfortunately, even with sophisticated
thresholding schemes, the FWHM cannot be used to accurately predict Ct.Th in regions
of thin cortical bone, as the peak CT value is blurred [29,82]. Due to blurring, the
FWHM overestimates of the Ct.Th. The extent of blurring depends on the thickness,
which is unknown, hence thresholding techniques cannot be used to accurately assess
thickness ≤ 3 mm from clinical CT scans.
In this study, a model based cortical thickness estimation technique was
used. The measured CT values (g) of the cortical bone can be modelled as a convolution
of the true CT value (f) of the bone and the blur (h) that is introduced by the imaging
system (Eq 6.1). By fitting the observed data to restrictive models that are based on the
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properties of the imaging system and the cortical bone, an accurate estimate of Ct.Th can
be obtained.
∞

𝑔 = 𝑓 ∗ ℎ = ∭ 𝑓(𝑥⃗)ℎ(𝑥⃗ − 𝑋)𝑑 3 𝑥⃗′
−∞

Equation 6.1 Measured CT value (g) in a voxel (𝑥⃗) is the product of the real intensity (f)
and the shifted 3D point spread function (h), which is introduced by the imaging system.
The image photon noise is not modelled.
The primary contributors of in plane and out of plane blurring are described in
Chapter 4. The point spread function (PSF) of an imaging system can be modelled as a
Gaussian function with a given standard deviation (σ) (Eq 6.2). The edge spread function
(ESF) can be modelled as a step response (Eq 6.3).
𝑔(𝑥) =

1
𝜎√2𝜋

𝑒

−

𝑥2
2𝜎2

Figure 6.2 Impulse response of an imaging system
1
𝑥
ℎ(𝑥) = [1 + erf (
)]
2
𝜎√2
Figure 6.3 Step response of the imaging system
There is little variation over cortical density in most bony structures [29,80,94].
Hence, the peak CT value within thick cortical bone is similar to the peak CT value
within thinner cortical bone. A global peak cortical density can be determined by
sampling the cortical CT value in structures with a variety of cortical thickness, such as
the clavicle, pelvis, femur, and humerus. The global peak cortical density can be applied
to a restrictive model to estimate thickness of thin cortical bone.
Treece et al developed and validated a rigorous method for estimating the global
peak cortical density from low resolution CT scans [95]. Briefly, an expected distribution
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of the apparent peak density (ypeak) for cortical bone with a given thickness (t) is modelled
using the standard step response (Eq 6.4). The observed distribution of peak cortical
density are measured at vertices along the bone surface. The average background
density (yb ), the average peak cortical bone density (y1), and σ can be determined by
minimizing the differences between the expected and observed distributions (Figure
6.2).
x
ypeak = yb + (y1 − yb )erf (
)
σ√2
Equation 6.4 Apparent peak density (ypeak) for cortical bone

Figure 6.1 Cortical density estimation from a low resolution CT data set. The mean
observed distribution of peak density for a given thickness (dots) and the best fit model
according to Eq. 6.4 (black line) is shown. The peak density observations standard
deviation (grey dots) is also shown. If there is sufficient data to constrain the model
parameters within a narrow range, a peak cortical density can be determined. The peak
density represented by the graph plateau [95].
The real density of the cortical shell (𝑦(𝑥)) is modelled as a piecewise constant
with different values in the surrounding soft tissue (y0), cortical bone (y1), and trabecular
bone (y2) (Eq 6.5). The blurred cortical bone CT values are modelled by introducing the
step response of the imaging system into the model of the cortical shell (Eq 6.6).
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𝑦(𝑥) = 𝑦0 + (𝑦1 − 𝑦0 )𝐻(𝑥 − 𝑥0 ) + (𝑦2 − 𝑦1 )𝐻(𝑥 − 𝑥1 )
Equation 6.5 The real density 𝑦(𝑥) is modelled as a piecewise constant, where 𝑦0 ,
𝑦1 and 𝑦2 are the CT values in the surrounding tissue, cortical and trabecular bone,
respectively, 𝑥0 and 𝑥1 are the locations of the outer and inner cortical surfaces, and H(x)
is a unit step function.
𝑦𝑏𝑙𝑢𝑟 (𝑥) = 𝑦0 + ∬
−
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Equation 6.6 Blurred CT values (yblur) is modelled as the convolution of the real density
and the PSF. The model has seven parameters: CT values in the surrounding tissue,
cortical and trabecular bone (𝑦0 , 𝑦1 , and 𝑦2 ), locations of the outer and inner cortical
surfaces ( 𝑥0 and 𝑥1 ), the extent of in-plane blur (σ) and the extent of out of plane blur
(2r).
The expected CT values are modelled using a seven parameter model, including
the location of the cortical shell boundaries ( 𝑥0 and 𝑥1 ), the blur (σ), the extent of out of
plane blur (r), and the CT values within the cortical bone (y1), trabecular bone (y2), and
soft tissue (y0) (Eq 5.5). The observed CT values at each point can be fit to the expected
model distribution. The cortical thickness ( 𝑥0 - 𝑥1 ), can be determined by minimizing the
differences between the expected and observed distribution (Figure 6.3).
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Figure 6.2 Cortical thickness estimated using a seven parameter model for each
vertex [94]. The model uses the measured peak cortical density to optimize the other
parameters: cortical density (y1), surrounding tissue density (y0 and y2), the global blur
(σd), and boundaries of cortex (x0 and x2). The graph shows the sampled CT data (c(x)),
modelled CT data (yblur (x)) using the estimated parameters, and estimated thickness (t).
Treece et al report that this method can be used to produce unbiased estimates
down to 0.25 mm, with an estimate error of 0.01 ± 0.47 mm for thin cortices in the range
0.25–2.0 mm (Figure 6.3) [94]. The model has not been validated for thinner cortical
bone.
In this project, density based cortical bone thickness mapping algorithm was
used to obtain the thickness of the outer cortical bone at vertex of 3D bone surfaces.
Structure of interest (SOI) and surrounding bony structures were segmented. The global
cortical bone density was determined for each CT scan by sampling density
measurements along the surface of segmented structures. The sufficient number of
sampled sites for peak cortical density determination was determined for each anatomical
site of interest prior to performing the experiment. For all studies, the standard deviation
58

in the peak density was below 10 HU for all subjects included in the analysis. For
instance, the ribcage, sternum, humerus, and scapula were included in the global cortical
density estimate used to map Ct.Th within the ribcage. The inclusion of thick cortical
structures improves the accuracy of the density based Ct.Th estimation.
5.3.3 Trabecular Volumetric Bone Mineral Density
Bone mineral density within homologous regions of interest (ROI) of the
trabecular bone of the lumbar spine were calculated from serial CT scans using a
validated phantom-less calibration technique developed by Weaver et al [95].
Briefly, the Hounsfield units (HU) of the ROI, right psoas major muscle, and anterior
subcutaneous fat for the baseline and follow-up CT scans were collected. The actual
density of fat and muscle were determined using scans including phantom ports with
known mg/cc values and the experimental fat and muscle HU values were linearly
regressed against the known values. This relationship was used to establish the
conversion factor between attenuation values and density of bone for each CT scan.
5.3.4 Surface Registration
In order to reduce the amount of spatial data, CT scans were re-aligned with a
common coordinate system. This preserves the important spatial information, while
facilitating comparison of the data.
Surface models of SOIs were constructed from longitudinal CT scans. One
surface was identified as the atlas and landmark points were generated. Rigid and affine
transformations were used to morph the atlas and its landmarks to subsequent surfaces.
Rigid registration uses rotation (R) and translations (t) to align two surfaces while
preserves distances between every pair of points within a surface (Eq 6.7). In this
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project, fiducial markers were manually placed at homologous points on the atlas
(moving) and fixed surface. The rigid-body registration typically seeks the values of R
and t which minimize the distance between homologous fiducial points on the atlas and
fixed surface (Eq 6.8).
𝑥𝐵 = 𝑅𝐴𝐵 𝑥𝐴 + 𝑡𝐴𝐵
Equation 6.7 Rigid body transformation can be expressed as combination of rotation (R)
and a translation (t) that can register a moving object (B) to a fixed object (A)
𝑁

min ∑‖𝑥𝐵𝑖 − (𝑅𝑥𝐴𝑖 + 𝑡)‖
𝑅,𝑡

2

𝑖=1

Equation 6.8 Rigid body transform minimization problem
Since there are some geometric differences between the atlas and the fixed
surface, a non-rigid transformation was required. Affine transformation was performed
to improve the alignment of two homologous objects in a similar coordinate system.
Affine transformation is based on the assumption that the coordinates of a three
dimensional point Q are a linear combination of the coordinates of point P. Hence, linear
transforms can be applied to point P to align it with point Q (Eq 6.9). Similarly, an affine
transform can be applied to vectors.
𝑄𝑥 𝑚11
𝑄𝑦 = 𝑚21
𝑄𝑧 𝑚31

𝑚12
𝑚22
𝑚32

𝑚13 𝑃𝑥
𝑚23 ∙ 𝑃𝑦
𝑚33 𝑃𝑧

Equation 6.9 Basis of the affine transform
The definition of the linear transform (T) for two vectors (u,v) is presented in
Equation 6.10. A linear transformation is a function that can carry the elements of one
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vector space (atlas space) to a different vector space (fixed space) and satisfies two
defining conditions (Figure 6.3).
𝑇(𝑐1 𝑢 +𝑐2 𝑣) = 𝑐1 𝑇(𝑢) + 𝑐2 𝑇(𝑣)
Equation 6.10 The definition of a linear transformation (T), where u and v are vectors
and c1 and c2 are scalars.

Figure 6.3 Additive and multiplicative condition for a linear transform (T)
In linear transforms, the ratios of distances and collinearity are preserved,
however angles and lengths maybe changed during alignment. The linear transformation
can be represented by a matrix A. The affine minimization problem in N dimension is
presented in Equation 6.11.
𝑁

1
2
min ∑‖𝐴𝑥𝐴𝑖 + 𝑏 − 𝑥𝐵𝑖 ‖
𝑁
𝐴,𝑏

𝑖=1

Equation 6.11 Affine transformation minimization problem
In this project, each surface can be represented by a probability distribution
function (PDF). Corresponding PDFs were aligned an Iterative Closest Point (ICP)
algorithm. The ICP algorithm identifies the nearest neighbor on the stationary point
cloud for each point on the moving point cloud by repeatedly generating pairs of
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corresponding points on the surfaces and minimizing an error metric. If the surfaces
represent the same region, then this method can accurately pair points for analysis. Other
methods, aim to match the moments of the density distributions using affine
transformation methods. The first few moments capture some statistical/geometric
properties of the density and can be used to simplify the computation involved in
registration.
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6.4 Data processing and analysis
Ct.Th was mapped at thousands of vertices along a bony surface for multiple time
points and patient, resulting in a high-dimensional dataset. The resolution of the
measurements exceeds what is required to answer the posed research questions.
Averaging the measurements within anatomic regions was used to reduce the data
dimensionality and simplify data analysis. A general outline of the workflow
developed for regional analysis is presented in Figure 6.4. Briefly, Ct.Th maps were
constructed from pre-RT and post-RT CT scans using density based Ct.Th estimation.
Transforms that aligned pre-RT and post-RT structures were calculated. A bank of ROIs
was developed using semi-automated segmentation techniques. The pre-RT, post-RT, and
ROI surfaces were registered to a common coordinate system using the calculated
transforms. The mean percent difference between the pre-RT and post-RT Ct.Th was
calculated for each region and a regional percent difference map was constructed.
Bone remodeling is highly influenced by loading patterns [25,96,97]. Regions
with different loading patterns may also react differently to RT-induced stress. Hence,
focal changes in Ct.Th are likely to occur. Identifying locations that experience the
greatest RT-induced changes across patients is important as focal changes in Ct.Th can
significantly impact bone strength [27]. Unfortunately, averaging within anatomic
regions alone may dilute significant focal changes.
Machine learning techniques can be used to identify regions with similar thinning
patterns. A workflow for machine learning based Ct.Th analysis is presented in Figure
6.5. Briefly, sequential CT image from a large sample of male and female patients
receiving similar treatments are obtained and used as training data. Cortical thickness
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change is determined at homologous landmarks for each subject and registered to male
and female canonical surfaces. Unsupervised clustering algorithms, such as k-means or
Density-based spatial clustering of applications with noise (DBSCAN), are used to
identify spatial clusters of cortical thickness change. These clusters are used to define
regions of interest in subsequent analysis of patient data.

Figure 6.4 Regional cortical thickness analysis workflow
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Figure 6.5 Cortical thickness analysis using machine learning techniques
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Abstract
Background and Purpose: High rates of spontaneous rib fractures are associated with
thoracic stereotactic body radiation therapy (SBRT). These fractures likely originate
within cortical bone and relate to the cortical thickness (C.Th). We report the
development and application of a novel C.Th and radiation dose mapping technique to
assess early site-specific changes of cortical bone in ribs.
Materials and Methods: Rib C.Th maps were constructed from pre-SBRT and 3 month
post-SBRT CT scans for 28 patients treated for peripheral lung lesions. The C.Th at
approximately 50,000 homologous points within the entire rib cage was determined preand post- SBRT. Each rib was then divided into 30 homologous regions. The mean dose
and thinning were determined per section.
Results: Regions of ribs that absorbed ≥10Gy exhibited significant thinning of cortical
bone (p=0.001). The mean C.Th percent difference (95% CI) in regions absorbing 10<20Gy, 20-<30Gy, 30-<40Gy, and ≥40Gy were -7.4% (-3.7%,-11.1%), -14.4% (-18.1%,10.7%), -15.1% (-19.2%,-11.0%), and -18.4% (-22.0%,-14.6%) respectively. When
comparing between groups, regions receiving >20Gy experienced significantly more
thinning than regions receiving lower doses.
Conclusions:

Substantial early cortical bone thinning was observed post-SBRT in

regions of ribs that absorbed ≥10Gy. The rapid thinning of ribs may predispose ribs to
fracture after SBRT.

67

Introduction
Thoracic stereotactic body radiation therapy (SBRT) for treatment of primary and
metastatic lung cancer can predispose patients to spontaneous rib fractures after SBRT
[9,98–100]. Chest wall toxicity is the most common SBRT-related toxicity, with rib
fracture rates ranging from 1.6-41% within first year [99–105]. Radiation-induced rib
fractures (RIRF) can result in severe chest pain, compromise ventilation, and impair
quality of life. This is especially problematic in the elderly and patients with underlying
pulmonary disease, as a decrease in oxygen saturation can significantly reduce life
expectancy of these patients [106]. Few treatment options are available once clinical
symptoms ensue.
The etiology of RIRF is unclear, but likely results from bone damage and
deterioration. While smaller treatment volumes can be achieved using SBRT, the higher
total fractionation-corrected doses result in increased toxicity to organs within the
radiation field relative to conventional fractionation [103]. Studies examining dosimetric
parameters and RIRF report a strong correlation between maximum rib doses and RIRF
following SBRT [31,35,102,103,107]. For instance, a significant increase in the
frequency of rib fractures and pain has been observed at chest wall doses above 50Gy.
The impact of thoracic SBRT on rib bone structure and the rate of bone deterioration
have not been assessed. Detecting the rate at which structural bone changes occur
following therapy is necessary for both predicting those at risk for fractures and to
identify a potential mechanism for RIRF.
Bone mineral density (BMD) is the gold standard for assessment of bone content
loss and predicting fracture risk. While BMD is a specific marker of bone quality, acute
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BMD changes are difficult to detect, especially in structures with low trabecular bone
density such as the ribs [23]. Cortical thinning is another major feature of microstructural
bone deterioration, and, consequently, bone strength [108]. Unfortunately, thin laminar
structures comprising the rib cortex are poorly visualized on clinical computed
tomography (CT) images due to limited spatial resolution. Thus, with current prognostic
imaging capabilities, it is difficult to identify which SBRT patients experience cortical
bone changes in the ribcage that could predispose a rib for fracture.
Novel digital radiographic techniques have improved the accuracy of cortical
thickness (C.Th) mapping [29]. These techniques can be used to extract bone quality data
from diagnostic CT scans. Integrating these C.Th maps into three-dimensional (3D)
radiation treatment planning systems may be used to i) predict SBRT-induced changes in
C.Th and ii) identify patients at risk for RIRF.
Herein, we report the development and application of a C.Th and absorbed
radiation dose mapping approach for assessing bone changes after SBRT. Using this
approach, we quantified post-SBRT cortical thinning within discrete regions of ribs that
absorbed specific ranges of absorbed radiation doses.
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Methods
Patient Selection
Chest CT scans and radiation treatment plans of 40 patients treated with SBRT for
peripheral lung lesions were retrospectively reviewed as part of an IRB-approved study.
Patients were treated with 3D conformal RT using 7-10 coplanar and non-coplanar
beams. Beam energies were 6 or 10 MV. Cone-beam CT imaging was used for daily
target localization. All patients were simulated with arms overhead. Treatment planning
was done using Pinnacle TPS (Philips Radiation Oncology Systems, Fitchburg, WI).
SBRT treatment plans and simulation CT scans were exported and reconstructed in MIM
Software (v6.4, MIM Software Inc, Cleveland, OH). Patients that had tumor chest wall
invasion were excluded. The chest wall was contoured in MIM Software using a 2 cm
expansion from the lung edges, excluding the lung volume, mediastinal soft tissue, and
anterior vertebral body as defined by Mutter et al [102]. A dose-volume histogram
(DVH) was calculated for the chest wall. The dose to 30 cm3 of the chest wall (DChest30)
was determined for each patient. Only patients with DChest30 exceeding 20Gy were
included in the C.Th analysis. The treatment CT and the initial post-SBRT CT scans were
used to assess early changes in rib cortical bone thickness.
Ribcage cortical thickness mapping
The bony anatomy of the thorax, including ribcage, sternum, clavicle and scapula,
was segmented for each CT scan using automated thresholding techniques and manual
editing in Mimics (v16.0 Materialise, Leuven, Belgium) for Windows. Ribs 2-9 were
individually contoured from the costovertebral to the costo-sternal or costo-cartilage
junction.
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Contours were used to construct 3D surfaces containing over 100,000 vertices
throughout the bony thorax using Stradwin software (v5.0 Cambridge University,
Cambridge, England) for Windows. The cortical bone mapping algorithm relies on a
global cortical density measurement, which is factored into a piecewise defined
Heaviside step function derived from the convolution of the in-plane and out-of-plane
point spread functions (PSFs) of each CT scan [29]. The global cortical bone density for
each CT scan was determined by collecting density measurements at each vertex, with
the thicker cortex present in the clavicle and scapula contributing to a more accurate
cortical density measurement. The CT values along a 12 mm line normal to the cortical
surface at each of the approximately 50,000 vertices of the 3D rib surfaces were obtained
and applied to the validated C.Th estimation model constrained by the cortical density
and out-of-plane blur [29]. Cortical thickness maps were constructed using the preSBRT CT scan and 3 month post-SBRT follow up CT scan for each treated patient.
Ribcage radiation dose mapping and rib segmentation
The absorbed radiation doses to the surface of the ribcage at each vertex were
obtained in MIM and then registered to the corresponding C.Th map using iterative
closest point (ICP) registration in MATLAB (v2014a, MathWorks, Natick, MA). Each
rib was subdivided into evenly spaced cylindrical subsections (30 subsections per rib)
along its centerline using a custom MATLAB algorithm. Rib vertices from the preSBRT CT scans were spatially aligned with the post-SBRT CT in 3D Slicer (v 3.6,
http://www.slicer.org) in Windows to define homologous rib subsections on the postSBRT CT. A rigid transform consisting of translation and rotation operations was
computed and applied to align the pre- and post- treatment ribcage surfaces. Twenty-four
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points were manually selected on the ribcage surface to derive each transform. An affine
transform was computed using an iterative closest point (ICP) algorithm and applied to
the transformed ribcage surface to account for geometric inter-scan variation.
The mean dose and C.Th for each homologous rib region were calculated from
the C.Th and dose measurements at all vertices within that region.
Statistical Analysis
Homologous rib regions were clustered into 5 groups based on absorbed dose in
10Gy increments, including: 0-<10Gy; 10-<20Gy; 20-<30Gy; 30-<40Gy; and ≥40Gy.
The C.Th for each homologous rib region measured post-treatment was compared with
the corresponding pre-treatment C.Th values using paired t-tests.

Between group

differences in C.Th and therefore the effect of dose on rib C.Th were assessed using
Kruskal-Wallis Analysis of Variance (ANOVA) tests with Dunn’s post-hoc analysis.
Patient age, gender, Eastern Cooperative Oncology Group (ECOG) performance status,
tumor size, tumor location, fractional dose, and any chest wall toxicity were obtained
retrospectively from patient medical records. Toxicity was scored using Common
Terminology Criteria for Adverse Events (CTCAE) version 4.03. The impact of these
clinical covariates on changes in C.Th was assessed using linear regression.
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Results
From November 2004 to May 2012, 40 cancer patients treated with thoracic
SBRT for peripheral lung lesions were identified for analysis. Cortical thickness was
analyzed 28 cancer patients receiving DChest30 exceeding 20Gy. The median age was 70
years (range 49-89 years). The majority of patients (75%) were treated for early stage
disease. Four patients had metastatic disease at the time of SBRT. The median tumor
diameter was 1.7 cm (0.7-5.0 cm). Median DChest30 was 31.1Gy (range 22.3-53.6Gy).
Median ribcage volume receiving >20Gy (V20) was 9cm3 (range 3-27cm3). All patients
had a chest wall V30<30cc.
The most frequently employed treatment regimen was 50 Gy in 5 fractions. The
median time to the initial post-treatment CT scan 3.2 months (2.5 - 3.8months). The
median post-treatment follow-up period was 15 months (2-49). Three patients had grade
2-3 chest wall pain. Of which, two patients developed rib fractures (Figure 1). In both
instances, fractures occurred at sites on a rib region that experienced significant cortical
thinning 3 months post-SBRT. Both patients received 54Gy in 3 fractions. The mean
DChest30cc for three patients experiencing toxicity was 4.9 Gy.
The mean pre-SBRT rib C.Th was 1.33 mm (95% CI 1.27-1.40 mm) (Table I).
The mean post-SBRT C.Th was 1.16 mm (1.11-1.21 mm). All regions absorbing >10 Gy
exhibited significant thinning of cortical bone (p<0.001; Table I). No significant cortical
thinning was observed in rib regions absorbing <10 Gy (p=0.2).
The magnitude of cortical thinning was significantly greater in all homologous
regions absorbing ≥20Gy than regions absorbing <20Gy (p<0.05; Figure 2). Cortical
thinning was greatest in regions absorbing > 40 Gy, with significantly more thinning than
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regions absorbing 20-<30 Gy (p<0.046), and marginally more thinning than regions
absorbing 30-<40 Gy (p=0.057).
No significant correlation was observed between extent of thinning and
fractionation for all doses. (p>0.05) No significant correlation was observed between the
change in C.Th and age, gender, tumor size, tumor location, performance status, and
chest wall toxicity (p>0.05).
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Discussion
Thoracic SBRT increases the incidence of severe chest wall toxicity compared to
conventional RT, especially rib fractures [31,37,98–101,103,109]. Assessing the extent
and progression of the change in bone resulting from SBRT is important for predicting
fracture risk and identifying a causal mechanism. However, it is difficult to characterize
changes in the ribs due to limitations of conventional CT imaging (i.e. limited resolving
capacity for the thin laminar cortical bone of the ribs). By combining recent image
processing techniques for measuring C.Th with SBRT treatment plans, we developed an
approach that permits the mapping of absorbed radiation dose in ribs with site-specific
measures of C.Th [29]. The degree of cortical change at regions absorbing discrete
radiation doses can then be determined from regular follow-up CT scans. Thinning of
cortical bone has been correlated to increased incidence of fracture clinically, at sites
such as the femoral neck and radius [27,110]. This approach can measure longitudinal
changes in bones that could identify patients who are at-risk for developing chest wall
toxicity, including RIRF.
Using this approach, we identified significant cortical thinning in regions of ribs
that absorb >10Gy during SBRT. The magnitude of cortical thinning is increased at doses
≥20Gy, with enhanced thinning observed ≥ 40Gy. Thinning was observed within 3
months of SBRT, thus changes were relatively rapid. We identified thinning of cortical
bone that was spatially aligned with rib fracture.

Ribs are predominately cortical

structures, and C.Th is an important indicator of bone strength [108]. The loss of C.Th
has been related to increased incidence of fracture in primarily cortical structures [110].
Consequently, cortical bone loss could be used to predict rib failure after SBRT. This
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approach can be an effective tool for identifying bone loss after SBRT that could
predispose ribs to fracture post-SBRT.
High resolution CT has been used to estimate rib C.Th in cadaveric studies.
Cadaver studies report mean rib inner and outer cortex thickness of 1.1±0.5 mm and
0.8±0.4 mm respectively.[111–114] In this experiment, we report median baseline C.Th
of 1.3 mm, which is consistent with rib C.Th values reported in prior experiments. The
C.Th estimation model used in this study has been validated against micro-CT scans in
the proximal femur and skull [29,115]. Treece et al report that the model can be used to
provide accurate estimates down to 0.3 mm with observed error of 0.01 mm for thin
corticies using micro-CT [29]. Consequently, this method can also be applied to assess
C.Th changes in ribs and other thin skeletal structures that are prone to fracture after
radiation exposure, including the vertebrae, and proximal femur [1,2,38,116].
Several studies have examined chest wall toxicity incidence and treatment related
risk factors after SBRT using chest wall dose–volume histograms. A recent prospective
study examined the correlation between chest wall dose-volume parameters and toxicity
in 126 patients treated using SBRT [102]. Rib fractures were observed in 5% of patients
within 16 months of treatment. As noted, a significant association between grade ≥2
chest wall toxicity and volume receiving ≥30Gy (V30) was observed. A recent
retrospective series reports a significant correlation between the maximum point rib dose
(Dmax ≥54Gy) and increased 4-year probability of rib fracture (47.7% vs. 12.9%) in 41
patients treated using SBRT [103]. No significant correlation was observed between the
treated rib volume (V10-55) and rib fracture. Other risk factors that have been identified
include larger tumor diameters, female gender, lateral location, and the dose to the 8cc of
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the chest wall [104,105]. We report dose-dependent cortical thinning. In this analysis, no
significant correlation between the volume of ribs receiving a given dose and cortical
thinning was observed. Thus, C.Th as an early outcome was more related to the sitespecific absorbed dose.
Bone strength depends on bone quantity as well as material and architectural
properties, such as the distribution of cortical bone relative to the centroid [117]. Altering
geometric properties of bone through remodeling can preserve strength despite thinning
of the cortex, such as through periosteal bone deposition [118]. Thus while one assumes
that significant thinning of the cortex observed here at an early follow-up would weaken
the bone and increase the risk of the fractures that are observed clinically, quantitative
assessment of strength or risk was not determined. Moreover, our assessment at early
time points and did not consider any later recovery of the bone as observed in rodent
studies that could then prevent fractures, though cortical bone atrophy in humans after
irradiation persists as a late effect [45,88,119]. However, the method can be used as a
platform for finite element analysis in order to both estimate the impact of SBRT on
strength and predict post-SBRT fracture risk.
In this study, we developed and applied a method to measure early changes in
C.Th within the ribcages of SBRT patients. Using this method, rapid thinning of the
cortical bone was observed in regions of ribs that absorbed >10Gy, and in a dosedependent manner. This thinning of cortical bone in irradiated regions of the rib likely
contributes to the occurrence of RIRF in patients treated with SBRT.
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Table I. SBRT treatment effects on cortical thickness
Dose
Absorbed
(Gy)

Mean Pre-treatment C.Th
(95% CI), mm

Mean Post-treatment
C.Th (95% CI), mm

Percent Change in
Cortical Thickness
(95% CI), %

0 - <10

1.36 (1.24-1.48)

1.31 (1.18-1.43)

-1.5 (-11.17 - 4.1)

10 - <20

1.45 (1.31-1.59)

1.33 (1.19-1.47)

-7.4 (-3.7 - -11.1)*

20 - <30

1.31 (1.19-1.43)

1.10 (1.01-1.18)

-14.4 (-18.1 - -10.7)*

30 - <40

1.45 (1.24-1.65)

1.21 (1.07-1.35)

-15.1 (-19.2- -11.0)*

≥ 40

1.29 (1.13-1.44)

1.04 (0.92-1.15)

-18.4 (-22.0 - -14.6)*

Notes: Changes of C.Th within homologous regions of a rib measured pre- and postSBRT were compared using paired T-tests; * p<0.001. Abbrevations: C.Th – Cortical
Thickness; Gy-Gray; CI-Confidence Interval
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Figure 1. Cortical thickness maps at post-SBRT rib fracture site. The radiation plan
registered to the 6 month follow-up CT scan (A). C.Th mapping of fractured ribs preSBRT (B), 3 months (C), and 6 months post-SBRT (D). Cortical thinning of 14.7% was
observed at the site of a fracture within 3 months of treatment relative to the homologous
region (black rectangle) on the pre-SBRT scan. Abbreviations: SBRT- stereotactic body
radiation therapy, CT-computed tomography, C.Th- cortical thickness.
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Figure 2. Change in cortical thickness of ribs as a function of absorbed dose in 10 Gy
increments. Whiskers represent the 5th to 95th percentile. Data were compared using
Kruskal-Wallis ANOVA on ranks with Dunn’s post-hoc.
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Supplemental Table I. Patient Characteristics
Characteristic

No. of Patients (%)

Total patients
Median age (range), yrs
Gender
Male
Female
ECOG
0
1
2
3
4
Smoker
Yes
No
Osteoporosis
Yes

28
70 (49-89)

No
Bisphosphonates
Yes
No
Stage
IA
IB
IIA
IIB
IIIA
IV
Median tumor diameter (range), cm
Concurrent Chemotherapy
Yes
No

26 (93)

16 (57)
12 (43)
4 (14)
13 (46)
11 (39)
0 (0)
0 (0)
26 (93)
2 (7)
2 (7)
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0 (0)
28 (100)
12 (43)
7 (25)
2 (7)
2 (7)
1 (4)
4 (14)
1.7 (0.7-5.0)
8 (29)
20 (71)

Supplementary Table II. Fractionation Characteristics
No of Patients
Fractionation Scheme (dose/fr)
(%)
54 Gy in 3 fr (18 Gy)
10 (36)
45 Gy in 3 fr (15 Gy)
2 (7)
50 Gy in 5 fr (10 Gy)*
11(39)
45 Gy in 5 fr (9 Gy)
2 (7)
50 Gy in 10 fr (10 Gy)
3 (11)
Notes: *6 patients were treated for ≥2 lesions
simultaneously
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Supplementary Figure 1. A visual representation of the methods employed in
integrating measured cortical thickness with absorbed radiation dose at homologous
regions in the ribcage from clinical CT using cortical density-based estimation
techniques. Rib point doses were determined using reconstructed SBRT treatment plans
(A). Ribs were individually contoured (B) and a 3-D surface consisting of approximately
50,000 vertices was obtained (C). C.Th was calculated at each vertex using CDM (D).
C.Th maps were constructed (E). Ribs were subdivided into cylindrical subdivision along
the centerline of each rib for focal analysis (F). Abbreviations: CT-computed
tomography, C.Th- cortical thickness, CDM-cortical density method.
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Supplementary Figure 2. Percent of initial rib cortical thickness stratified by fractional
dose for rib regions absorbing (A) 10-20Gy, (B) 20-30Gy, (C) 30-40Gy, and ≥40Gy.
Whiskers represent the 5th to 95th percentile. Outliers are noted. Data were compared
using Kruskal-Wallis ANOVA. No significant difference was observed between
fractionations for all dose groups (p>0.05).

85

CHAPTER EIGHT: APPLICATION II (Published Manuscript)
Title: Early Dose-Dependent Cortical Thinning of the Femoral Neck in Anal Cancer
Patients Treated with Pelvic Radiation Therapy
Authors: Catherine Okoukoni, B.Eng. 1,2, David M. Randolph MD1,4, Emory R. McTyre
MS, MD1,4, Andy Kwok BS1, Ashley A. Weaver PhD2,3, A. William Blackstock MD1,4,
Michael T. Munley PhD1,2,4, Jeffrey S. Willey PhD1,4.
Departments of 1Radiation Oncology, and 2Biomedical Engineering, Wake Forest School
of Medicine, Winston-Salem, NC, USA; 3Virginia Tech-Wake Forest University Center
for Injury Biomechanics, Winston-Salem, North Carolina, USA; 4Comprehensive Cancer
Center of Wake Forest University, Winston-Salem, NC, USA.
Figures: 3
Tables: 1
Conflict of Interest: None
Funding: This research received no specific grant from any funding agency.
Author Contribution: Catherine Okoukoni was involved in the development of the
method, execution of the analysis, writing and revision of manuscript for publication in
Bone Journal.

86

Abstract
Background and Purpose
Anal cancer patients treated with radiation therapy (RT) have an increased risk of
hip fractures after treatment. The mechanism of these fractures is unknown; however,
femoral fractures have been correlated with cortical bone thinning. The objective of this
study was to assess early changes in cortical bone thickness at common sites of femoral
fracture in anal cancer patients treated with intensity modulated radiation therapy
(IMRT).
Materials and Methods
RT treatment plans and computed tomography (CT) scans from 23 anal cancer
patients who underwent IMRT between November 2012 and December 2014 were
retrospectively reviewed. Cortical thickness (Ct.Th) was mapped at homologous vertices
within the proximal femur using pre-RT and post-RT (≤ 4 months) CT scans. The bone
attenuation measurements were collected at homologous locations within the trabecular
bone of the right femoral neck (FN). The percent change in Ct.Th and trabecular bone
mineral density (trBMD) were assessed. FN cortical thinning was correlated to RT dose
using linear regression. A logistic model for dose dependent cortical thinning was
constructed.
Results
Twenty-two patients were analyzed. Significant post-treatment cortical thinning
was observed in the intertrochanteric crest, subcapital and inferior FN (p < 0.05). FN
volume receiving ≥40 Gy (V40Gy) was a significant predictor of focal cortical thinning ≥
30% (p = 0.03). A significant decrease in FN trBMD was observed (- 6.4% [range -34.4
to 3.3%]; p = 0.01)
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Conclusion
Significant early decrease in Ct.Th and trBMD occurs at the FN in patients treated
with RT for anal cancer. FN V40Gy was predictive of clinically significant focal FN
cortical thinning.
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Introduction
Definitive chemo-radiation therapy (CRT) has become the standard of care for
treating localized squamous cell carcinoma (SCC) of the anal canal [120]. Bone toxicity
is a major concern after pelvic radiation therapy (RT) [121–123]. Incidence of femoral
and pelvic insufficiency fracture is significantly higher in patients that receive pelvic RT
[38,40–42]. Female anal cancer patients over the age of 65 treated with pelvic RT have a
three-fold increase in pelvic and femoral fractures within the first five years following
treatment based on Surveillance, Epidemiology, and End Results (SEER) cancer registry
data [38]. Importantly, these fractures are associated with direct exposure of bone to
ionizing radiation [8,9]. Femoral fractures tend to be located within the subcapsular
femoral neck (FN) and intertrochanteric region [27,30].
Treating fractures in irradiated bone is complicated due to associated morbidity
and mortality. The rate of non-union is high in RT-induced fractures [44,45]. Even with
effective intervention, chronic pelvic and back pain and impaired mobility are common
after fracture [14]. These complications are detrimental to quality of life [124]. Pelvic
fractures, especially FN fractures, are particularly morbid in geriatric patients. Mortality
rates are twice as high within five years following fracture due to associated
complications [125].
Significant toxicity after CRT for anal cancer has motivated the use of more
conformal RT techniques, such as intensity-modulated radiotherapy (IMRT). IMRT
conforms to a given target volume, allowing for sparing of higher RT doses to
surrounding structures [46]. This technique reduces dose to organs at risk (OARs), but
may increase the integral dose deposited to the surrounding tissue by each beamlet [126].
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Anal cancer has a high propensity to spread to pelvic lymph nodes [2]. Involved
inguinal nodes, which abut the FN, are usually treated in anal cancer. Nodal irradiation
exposes the hip to a relatively high RT dose, even with highly conformal techniques [46].
Major Radiation Therapy Oncology Group (RTOG) prospective trials have included dose
constraints for the femoral head in anal cancer patients; however constraints for the FN, a
region biomechanically at risk for fracture, have not been employed [2].
The etiology of radiation-induced fracture is unclear, however, it appears fracture
likely results from bone damage and deterioration [10 -12, 18]. Cortical thickness (Ct.Th)
is a major feature of bone strength, and thinning may reflect microstructural deterioration
[108]. We have previously identified acute cortical bone thinning at sites within the
ribcage that receive > 10 Gy during thoracic stereotactic body radiation therapy (SBRT)
for primary and metastatic lung lesions [127]. In this study, we examine early posttreatment changes in Ct.Th and trabecular BMD (trBMD) of the proximal femur in anal
cancer patients treated with IMRT and assess the dose-volume relationships between RT
and focal cortical thinning within the FN.
Methods
2.1 Data Collection
Pelvic computed tomography (CT) scans and RT plans of 23 patients treated for
anal cancer treated with CRT from 2012-2014 at our institution were retrospectively
reviewed as part of an Institutional Review Board-approved study. Patients were treated
with dynamic multi-leaf collimator IMRT using 6-9 coplanar or non-coplanar, nonuniform beams. Doses, fractionation schemes, and treatment volumes were based on the
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guidelines used in the RTOG 0529 protocol [121]. Mesorectal, inguinal, internal and
external iliac nodes were treated in all patients.
Simulation CT scanning was performed in the supine position with resolution
between 0.5 - 0.8 mm in the axial planes, and slice thickness of 1.8 mm. CT scans were
examined and patients with pelvic or femoral fractures or deformities. Patients with bone
pathologies prior to treatment were excluded from analysis. Treatment planning was
performed using Pinnacle TPS (Philips Radiation Oncology Systems, Fitchburg, WI). All
patients received a follow-up CT scan within four months following RT. Digital Imaging
and Communications in Medicine (DICOM) RT files and follow-up CT scans were
exported and reconstructed in MIM Maestro (v6.4, MIM Software Inc, Cleveland, OH).
Patient age, gender, body mass index (BMI), Eastern Cooperative Oncology Group
performance status (ECOG), and incidence of post-radiation fracture within the first year
after treatment were obtained retrospectively from patient medical records.
2.2 Cortical Thickness Mapping
For each CT scan, the pelvis was segmented from the top of the fifth lumbar
vertebra to the proximal one third of both femurs using automated thresholding
techniques and manual editing in Mimics (v16.0 Materialise, Leuven, Belgium). The
pubic symphysis, bilateral sacroiliac joints, sacrotuberous ligaments, and sacrospinous
ligaments were excluded as they are non-osseous tissues. The pelvis and femurs were
used to establish the peak cortical bone BMD. Ct.Th was estimated and mapped along
the surface of the proximal femur using a density-based automated cortical estimation
method [94,127]. Ct.Th was estimated at approximately 20,000 vertices from the pretreatment and post-treatment CT scans for each patient using Stradwin (v5.0, Cambridge,
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England). The baseline femur surface was spatially realigned with the post-treatment
surface via rigid and affine deformation in 3D Slicer (v 3.6, http://www.slicer.org). The
post-treatment Ct.Th at each vertex was compared to pre-treatment Ct.Th at each
corresponding homologous vertex on the surface. Each femur was registered separately to
achieve optimal surface alignment.
The FN was contoured bilaterally on the 3D femur surface using anatomical
landmarks in GeoMagic Studio (v2014,Geomagic Inc, Morrisville, North Carolina).
Specifically, the FN was medially defined by the line of junction with the head, and
laterally by the intertrochanteric crest, and the greater and lesser trochanter.The centroid
of the right FN surface was determined and the mid-femoral neck periosteal perimeter
(Ps.Pm) was estimated for each 3D femoral surface using GeoMagic Studio. The mean
pre-RT and post-RT Ps.Pm and Ct.Th were determined for each patient. Mean percent
difference in Ct.Th at homologous vertices across patients was mapped using Matlab
(v.2014a Mathworks, Natick, MA).
2.3 Trabecular BMD
Mean Hounsfield Unit (HU) values were collected in Mimics from homologous
regions of interest (ROI) within the trabecular bone of the FN, right psoas major muscle,
and anterior subcutaneous fat for the baseline and follow-up CT scans. FN ROI were
obtained from the pre-RT CT scan in a standard sized region that was placed at the
centroid of the 3D femoral neck surface. Region size was selected such that the cortical
bone of the FN was avoided in each patient. Attenuation values in the homologous postRT FN were obtained by registering the pre-RT ROI to the post-RT CT coordinate
system using the transform calculated earlier. The HU were converted to volumetric bone
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density (vBMD) units using calibrated HU measurements collected at homologous
locations. Briefly, the actual density of fat and muscle were determined using 20 scans
including phantom ports with known mg/cc values and the experimental fat and muscle
HU values were linearly regressed against the known values. The percent change in mean
FN trBMD at the time of follow-up imaging was calculated relative to the pre-RT CT
scan for each patient.
2.4 Dosimetric Analysis
DICOM-RT files were exported from Pinnacle and were then reconstructed in
MIM Maestro. The proximal femurs were contoured bilaterally. Point doses were
calculated within each contour using the treatment plan. Point doses were mapped to the
corresponding Ct.Th values using iterative closest point (ICP) registration in Matlab.
Mean point dose to homologous vertices across patients was calculated and mapped using
Matlab.
A logistic model was constructed for RT dose-dependent thinning of the FN. The
binary outcome variable was ≥ 30% cortical thinning in at least 1cm2 of the FN surface.
This threshold was based on a prior study that reported patients experiencing FN fracture
had 30% thinner cortical bone at the femoral head-neck junction than age-matched
controls [10]. The patient treatment plans (DICOM-RT) were used to determine the
absolute volume of the femoral neck receiving a given dose, VD(Gy), for the entire dose
range in 0.1 Gy intervals in MIM Maestro. Serial logistic regressions were performed for
the predictor variable VD(Gy) for each discrete dose between 0 Gy and the maximum FN
dose received by any patient, at 0.1 Gy intervals. The most statistically significant
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predictor was used to develop a logistic model for cortical thinning based on volumetric
dose.
2.5 Statistical Analysis
Paired t-tests were performed to assess the significance of the change in mean FN
trBMD and Ct.Th post-RT relative to the initial values. The relationship between cortical
thinning and absorbed point dose was examined using univariate linear regression at
homologous vertices within the FN across patients. Linear regression was used to assess
the association between the outcome variables and patient gender, and BMI.
Results
Between November 2012 and December 2014, 23 patients were treated with CRT
for localized squamous cell carcinoma (SCC) of the anal canal at our institution. Of these
23, one patient was excluded due to a leg amputation prior to treatment. Patients were
treated to a median total dose of 55 Gy (range 53.4-58.1 Gy) to the gross tumor volume
(GTV), with pelvis and inguinal lymph nodes receiving a median dose of 50 Gy (45-58
Gy) in 1.8 Gy daily fractions (Table 1). The planned treatment volume (PTV) was a 0.51 cm expansion of the clinical treatment volume (CTV). All patients received concurrent
5-fluorouracil and mitomycin C.
Table 1. Participant and Treatment Characteristics
Characteristic

No. of Patients (%)

Total analyzed (% Total)

22 (96)
52 [42, 61]
13 (65)
12 (92)
0(0)
0(0)

Median age, years[range]
Gender (Female)
Post-menopausal (%Women)
Bisphosphonate (Yes)
Osteoporosis (Yes)
94

HIV Status (Positive)
Median BMI [range]
ECOG PS
0
1
2
3
4
Median Max RT Dose, Gy [range]
Fractional dose, Gy
Concurrent chemotherapy (Yes)

8 (36)
27 [17, 37]
8 (36)
14 (64)
0(0)
0(0)
0(0)
55.4 [47.4, 58.1]
1.8
22 (100)

The median BMI was 26.7 (range 18 -37). The median age was 52 years (range
42-61 years). Thirteen females were included in the study, of which 92% were postmenopausal. All patients had an ECOG PS ≤ 1. Eight patients were human
immunodeficiency virus (HIV) positive. No patients had osteoporosis or received
bisphosphonates prior, during, or within 4 months of RT.
Follow-up CT scans were obtained a median of 2.4 months (range 0.8-3.8
months) after RT completion. No patients experienced pelvic insufficiency fractures
within the first year of treatment.
The median average dose to the proximal femur was 34.0 Gy (range 28.6-36.4
Gy, Figure 1). Post-treatment cortical thinning >10% was observed in regions of
intertrochanteric crest and femoral neck (Figure 1). A significant association between
received dose and cortical thinning was observed in inferior and subcapital regions of FN
(p< 0.05, Figure 2).
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Figure 1. A radiation dose map (A) and percent cortical change map (B) of the proximal
femur that represent the mean values for all patients enrolled in the trial at homologous
vertices registered onto a canonical femur surface. The p-value distribution per the
vertices are based on paired t-tests comparing homologous vertices pre-CRT and postCRT (n=22).
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Figure 2. Femoral neck regions that experienced significant dose-dependent cortical
bone thinning, as identified using univariate analyses (p<0.05), are highlighted (A-B).
The relationship between cortical thinning and dose at vertices within the highlighted
region is shown (C).
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The mean percent change in FN Ct.Th and trBMD was -3.8% (range -17.5% to
10.9%; p = 0.08) and -6.4% (-34.4 to 3.3%; p = 0.01, Table 2), respectively. No
significant associations between the outcome variables FN Ct.Th and trBMD change and
patient gender (Ct.Th, R2 =0.039; trBMD, R2 =0.16), BMI (Ct.Th, R2 =0.035;, trBMD, R2
=0.023), or age (Ct.Th, R2 =0.0046; trBMD, R2 =0.0050) were observed. No difference in
Ps.Pm was observed post-RT (p = 0.45, Table 2).
Table 2. Treatment Effect on Femoral Neck Cortical Thickness and Trabecular Bone
Mineral Density
P-value
Mean PreMean Post-treatment
Percent Change
treatment (95% CI) (95% CI)
(range), %
2.6 (±0.34)
2.4 (±0.41)
-3.8 (-18 to +11)
0.08
Ct.Th (mm)
96.2 (±6.1)
96.4 (±5.8)
0.22 (-4.0 to +5.7)
0.45
Ps.Pm (mm)
272 (±19)
253(±16)
- 6.4 (-34 to +3.3)*
0.01
TrBMD (mg/cc)
Notes: Change within homologous regions of FN were measured pre-RT and post-RT were
compared using paired T-tests; *p<0.05. Abbrevations: FN- Femoral Neck; C.Th - Cortical
Thickness; Ps.Pm –Femoral Neck Periosteal Perimeter; TrBMD-Trabecular bone mineral
density; Gy-Gray; CI-Confidence Interval

Cortical thinning ≥ 30% in at least 1 cm2 of the FN surface was observed in 14 %
(n = 6 femoral necks) of patients. Femoral neck V39Gy – V41Gy were statistically
significant predictors of the development of FN cortical thinning (p < 0.05, Figure 3).
Within this range, FN V40Gy was the most statistically significant predictor of cortical
thinning (p=0.03). FN V40Gy of 2.1 cc corresponded to a 20% (CI: 8.3-40.9%) risk of
cortical thinning.

98

Figure 3. Fitted logistic regression model predicting the probability of significant focal
(≥1 cm2) cortical thinning (≥30%) by volume receiving a dose ≥ 40 Gy (V40Gy). 95% CI
is within the shaded area.
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4 Discussion
Pelvic and femoral fractures are a substantial source of morbidity and mortality in
patients treated with pelvic RT [2,6,13,38,41,42,119]. In 2005, Baxter et al conducted a
retrospective cohort study using SEER cancer registry data and identified a significant
increase in the incidence of pelvic and hip fracture in older women (≥65 years) who were
treated for rectal, anal, or cervical cancer between 1989 through 1999 [38]. Interestingly,
the increase in fracture risk was substantially higher in anal cancer patients as compared
to other malignancies. Given the high baseline risk for pelvic insufficiency fracture in
elderly women, this increased risk represents a significant absolute risk. While the
majority of patients included in the study were treated using 2D planning techniques, the
outcomes reported by Baxter et al are relevant to current CT-based planning as nearly the
full prescribed RT dose to large portions of the FN receive in order to achieve adequate
coverage of involved lymph nodes [2].
A more recent retrospective assessment of 80 women treated for uterine cancer
with RT reported a pelvic insufficiency fracture rate of 34% in the radiation field 6-48
months after RT [42]. Two large randomized prospective trials (Stockholm I and II)
examining the role of adjuvant short-course RT in patients with operable rectal cancer
found that patients who received RT were twice as likely to be hospitalized for hip
fracture compared to patients who received surgery alone [128]. These studies provide
compelling evidence that RT is a major risk factor for insufficiency fractures in patients
treated for pelvic malignancies.
In the present study, we identified rapid post-RT cortical thinning and trabecular
bone loss in regions of the proximal femur within 1-4 months following RT for anal
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cancer. No fractures were observed within the first year of treatment in our study cohort;
hence the correlation between these structural changes and fracture could not be assessed.
Nevertheless, an age matched case-control study investigating fracture related cortical
thinning in the proximal femur of older women reported that focal cortical thinning ≥
30% in subcapital regions of the proximal femur is associated with osteoporotic fracture
[27]. In the current study, we observed early dose-dependent post-RT cortical thinning
within the subcapital and inferior FN, a common site of insufficiency fracture initiation.
Compressive stresses are concentrated in the inferior region of the femoral neck, and
finite element analysis identifies that the majority of stress in the FN and the
intertrochanteric region is supported by the cortical bone [129]. Thus, the thinning of the
cortical bone at observed sites within the femoral neck and proximal femur likely
weakens the bone and could contribute to bone weakening and fracture in this population
[26].
Despite the use of IMRT, a mean dose of 34 Gy was delivered to the proximal
femur in the present study, with the inferior regions of the neck receiving RT dose
upwards of 50 Gy. Of 22 analyzed patients, 14% experienced focal FN cortical thinning ≥
30% within 4 months of RT completion. The FN V40Gy was the most significant
predictor of FN cortical thinning; the sample size of patients receiving >41Gy to the
femoral neck limited prediction beyond this dose. Cortical thinning may contribute to the
mechanism of fracture, hence limiting FN dose below 40 Gy may reduce the incidence of
FN fracture. Furthermore, several clinical studies investigating risk factors for radiation
induced bone fractures in patients treated with RT for extremity soft tissue sarcoma, have
shown a similar critical threshold dose correlates with increased fracture risk within 5
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years of RT [130,131]. Post-RT fragility fractures frequently occur late (1-5 years) after
RT, hence long-term follow-up is necessary to determine if early changes persist and
significantly impact the incidence of hip fracture [5-9, 21, 27, 28].

5 Conclusion
In this study, we applied novel CT image processing techniques to measure early post-RT
changes in FN Ct.Th and trBMD of anal cancer patients receiving CRT using IMRT.
Early (< 4 months) focal Ct.Th and trBMD loss was observed in the FN. The FN V40Gy
was the most significant predictor for focal FN cortical thinning. These early structural
changes may contribute to post-RT fracture in these patients
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Abstract
Background
Pediatric cancer survivors have a higher incidence of skeletal complications,
including vertebral fractures, abnormal growth, and joint failures.
Methods
Ten irradiated received total body irradiation (TBI) in a single dose of ranging
from 6.8-8.4 Gy prior to skeletal maturity (age range 35.9-52.9 months); they were
compared to 11 non-irradiated age matched controls. The irradiated cohort. Annual
computed tomography (CT) scans were obtained from 2012-2016. Bone parameters were
characterized in the 3rd-6th lumbar vertebra (L3-L6) for each year. Vertebral bone
compressive strength was assessed in 9 irradiated and 3 control animals via mechanical
loading.
Results
Vertebral trabecular bone mineral density (trBMD) was significantly greater in
the irradiated NHPs compared to controls in L3 (p=0.04) and L6 (p= 0.04) in 2012; but
this difference was not seen in subsequent years. A significant decrease in Ct.Th was
observed between 2012 and 2016 in the irradiated NHPs (p<0.01) in L3-L6. There was
no significant difference in the vertebral body elastic modulus and ultimate strength
between irradiated NHPs and controls NHPs (p=0.16, p=0.22 respectively). There was
no significant difference in cross sectional area or vertebral height between the irradiated
and control NHPs.
Conclusions
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Exposure to RT prior to bone maturity did not produce profound changes in
vertebral growth or structural properties in adulthood, beyond a transient increase in
trBMD.
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Introduction
Modern medicine continues to improve outcomes for pediatric cancer patients
[45,132,133]. As more children survive their cancer diagnosis, the long term
complications of therapy are a major concern. Survivors of pediatric malignancies have
significantly more chronic health conditions and hospitalizations than the general
population [132,134,135].
Many pediatric malignancies, such as acute lymphoblastic leukemia (ALL),
medulloblastoma, primitive neuroectodermal tumors, Wilms tumor, neuroblastoma, and
Ewing sarcoma, are aggressive and require multi-modal treatment including radiation
therapy (RT) [133,136]. For instance, medulloblastoma and primitive neuroectodermal
tumors commonly require radiation to the entire brain and spinal column to doses in the
range of 20 - 36 Gy, with an additional boost to 54 Gy in the posterior fossa [137–139].
In the case of medulloblastoma, nearly 30-40% of patients have tumor spread to the
cerebral spinal fluid (CSF) at the time of diagnosis [136,137,140]. Cranio-spinal
irradiation (CSI) is therefore considered standard of care, regardless of stage at diagnosis,
and provides both improved overall survival and local control [136,138–142].
Similarly, pediatric abdominal tumors are commonly treated with large RT fields
due to large tumor sizes at diagnosis [143,144]. In the case of Wilms tumors, the entire
abdominal cavity and potentially the lungs are commonly treated with RT. This exposes
nearly the entire vertebral column to radiation doses as high as 20 Gy [144]. Prior to the
1960’s, irradiated Wilms tumor patients were often found to have a high incidence of
scoliosis [51,145–148]. Histologic and dosimetric analysis reveal different growth
patterns in treated versus untreated portions of a vertebral body growth plate that lead to
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scoliosis [51,147–149]. These findings suggested that RT impairs bone growth, as a
result modern hemi-abdomen RT fields are extended to include the entire vertebral body
to prevent uneven growth.
Growing bone may be more sensitive to RT effects [149]. Early exposure may
cause persistent changes in bone structure that jeopardize bone strength in adulthood.
Moderate to severe bone mineral density (BMD) defects (Z-score <–1) have been
reported in pediatric cancer survivors, with incidence ranging from 8.1–67.9%
[50,97,150–154]. Younger age at treatment, higher radiation dose, and treatment prior to
the pubertal growth spurt all impact the degree of bone toxicity [45,149,150,155]. Based
on such observations, RT is believed to be the major contributor to the bone changes
observed in survivors of pediatric malignancies, such as increased rates of fracture,
osteopenia, scoliosis, and stunted growth [12,48,132,151].
While the association between RT and osteopenia in adult survivors of pediatric
CNS malignancies has been reported, the mechanisms for late radiation induced
musculoskeletal damage are not well established [12,50,146,151]. Examining the
implication of RT on bone health in pediatric cancer survivors is complicated due to a
number of confounding risk factors for BMD deficits, including chemotherapeutic agents,
corticosteroids, simultaneous endocrine dysfunction, and lifestyle variables
[21,97,132,156]. For instance, pediatric cancer survivors have significantly higher rates
of functional impairment (RR = 7.7) and activity limitation (RR = 6.3) [135]. Patients
with more severe ambulation restriction after treatment tend to have lower BMD scores
making it difficult to assess causality [97,157]. Furthermore, changes in RT technology
makes it difficult directly compare the effects seen in patients treated during different
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time periods. For instance, many older studies used kilovoltage radiation beams that
interact with tissue through a different mechanism than modern megavoltage beams.
Despite drastically improved radiation delivery, late musculoskeletal
complications are relatively common in pediatric cancer survivors [153,155,158]. It is
unclear, what proportion of these effects is attributed to radiation. Several reports have
shown early radiation-related structural changes in bone after RT to the pelvis, lumbar
and thoracic vertebrae, and ribs in adults (Higham and Faithfull, 2015; Okoukoni et al.,
2016a; Okoukoni et al., 2016b; Wei et al., 2016). Vertebral bodies in adults receiving as
little as 5 Gy had significant BMD loss (>20%) within 4 months of abdominal RT [159].
This reduction in BMD persisted at subsequent 9 month follow-up. However, late RT
effects (> 5 years post-RT) on structural parameters of bone that could predispose to
fracture have not been quantitatively assessed. In this study, we will assess late effects of
RT on structural bone properties of the cortical and trabecular compartment of vertebral
body in a clinically relevant non-human primates (NHP) model of pediatric RT.
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Materials and Methods
Study design
Longitudinal data was obtained for 10 male rhesus macaques that were exposed to
bilateral, uniform total body irradiation (TBI) prior to skeletal maturity (age 35.9-52.9
months), as part of a larger Radiation Countermeasures Center of Research Excellence
(RadCCORE) study and 11 non-irradiated age-matched male rhesus macaques.
Irradiated NHPs received a single dose ranging from 6.8-8.4 Gy. Annual computed
tomography (CT) scans and body mass were acquired from 2012-2016.
Vertebral Body Dimensions
The CT scans were examined to identify bony pathologies, fractures, and
deformities. The lumbar vertebra from L3 to L6 was contoured from each CT scan (P1P5) and three dimensional (3D) surfaces were constructed in Mimics (v16.0 Materialise,
Leuven, Belgium). The CSA at the midpoint of each vertebra was determined using
measurement tools in Mimics. The anterior height of each vertebral body (L3-L6) was
measured from each 3D surface using techniques described in Genant et al [160].
Vertebral Body Cortical Thickness
Ct.Th mapping was performed using techniques described by Okoukoni et al
[127]. Briefly, the lumbar vertebra (top of L1- bottom of L6), sacrum, and pelvis were
segmented from each CT scan using automated thresholding techniques and manual
editing in Mimics. The peak density was determined based on the segmented surface. A
cortical density based method was used to estimate cortical thickness at vertices of the
lumbar vertebra using Stradwin software (v5.0 Cambridge University, Cambridge,
England) [29]. Cortical thickness maps were constructed for each time point.
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For each animal, the lumbar surface obtained at the first time point (P1) was
registered to subsequent surfaces using rigid and affine transforms in 3D slicer (v.
3.6,https://www.slicer.org). P1 L3-6 vertebral bodies, excluding the posterior and
transverse process, were isolated using Geomagic Studio. Transformations were applied
to the P1 vertebral bodies to identify the homologous vertebral body in subsequent (P2P5) surfaces in Matlab. The mean vertebral body cortical thickness was determined for
each vertebral body at each time point (P1-P5).
Vertebral Body Trabecular Bone Mineral Density Analysis
Mean Hounsfield Unit (HU) values were collected in Mimics from regions of
interest (ROI) on the L3-L6 vertebrae for each time point. Lumbar ROI were centrally
located within the trabecular bone at the midpoint of each vertebra. A consistent ROI
size was used for each vertebral level. Each scan included phantom ports with known
mg/cc CaHA values. The CT density of each phantom port was determined and linear
regression was used to determine the HU conversion to bone density conversion. The
mean HU density was converted to a volumetric BMD.
Mechanical Testing
Vertebral bone compressive strength was assessed in 9 irradiated and 3 control
animals via mechanical loading. Lumbar vertebra (L1-L2) were removed at necropsy,
and frozen at −20°C. Immediately before mechanical testing, the bodies were thawed,
cleaned of soft-tissue, and posterior elements were removed by cutting the neural arches
at their attachment to the body. The L2 body was isolated and the cranial and caudal ends
were further cleaned using a scalpel to produced two parallel surfaces. Each ends were
potted onto a wafer. Loading was applied using an Instron (model 4201, 5 kN (1000 lbs)
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load cell with the flat plate) at a rate of 500 N/min until failure (40% drop in maximum
fracture load) occurred. The maximum load at failure and stiffness were measured from
the load-displacement curve and the toughness (energy to failure) was measured as the
area under the stress-strain curve. The vertebral body cross-sectional area at the end
plates and vertebral height was determined using Mimics and used to calculate ultimate
strength.
Statistical Analysis
All data were tested for normality and equality of variances and transformed if
necessary before further analysis. Longitudinal data (body mass, Ct.BMD, trBMD, and
cortical thickness) were analyzed by repeated measures analysis of covariance
(ANCOVA), where the 10 year post-RT data were used as covariates and multiple 11-16
year post-RT data were repeated tests.
For these analyses, the significance of the group effect (irradiated versus control),
age effect, and group and age interactions were examined. Mechanical data were
analyzed using two sample t-tests assuming unequal variance.
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Results
Ten irradiated animals were analyzed. The median age at irradiation was 42.1
months (range 35.9-52.9 months).
The median body mass was significantly lower in irradiated NHPs compared to
the control animals from 2012-2016 (Figure 1, p <0.001). There was no significant
difference between groups in vertebral height (Figure 2, p>0.05) or mid-vertebral body
perimeter (Figure 3, p>0.05) in L3-L6 from 2012-2016).
In 2012, the trBMD was significantly higher in L3 and L6 for irradiated NHPs
compared to controls. However, for both irradiated and control vertebrae, trBMD
decreased each year (p<0.05), and after 2012 no differences in trBMD between irradiated
and control vertebrae were detected (Figure 4).
Ct.Th decreased at a faster between 2012- 2016 in irradiated vertebral bodies
relative to the control cohort (p<0.01, Figure 5), and by 2016, there was no significant
difference in Ct.Th between groups.
There was no significant difference in parameters of bone strength between the
irradiated and control animals (Table 1). The elastic modulus and the ultimate stress were
lower in the irradiated animals, but the power was not sufficient to detect a significant
difference (p=0.16, p=0.22, respectively).
Discussion
Higher rates of osteopenia, osteoporosis, scoliosis, and bone fracture are well
documented in pediatric malignancies survivors [10,12,48,51,146,148,152,161,162]. The
majority of studies have examined structural changes and fracture risk either during
treatment or within the first five years of completing therapy. To date, the most
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comprehensive study examining the long term impacts of cancer treatment on the bone
health of survivors vs siblings reported outcomes only until median age 36.2 and 38.1
years, respectively [163]. Longer follow-up may reveal an increased propensity for
fracture as female survivors undergo menopause, when osteoporotic fracture risk
substantially increases. Long-term research involving cancer survivors is complicated by
the large number of confounding factors and limited available quantitative data.
Pediatric treatments commonly expose patients to a number of agents that are
detrimental to bone health. RT has been implicated as a major contributor to the bone
pathologies observed in survivors of pediatric malignancies, however there is a paucity of
quantitative data to assess the role of RT. This study is the first to examine long term
changes (>10 years) in BMD and bone dimension in a clinically relevant NHP model of
pediatric RT exposure. Since many pediatric malignancies require large RT fields that
expose multiple organs to RT dose, treatment related bone toxicity was investigated after
TBI [139,143,144]. A non-rodent model was selected due to the significant differences in
skeletal maturation and weight bearing in humans compared to rodents. Long term RTrelated complication in an NHP model can be more readily extended to pediatric cancer
survivors. Furthermore, agents for the prophylaxis and/or treatment of bone pathologies,
such as osteoporosis, must be tested in a large animal species that have bone remodeling
mechanisms similar to those found in humans.
Mechanistically, RT is a plausible culprit for the observed bone changes in
pediatric cancer patients. RT is known to have a detrimental effect on rapidly growing
bone, such as the highly proliferating stem cell types within the growth plate [149].
Damage to the growth plate may limit growth potential. Furthermore, irradiated bones
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may fail to attain peak BMD during adolescence and early adulthood, which may
promote the premature onset of osteoporosis. Incidence of osteopenia in adult survivors
of common pediatric cancers ranges from 26-65% [50]. These findings may be related to
the local and systemic effects of RT. It should be noted however, that the kilovoltage
beams which were commonly used to treat patients through the 1960’s, distributed
radiation dose differently than the megavoltage beams used today.
In this study, we examined late RT effects on structural bone properties in NHPs
treated with TBI using modern RT techniques. Interestingly, Ct.Th and trBMD were
similar in irradiated vs control animals (with mean scores consistently higher in irradiated
groups), with no significant difference height or cross sectional area of the vertebral
body. While not statistically significant likely due to the limited sample size (n=6
irradiated vs n=3 control), irradiated vertebra did have lower fracture strengths suggesting
that the bones were more brittle. These findings suggest that other inherent structural and
material properties of bone, including geometry, trabecular thickness and connectivity,
cortical porosity, mineral to matrix ratio, and collagen composition, may play an
important role in the development of bone pathologies after RT exposure. Understanding,
treatment related bone fragility, especially late effects, requires the analysis of a variety
of structural and material properties. BMD alone may not be an adequate surrogate
marker for assessing bone strength in this setting.
The rate of change in the Ct.Th between 2012-2016 was significantly higher rate
in irradiated animals relative to the age-matched controls. Cortical bone thinning results
from endosteal resorption of the cortex [70]. This phenomena has been described with
aging in the proximal femur [25,27,80,164]. In this study, higher rates of cortical bone
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loss were observed during adulthood in the irradiated cohort. This may reflect an
accelerated age related bone degradation.
We examined the impact of a single treatment modality, RT, on long term
structural bone characteristics. We did not observe a significant decrease BMD or Ct.Th
late after RT exposure. While late bone effects are commonly attributed to prior RT
treatment, the additive and multiplicative effects of chemotherapy and RT are likely to
contribute to the bone sequelae of cancer treatment. Many chemotherapeutic agents, such
as actinomycin D and anthracycline, sensitize tissue to RT increasing the likelihood of
normal tissue complications.
High dose steroids are commonly administered during treatment of pediatric
malignancies, such as ALL. Steroid can induce significant bone loss, especially during
the 1st year of therapy [149]. Arikoski et al, showed that children with ALL who received
chemotherapy and high dose steroids without radiation, had markedly decreased BMD in
the lumbar spine as well as the femoral head [165]. Interestingly, significant BMD loss
was not observed in the lumbar spine of children that received less intensive steroid
regimens. The authors proposed that the rapidly remodeling trabecular bone of lumbar
spine is especially sensitive to high dose steroids.
Furthermore, tumor effects, nutritional status, and physical activity may
contribute to the bone changes seen in some pediatric cancer patients. In the case of
ALL, leukemic cells can directly infiltrate bone as well as produce factors, such as
parathyroid hormone–related peptide, prostaglandin E, and osteoblast inhibiting factor,
which decrease bone formation and promote reabsorption [166]. Several studies report
children with ALL have decreased lumbar spine BMD, decreased bone formation
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markers and increased bone resorption markers, and increased bone fracture rates
compared to siblings. Furthermore, these patients have significantly lower calcium and
vitamin D intake.
Our results suggest that long term treatment related bone toxicities are perhaps
more complicated than previously thought. The majority of the literature currently
available focuses on outdated treatment techniques and the acute bone changes seen after
treatment with short follow up. In order to obtain a better understanding of the long term
toxicities to be expected with pediatric cancer treatments, a more realistic model
encompassing the combined effects of chemotherapy, steroids, and radiation is necessary.
This will require quantitative analysis of aging pediatric cancer survivors.
Conclusion
In this study, we examined the late effects of RT exposure prior to bone maturity
on adult structural properties in a non-human primate model for pediatric RT. Exposure
to RT prior to bone maturity did not produce profound change vertebral growth or
structural properties in adulthood. However, irradiated animals experienced accelerate
cortical bone loss during the years examined. These findings suggest that bone fractures
in adult survivors of pediatric malignancies may not be completely explained by RTinduced bone loss. Late bone side effects of cancer treatment are complicated and
models including other risk factors are needed.
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Table I. Vertebral body strength parameter
Strength Parameter

Irradiated (n=9) Control (n=3)

P

Mean Stiffness (N/mm, 95% CI)

158.9 (±28.1)

187.8 (±74.8)

0.16

Mean Ultimate (MPa, 95% CI)

11.5 (±3.5)

14.2 ( ± 4.16)

0.22

Figure 1. Mean body mass and standard deviation of irradiated and control animals from
2012-2016
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Figure 2. Mean vertebral heights and standard deviation of irradiated and control animals
from 2012 (A) and 2016 (B), stratified by vertebral body level.
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Figure 3. Mean mid-vertebral body perimeter and standard deviation of irradiated and
control animals from 2012 (A) and 2016 (B), stratified by vertebral body level.
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Figure 4. Mean vertebral body trBMD of irradiated and control animals from 2012-2016,
stratified by vertebral body level.
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Figure 5. Mean vertebral body Ct.Th and standard deviation of irradiated and control
animals from 2012-2016, stratified by vertebral body level.
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CHAPTER TEN: CONCLUSION
The detrimental effects of radiation exposure on bone cellular elements, bone
matrix, vascular, and nerve supply of bone have been reported in numerous pre-clinical
trials [64,66,88,167,168]. However, there remains a paucity of quantitative clinical data
on bone quality of cancer patients treated with RT. In the course of cancer treatment and
management, most patients receive several clinical CT scans. This imaging data can
provide insight into changes in bone properties and architecture during and after cancer
treatment. A major limitation of clinical imaging data is inadequate spatial resolution
[82]. In this project, a novel image processing approach was adapted to examine dose
dependent cortical thinning in patients that receive RT using clinical CT imaging data.
Stereotactic body radiation therapy (SBRT) is emerging as the standard treatment
modality for inoperable early stage lung cancer [99,169]. Due to the close proximity of
many lung lesions to the ribcage, RT induced chestwall toxicity is a major concern in
patients treated with hypo-fractionated RT using SBRT [9,35,102]. In this project, we
found that thoracic SBRT significantly contributes to early rib cortical thinning in a
dose-dependent manner in patients treated for thoracic lesions. Substantial early
cortical bone thinning was observed post-SBRT in regions of ribs that absorbed ≥10Gy
with 3 months of treatment. The magnitude of cortical thinning was increased at doses
≥20Gy, with enhanced thinning observed ≥ 40Gy. In prior studies, maximum rib dose
above 54Gy [103], chest wall doses above 50Gy [170], fractional dose [103], and tumor
location [36,105] have been correlated to increased risk of rib fracture after SBRT,
suggesting that rib fracture is also dose dependent. Chest wall edema, cortical thinning
and medullary sclerosis have been reported on CT imaging prior to fracture [36]. Until
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now, the observed pre-fracture RT effects on the ribs have not been quantified. The
findings of this study provide a platform for future finite element strength analysis of
irradiated ribs.
Pelvic insufficiency fracture (PIF) is a major complication of pelvic RT.
Prospective and retrospective series report higher incidence of pelvic and/or hip fractures
after pelvic RT in cervical, uterine, anal, rectal, and prostate cancer patients
[2,6,13,38,41,43,128,171]. To date, Baxter et al conducted the largest retrospective
cohort study examining the incidence of fracture in female cancer patients treat with
pelvic RT [38]. While RT increased the relative risk of fracture for all disease sites,
patients with anal cancer had the highest increase in fracture rates after RT. Anal
carcinoma, in particular, has a propensity for involving inguinal lymph nodes, which abut
the femoral neck and head. Inclusion of pelvic lymph nodes in anal cancer treatment
fields increase the dose absorbed by the proximal femur. The substantially higher
fracture risk in anal cancer may reflect differences in treatment fields between disease
sites.
In this project, we found that pelvic RT significantly contributes to early
trabecular bone loss or cortical thinning in patients treated for anal cancer. On
average, the femoral neck vBMD decreased by 6.4% within 4 months of RT. We
observed post-RT cortical thinning in the intertrochanteric crest and femoral neck. A
dose-dependent relationship was seen in regions of the inferior femoral neck (FN). The
FN V40Gy was the most significant predictor of focal cortical thinning. These findings
are in line with several prior studies that have reported significant bone loss in patients
within the first year of chemotherapy and radiation in the spine and femur [172]. Hui et al
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reports significant reduction in vBMD of 11% and 15.8% in the L1-L2 spine and the FN,
respectively, after pelvic RT in women treated for gynecological malignancies [172].
Our findings suggest that a large portion of post-RT bone loss occurs early after
treatment.
Until now, dosimetric and structural changes in irradiated bone of anal cancer
patients have not been assessed. Regions of the proximal femur can receive doses
upwards of 45 Gy during pelvic RT for anal cancer treatment. In patients treated for
extremity sarcoma, an increased risk of fracture within 5 years of RT has been reported
when bone doses exceeding 40Gy [130,131]. In this study, we did not evaluate the
correlation between structural changes and fracture risk due to the limited patient sample
size and follow-up. Finite element analysis of the biomechanical significance of the
observed changes may provide a good starting point to assess the impact of the observed
structural changes on fracture risk.
Adult pediatric malignancy survivors have higher rates of osteoporosis,
scoliosis, and bone fracture [10,12,48,51,146,148,152,161,162]. However, the effects of
RT prior to bone maturity on adult bone structure and strength have not been quantified.
Fragility fractures occur at a relatively high rate in older individuals, hence detecting a
small excess in fracture cases due to early RT exposure is difficult statistically. Animal
studies are beneficial in establishing the impact in early RT exposure on fracture risk as
mechanical testing can be performed to directly assess the impact of RT on bone strength.
While rodent models are commonly used, there are significant differences in skeletal
maturation and weight bearing in rodents and human, making it difficult to extrapolate
findings to human patients. Non-human primate models can be more readily extended to
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cancer survivors. Developing a comprehensive model to assessed long term effects of
pediatric RT using a clinically relevant NHP model is necessary.
In this study, we assessed long term effects of pediatric RT on bone
characteristics in an NHP model of pediatric TBI. We found that TBI prior to bone
maturity does not significantly impact dimensional, structural, or strength
parameters of the vertebral body in adulthood. Mechanistically, RT induced damage
is considered a plausible culprit for the increased incidence of bone pathologies in
pediatric cancer survivors. However, our findings suggest that bone fractures in adult
survivors of pediatric malignancies may not be completely explained by RT-induced
bone loss. Pediatric patients are often exposed to a number of factors that are detrimental
to bone, thus more comprehensive models of pediatric treatment may be necessary to
explain long term skeletal complication of cancer therapy.
In this project, we examined the acute effect of RT on the distribution of cortical
bone at a variety of sites. Endocortical degradation of cortical bone is primarily
responsible for cortical thinning [70]. In this project, we observed cortical thinning with
little to no change in the CSA at sites of RT exposure. While a direct assessment of
strength was not conducted, these changes are likely to predispose patients to fracture.
This analysis is unique in its application of advanced CT-based quantitative imaging to
explain, score, and characterize clinically observed radiation effects. These studies
provide a platform for further quantitative analysis of radiation effects and the role
of interventions in mitigating these effects.
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